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Chapter 1

GENERAL INTRODUCTION

This chapter is a synopsis of the research field of this dissertation. It provides
some history of the research in natural evaporation, from the first local experi-
ments to the more recent studies at the global scale. The development of the
field of satellite remote sensing and its impact in current global hydrological
studies is discussed in detail. Finally, a new approach to estimate land-surface
evaporation using satellite observations is described and the rationale behind
it is explained. Antecedent and contemporary activities towards the same goal
are acknowledged to provide an overview of the entire field of study.
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Chapter 1

1.1 Background

1.1.1 Importance of land-surface evaporation in the global
hydrological cycle

The hydrological cycle (also known as the water cycle) describes the continuous
circulation of water among ocean, atmosphere and land. Water is transferred
through processes like precipitation, evaporation and river runoff (see Fig. 1.1).
This circulation from one reservoir to another involves both energy exchange
and transport of chemicals; it links and recycles the ecosystems on the Earth.
The dynamics of the water cycle have a large impact on environment and bio-
sphere and have influenced human activities since the beginning of civilization.
From the time when ancient cultures started settling along the banks of rivers
and lakes, the interest in the water cycle started rising - the Nile river runoff
was already monitored in the 38th century B.C., and the first rainfall measu-
ring instruments date from the 24th century B.C. in India (see Hubbart, 2005).
This interest came both from the requirement of water for agriculture and per-
sonal consumption and the need to adapt to the severe consequences of extreme
hydrological events (i.e. floods and droughts).

The term evaporation refers to the change of state of a liquid into vapour. In
the context of the hydrological cycle, evaporation is the transfer of water from
ocean and continents into the atmosphere. The vaporization of ocean water
can be interpreted as the first step in the hydrological cycle and it ultimately
regulates the input of water in the continents. Around 85% of world’s evapo-
ration happens over oceans (Mehta et al., 2005). Over continents, the flux of
evaporation is smaller but still represents around 60-70% of the volume of in-
coming precipitation (Lim and Roderick, 2009; Miralles et al., 2011b). Both
water bodies (e.g. lakes and rivers) and land surface contribute to continental
evaporation. As seen in Fig. 1.1, the evaporation from land surface – also known
as evapotranspiration* – has different components: transpiration, soil evapora-
tion, interception loss and sublimation. Transpiration happens when the water
extracted by the roots of vegetation is evaporated through the stomatal cells of
the leaves. Soil evaporation is the direct evaporation of water from the top layer
of bare soils. The process known as (rainfall) interception loss is the vaporization
of the water captured on the surface of vegetation during rainfall events. Finally,
sublimation occurs when ice and snow are directly evaporated into the atmos-
phere. All these processes are essential for life in the Earth: they regulate the
temperature and the water yield in land ecosystems. Improving the understand-
ing of the role of land-surface evaporation in our planet currently represents a
major challenge for meteorologists and global hydrologists (see Dolman and de
Jeu, 2010).

* The term “evapotranspiration” is commonly used and socially accepted. However,

here the term “land-surface evaporation” is used instead. This is because transpiration

is a change of state of a liquid into vapour and hence it is also an evaporation process.

– 2 –
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Figure 1.1: Schematic overview of the global hydrological cycle. The different com-
ponents of land-surface evaporation are emphasized with red arrows.

1.1.2 How much water is evaporated?

While precipitation and river runoff are more easily quantifiable in the field,
evaporation is an invisible phenomenon that is hard to measure. Since the be-
ginning of the 20th century several techniques have been developed to measure
the evaporative flux in nature (e.g. Thornthwaite and Holzman, 1939; Swin-
bank, 1951). These techniques are either based on measuring the net loss of
water from the surface (e.g. local and regional scale water balances, and eva-
poration pans or lysimeters), or the input of water vapour into the atmosphere
(e.g. porometers, scintillometers, sapflow measuring devices and eddy covariance
instruments) – see Gash and Shuttleworth (2007). These measuring techniques
deal only with one component of evaporation (traditionally open water evapo-
ration or transpiration) or they do not distinguish among the different sources
contributing to the total flux. Nevertheless, in situ measurements still provide
the most accurate estimate of evaporation in a given point in space and time.
When available, these measurements are also useful to validate estimates of
evaporation from empirical and physically-based formulations.

– 3 –
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Acknowledging that atmospheric and surface conditions control the rate of
evaporation, this rate can potentially be estimated when sufficient meteorolo-
gical and environmental information is available. Arguably, the most complex
forms of evaporation are transpiration, soil evaporation and rainfall interception
loss, given that the deficit of water in the system can play a dominant role in
these processes. In the last century the understanding of how atmospheric and
environmental variables affect these processes has been evolving. This ongoing
progress has also brought scientists to identify essential differences amongst the
physics behind these components of land-surface evaporation.

1.1.2.1 Estimating transpiration and soil evaporation

First attempts to estimate evaporation from atmospheric information date from
the beginning of the 19th century (see Dalton, 1802). One of the foundations of
the research in evaporation is owed to Penman (1948) who presented a formula
based on temperature, wind speed, relative humidity and solar radiation. The
formula does not link evaporation to the land conditions affecting evaporation,
but parameterises the process based only on the control of atmospheric factors.
This equation served as a benchmark for further studies on evaporation and led
to the development of specific formulations for the different components of the
flux. Monteith (1965) introduced in Penman’s equation the formulation of the
resistance of vapour flow through stomata and from soil particles. Indirectly,
the effect of soil moisture in transpiration and soil evaporation was then para-
meterised. Up to now the Penman-Monteith formula remains the most accurate
and physically-based approach to estimate land-surface evaporation, provided
the parameters are known (see e.g. Jensen et al., 1990). The main disadvantage
of the method is its dependence on a large variety of observations: it requires
information about wind speed, surface roughness, evaporative stress, available
energy, vapour pressure and temperature.

Priestley and Taylor (1972) developed a simpler equation for the estimation
of evaporation in saturated grasslands. An empirically-derived constant factor
eliminates the requirement of information about the properties and condition
of the surface. In essence, the estimation of evaporation becomes feasible when
only information about the radiant energy in the system is available. Priest-
ley and Taylor’s formula represents a simple approach yet it retains some of
the important physics behind Penman-Monteith’s formulation. However, as in
Penman’s equation, the surface is again assumed to have no control over the
evaporative process. Nonetheless, in nature, the rate of transpiration and that
of soil evaporation are highly dependent on the availability of water in the soil,
which rarely appears saturated. Over the last decades, several have been the
attempts to adapt the Priestley and Taylor evaporation formula to allow the
consideration of the effect of soil moisture in the rates of transpiration and soil
evaporation. Some of the early modifications include the definition of moisture-
dependent multiplicative factors (see for instance Davies and Allen, 1973; and
Barton, 1978).

– 4 –
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1.1.2.2 Estimating rainfall interception loss

Interception loss constitutes an important – and often forgotten – component
of land-surface evaporation. Trees have a great impact on the water yield of a
catchment. Not only trees extract large volumes of soil water for transpiration,
but they also act like umbrellas: they block and redirect rainfall. However,
unlike umbrellas, trees have the capacity to store large volumes of water on
their leaves and trunks. This intercepted rainfall is subsequently evaporated and
never reaches the ground. A fraction of precipitation is therefore lost for river
discharge or groundwater recharge (that is why the term interception “loss”).
The nature of this flux is very different from that of transpiration and soil
evaporation. Its magnitude and rate are more affected by the aerodynamic
properties of the forest and the occurrence of rainfall, and less by the intensity
of solar radiation (Stewart, 1977; Shuttleworth and Calder, 1979).

First attempts to estimate the magnitude of this flux at the local scale are
attributed to Horton (1919). This early work identified for the first time rainfall
as a critical variable determining evaporation over forests. However, it was
not until Rutter (1967) that awareness arose that the rates of interception loss
were much larger than those of transpiration under the same environmental
conditions. This set the need to separately estimate the two fluxes. Rutter et
al. (1971) described a detailed physically-based model to estimate interception
loss based on a mass balance in which the evaporation from the wet vegetated
surface is calculated applying Penman-Monteith’s equation assuming the surface
resistance to be zero.

Like the Penman-Monteith formula, Rutter’s model needs a wide range of
observations for its application. Aiming to reduce this observational depen-
dency – and influenced by the early work of Horton – Gash’s analytical model
(Gash, 1979) proposed a simplification of Rutter’s approach. In Gash’s model,
the evaporation rate from the wet canopy is defined empirically. This allows the
estimation of interception loss based on rainfall volume and intensity, with no
need of any additional meteorological information. Currently, this model is the
most widely applied physically-based formulation to estimate rainfall intercep-
tion loss at the local and regional scales.

1.1.3 Going global – The power of satellites

During the first half of the 20th century the interest in the field of global hy-
drology started growing (see Kuusisto, 2001). However, due to their limited
availability and reduced spatial coverage, traditional in situ measurements of
evaporation could not be used on their own to monitor the dynamics of evapo-
ration at the global scale. These limitations were also extended to the ground-
based measurement of any meteorological and environmental variable. The idea
of generating observation-based maps of evaporation for the entire planet was
therefore nearly utopian. In the beginning of the second half of the 20th century,
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the development of computers and the occurrence of the field of satellite-based
remote sensing of the Earth revolutionized the research in climatology and global
hydrology.

In the ‘60s and the ‘70s NASA launched the first weather satellites. In
1960 the earliest Television Infrared Observation Satellite (TIROS-1) pioneered
a series of successful satellite missions aiming to observe the Earth’s meteoro-
logy. Few years later NASA’s Nimbus program for atmospheric research was
established. In 1968 the first Geodetic Earth Orbiting Satellite (GEOS) was
launched, followed in 1972 by the Earth Resources Technology Satellite (ERTS),
later renamed Landsat. During those years meteorologists started developing
large-scale weather forecast models integrating satellite observations. These
models were run for long periods to simulate future climatic scenarios. Some
of them evolved and started including parameterizations of land-surface condi-
tions and their interaction with the atmosphere. These complex models were
called GCMs, Global Circulation Models. In a rather indirect way, the coupling
of land-surface schemes to GCMs signified the beginning of the global mode-
lling of hydrological variables like evaporation (Sellers et al., 1986; Dickinson et
al., 1986).

Nowadays there is a wide variability of satellites orbiting around the Earth.
Dedicated sensors installed on board are capable of detecting changes in those
atmospheric and environmental variables that affect the reflected and/or emi-
tted electromagnetic spectrum of the Earth. Their consistent and recurring
observations provide valuable information for the study of the water cycle at
different spatial and temporal scales. Unfortunately, evaporation is not one of
those directly observable variables: it does not affect directly the Earth’s elec-
tromagnetic spectrum and therefore, up to date, it cannot be measured from
space. On the other hand, over the last decades both the interest on large-
scale hydrological processes and the number of remotely sensed atmospheric
and environmental variables have been growing together. This has led to the
birth of several efforts towards deriving evaporation at global scale by combining
the satellite-observable variables. As opposed to GCMs, in which evaporation
is predominantly a means to generate climate, these dedicated methodologies
only aim to give the best possible estimates of land-surface evaporation.

However, the first specific methodologies were developed to estimate evapo-
ration at a regional, and not a global scale; some of them did not use satellite-
based information but data retrieved from airborne-mounted sensors. The ma-
jority of them related evaporation to observed changes on day-time surface
temperatures (Seguin and Itier, 1983; Carlson and Buffum, 1989), solved for
evaporation as a residual of surface energy balances (Bastiaanssen et al., 1998;
Su, 2002), or integrated remote sensing data in more elaborated Soil-Vegetation-
Atmosphere Transfer (SVAT) models (Olioso et al., 1999). Detailed reviews of
these approaches can be found in Kustas and Norman (1996) and Corault et
al. (2005). These pioneer efforts demonstrated the capability of different models
to integrate remote sensing data to specifically estimate land-surface evapora-
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tion at the large scale.

Only recently, different groups of scientists have spotted the possibility of
“going global”. They aim is to exploit the value of current satellite observations
within dedicated global land-surface evaporation methodologies. The majo-
rity of these approaches are based on different modifications of the traditional
local-scale physical parameterizations (seen in Sect. 1.1.3); however, instead of
being driven by local meteorological and environmental data, they are driven
by satellite observations (e.g. Fisher et al., 2008; Zhang et al., 2010; Sheffield et
al., 2010; Miralles et al., 2011a). Conversely, others apply satellite data within
statistical approaches (Jiménez et al., 2009), even in combination with ground
meteorological measurements of evaporation (Jung et al., 2009). As a response
to these recent developments, the LandFlux-Eval initiative from the GEWEX
radiation panel (Jiménez et al., 2011; Müller et al., 2011) has recently emerged
with the aim of organizing these efforts towards the creation of merged datasets
of global evaporation. The ultimate goals are to enhance our understanding of
the global water cycle, and to provide high quality benchmark datasets of eva-
poration for GCM developers to improve model predictions of future climate.

1.2 Our approach – Rationale and motivation

1.2.1 What is GLEAM?

Between 2008-2010, GLEAM (Global Land-surface Evaporation: the Amster-
dam Methodology) was developed in the department of Hydrology and Geoenvi-
ronmental Sciences of the VU University of Amsterdam as part of the WATCH
EU project. GLEAM is a scheme driven by satellite observations of the atmos-
phere and surface of the Earth. These observations are combined to develop
maps of daily evaporation from the beginning of the ’80s to near present. Du-
ring the development of GLEAM, close attention was paid to a set of aspects
considered to be lacking in other methodologies. Some of those aspects were the
spatial and temporal resolution, the estimation of interception loss (performed
in GLEAM using Gash’s analytical model), and parameterization of the land
control over the estimates of transpiration and soil evaporation (performed in
GLEAM through a modified Priestley and Taylor equation). Following the ra-
tionale of the approach, the use of observations was maximised and the need
for empirical parameters was minimised. In addition, throughout its develop-
ment a great effort was put on the comparison of model estimates to in situ
measurements.

Currently, the simple physics behind GLEAM make it an easy-to-use and
rather transparent tool for global studies of the water cycle. GLEAM stands by
itself as a fully operational, unique methodology within the emerging group of
global satellite-based evaporation models.
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1.2.2 Why do we want GLEAM?

In the ongoing debate over the extent of climate change and global warming, the
need to increase our knowledge about the global physical processes in the Earth
is crucial. To a great extent, the total volume of land-surface evaporation at
different time scales and its distribution over the different regions in the world
remains yet uncertain. Moreover, the question of whether land-surface evapo-
ration is increasing or decreasing, and, if so, when and where this is happening,
is also unanswered (see Dolman and de Jeu, 2010). Therefore, understanding of
global evaporation represents by itself an existing challenge for different scientific
communities (meteorologists, hydrologists, environmental scientists, etc.) and
initiatives like LandFlux-Eval have recently acknowledged this need (Jiménez
et al., 2011).

There is also a call for an increase in the accuracy of GCMs predictions of fu-
ture climatic scenarios: there is a large number of GCMs, and they differ greatly
in their predictions of evaporation (see Lim and Roderick, 2009). This sets the
need for observational-based independent benchmark datasets to validate GCM
components (Blyth et al., 2009). As stated above, satellite remote sensing of
the Earth provides the possibility to develop simple evaporation methodologies
like GLEAM that can create benchmark datasets for GCM developers. The
potential of these methodologies emerges from: (a) their full dedication to give
the best estimates of evaporation, (b) their observational nature, and (c) the
fact that they are based on well-validated and community-accepted paramete-
risations (like the Penman-Monteith or Priestley and Taylor equations).

Consequently, methodologies like GLEAM can both give new insights into
the dynamics of water cycle and help improving predictions of future climate.
Ultimately, the goal is to affect the design of policies regarding global change.

1.3 Structure of this thesis

The content of this thesis evolves around the development of GLEAM, its vali-
dation, evaluation and analyses of its output. The methodology is explained and
validated in detail in Chap. 2. The estimation of interception loss is described
in a separate chapter, Chap. 3. Chapter 4 deals with the triple collocation error
calculation technique and more specifically with its applicability to the GLEAM
evaporation product. The magnitude and variability of modelled evaporation
at the global scale are analysed in Chap. 5; each of the components of the flux
is treated in a separate manner. Finally, Chap. 6 presents a short summary of
the main conclusions and ongoing activities.

These different chapters correspond to separate journal publications. Even
though care has been taken to edit these publications and integrate them to-
gether in a logical order, some key concepts are repeated from chapter to chap-
ter. When appropriate, the work by other research groups is acknowledged to
provide an overview of the state-of-the-art in global evaporation modelling.
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A METHODOLOGY TO ESTIMATE

GLOBAL EVAPORATION FROM

SATELLITE OBSERVATIONS ∗

This chapter outlines a new strategy to derive evaporation from satellite ob-
servations. The approach uses a variety of satellite-sensor products to estimate
daily evaporation at a global scale and 0.25 degree spatial resolution. Central
to this methodology is the use of the Priestley and Taylor (PT) evaporation
model. The minimalistic PT equation combines a small number of inputs, the
majority of which can be detected from space. This reduces the number of vari-
ables that need to be modelled. Key distinguishing features of the approach are
the use of microwave-derived soil moisture, land surface temperature and vege-
tation water content, as well as the detailed estimation of rainfall interception
loss. The modelled evaporation is validated against one year of eddy covariance
measurements from 43 stations. The estimated annual totals correlate well with
the stations’ annual cumulative evaporation (R = 0.80, N = 43) and present a
low average bias (−5%). The validation of the daily time series at each individ-
ual station shows good model performance in all vegetation types and climate
conditions with an average correlation coefficient of R = 0.83, still lower than
the R = 0.90 found for the monthly time series. The first global map of annual
evaporation developed through this methodology is also presented.

* This chapter is an edited version of: Miralles, D. G., Holmes, T. R. H.,

de Jeu, R. A. M., Gash, J. H., Meesters, A. G. C. A., and Dolman, A. J.: Global

land-surface evaporation estimated from satellite-based observations, Hydrol. Earth

Syst. Sci., 15, 453–469, 2011a.
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2.1 Introduction

Detecting changes in the hydrological cycle is essential if we are to predict the
impacts of climate change. However, climate change is acting on a dynamic
three-dimensional globe where changes in one region may produce impacts in
another. Therefore, there is a need to expand the current climate change studies
to encompass the entire globe.

Precipitation and evaporation are the two key components of the global
water cycle. Evaporation can cause feedbacks on large-scale water processes
(e.g. Poveda and Mesa, 1997) and affect the dynamics of the atmosphere due to
changes in the Bowen ratio (e.g. Dow and DeWalle, 2000). While our capability
of observing precipitation has considerably improved with the deployment of
dedicated satellites such as the Tropical Rainfall Measuring Mission (TRMM)
and in the near future the Global Precipitation Measurement (GPM), our capa-
bility of observing the return-flow of moisture from the land to the atmosphere
is still poor (Dolman and de Jeu, 2010). Model estimates put the amount of eva-
poration from the global land masses somewhere between 58–85 103 km3 yr−1,
although the exact magnitude and spatial and temporal variability are still
highly uncertain (Dirmeyer et al., 2006).

If we are to effectively manage adaptation to climate change, the uncer-
tainty in predictions of future climate must be reduced. This creates the need
for evaporation products that can be used to validate components of Global
Circulation Models (GCMs) and serve as an observational benchmark for GCM
developers (Blyth et al., 2009). The development of evaporation data sets from
hydrological models, land surface parameterisation schemes, and/or through the
application of the currently available data products (including remote sensing
data) are therefore essential to improve predictions of future climate.

In the last two decades several attempts have been made to build global eva-
poration products based on a range of approaches tailored to specific input data.
They can be categorized in four groups depending on whether they are based
on: (1) off line models (e.g. GSWP – Dirmeyer et al., 2006), (2) remote sensing
observations (Fisher et al., 2008; Jiménez et al., 2009), (3) reanalyses (e.g. ERA-
Interim – Simmons et al., 2006), or (4) upscaling of in situ observations (MTE
– Jung et al., 2009). Few of the existing approaches have been adapted to the
global scale and daily frequency and have their results publicly available. The
majority of them lack any emphasis on estimating rainfall interception loss or
do not couple transpiration with observed soil moisture conditions; only a few
of them (e.g. Fisher et al., 2008) include observation-based moisture constraints
within their scheme. Acknowledging the differences between these approaches,
in 2008 the LandFlux initiative of the GEWEX Radiation Panel raised the im-
portance of evaluation and inter-comparison of the existing land evaporation
products (Jiménez et al., 2009) towards the creation of reliable evaporation
benchmarks.
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This chapter outlines a new methodology to estimate global land-surface
evaporation mainly based on satellite observations. The approach relies on the
potential of the existing satellite-based datasets conferred by their observational
nature (as opposed to modelled fields) and their ability to provide global spatial
estimates (as opposed to in situ observations). The ultimate goal is to derive
a global, 24 year, 0.25 degree, daily dataset that can be used for studies of
the global water cycle. Central to the approach is the use of the Priestley and
Taylor (PT) (1972) evaporation model. Because the PT equation requires a
small number of inputs, and the majority can be directly observed by satellites,
this strategy minimizes the number of variables. Key distinguishing features
are the use of microwave-based soil moisture, land surface temperature and
vegetation water content, and the detailed estimation of rainfall interception.

2.2 Methodology

The model, known as GLEAM (Global Land-surface Evaporation: the Amster-
dam Methodology), is designed to maximize the use of satellite-derived obser-
vations to create a spatially coherent estimate of the evaporative flux over land.
For this reason, parameterisations are chosen that have global validity; whene-
ver possible, constant parameters are preferred over those which vary across the
globe. As a consequence, the methodology distinguishes only three sources of
evaporation based on the land surface type: (1) bare soil, (2) short vegetation,
and (3) vegetation with a tall canopy. The snow and ice sublimation is estimated
for the pixels covered in snow through a separate routine. The contribution of
lakes and rivers is not modelled; the predicted evaporation therefore refers only
to the land fraction of the total surface area of each grid cell. The land evapo-
ration (E) of each grid-box is the sum of the evaporation modelled for each of
the three land surface types (s), weighted by their fractional coverage (a):

E =

3
∑

s=1

Es as. (2.1)

The global model is composed of four modules. In the first module, the
evaporation of intercepted rainfall from forest canopies is calculated. A separate
module describes the water budget that distributes the incoming precipitation
(rain and snow) over the root-zone. In a third module, the stress conditions
are parameterised as a function of the root-zone available water and dynamic
vegetation information. Finally, the evaporation from each of the three surface
components is calculated based on the PT equation, the modelled stress, rainfall
interception and snow sublimation.

Figure 2.1 gives an overview of the structure of GLEAM and its main inputs
and outputs. [This chapter covers the validation and description of GLEAM
with the exception of the interception model which is explained in Chap. 3.]
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Figure 2.1: Schematic overview of GLEAM for a given day (i).

2.2.1 Canopy interception loss

The neglect of evaporation from wet forest canopies, referred to as rainfall inter-
ception loss, is thought to be one of the main factors contributing to the uncer-
tainty of global evaporation estimates (see Jiménez et al., 2011). In GLEAM,
it is explicitly modelled according to Gash’s analytical model (Gash, 1979; Va-
lente et al., 1997). Following this approach, the volume of water that evaporates
from the canopy is derived from the daily rainfall using parameters that describe
the canopy cover, canopy storage, and mean rainfall and evaporation rate du-
ring saturated canopy conditions. A novelty in this application is the use of a
remotely-sensed lightning frequency product to define global maps of monthly
climatology of rainfall rate. The derivation of the parameters, validation and
global implementation of the GLEAM interception model is fully described by
Miralles et al. (2010b). The study showed a strong correlation (R = 0.86) and a
negligible bias between modelled and observed values of interception as reported
in 42 field studies over different forest ecosystems (see Chap. 3).
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2.2.2 Soil water content

The second module computes a daily running water balance that describes the
evolution of root-zone moisture. It represents the soil moisture as a continuity
relationship between water inputs (snowmelt and rainfall minus interception),
and outputs (evaporation and percolation) over several soil layers. The water
balance is calculated separately for the three land surface types, each with a
different number of layers.

Acknowledging that the evaporation of water from soil is mainly controlled
by the available energy and the soil moisture conditions, final estimates of eva-
poration will be highly dependent on the reliability of the precipitation data
driving the soil water budget. In order to constrain the resulting uncertainty
in modelled evaporation, microwave remote sensing data of surface soil mois-
ture are used. The running water balance estimates are corrected at the daily
time step using a Kalman filter assimilation approach based on the estimated
uncertainty of the satellite observations.

2.2.2.1 Inputs to the soil water budget

The inputs to the soil water budget come exclusively from precipitation, both
as rainfall and as snowfall. Even though irrigation is not included as an input,
the subsequent assimilation of the satellite soil moisture will partly account for
it by adjusting the soil moisture seasonal dynamics of the area.

Precipitation is divided into rainfall and snowfall depending on the satellite
observations of snow depth (Ds); when Ds is over 10mm (snow water equi-
valent), precipitation is considered snowfall (Ps). Rainfall (Pr) enters the soil
directly, except for the fraction intercepted by tall canopies and evaporated back
into the atmosphere (I). Ps however, does not enter the soil directly but accu-
mulates in a layer on top of the soil column. This snow can either evaporate
as Es (see Sect. 2.2.4), or melt and enter the soil water balance. The initial
estimate of the snow depth (D−

m) for a given day (i) is calculated as

D−

m,i = Dm,i−1 + Ps,i − Es,i−1. (2.2)

This initial estimate is compared with Ds. In the cases when the estimate
exceeds the observed value, the difference is attributed to snow melt (Fs):

Fs,i = D−

m,i − Ds,i, (2.3)

and the estimated snow depth is reduced to match the satellite observation.
The total flux of water into the soil water balance for day i is then calculated
as

Fi = (Pr,i − Ii) + Fs,i. (2.4)

In this study, the entire water flux (F ) infiltrates the soil column. With
the intention of maintaining the simplicity of GLEAM, processes like surface
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overland flow (when the water flux exceeds the infiltration capacity of the soil)
and bypass flow (when the flux reaches the aquifer directly) are considered to
have a negligible effect in the evaporation processes at the coarse resolution
of the model. Therefore, no horizontal movement of water or routing between
adjacent pixels are considered in the methodology.

2.2.2.2 Root-zone water balance

In nature, the depth of the soil column that affects the evaporation rate depends
on the rooting depth of the vegetation, and may vary from a few centimetres
for grasses to as deep as four metres for forests. For bare soil, the lack of
roots limits the thickness of the layer that affects evaporation to only a few
centimetres. Because of those differences, the soil water balance is calculated
for each land cover type individually.

The shallowest soil layer has a depth of 0–0.05m. For bare soil this is the
only layer considered. For short vegetation a second layer is defined from 0.05–
1.00m. Finally, for the fraction of tall canopy two extra layers are considered
(0.05–1.00m and 1.00–2.50m).

At each layer (l), the soil moisture content (w) on a given day (i) is modelled
as:

w
(l)
i = w

(l)
i−1 +

F
(l−1)
i − E

(l)
i−1 − F

(l)
i

∆z(l)
, (2.5)

where F (l−1) denotes the downward flux from the above layer, which in the case
of the first layer will be the infiltration flux (F ) calculated through Eq. (2.4).
E(l) represents the removal of soil water due to evaporation, ∆z(l) is the thick-
ness of the layer and F (l) is the percolation flux to the next layer. F (l) is
estimated as the volume of water exceeding the field capacity (wfc), hence

F
(l)
i =

(

w
(l)
i − wfc

)

∆z(l). (2.6)

The water percolating out of the deepest root-zone layer is assumed to be no
longer available for plant uptake and therefore does not affect the modelled
evaporation. Figure 2.2 presents an overview of the complete running water
balance.

2.2.2.3 Satellite surface soil moisture assimilation

The depth of soil that affects microwave soil moisture observations is a direct
function of the soil moisture conditions (see Ulaby et al., 1982). However, nu-
merous studies in the past have shown that satellite-derived surface soil moisture
is strongly related to the 0–0.05m soil layer (e.g. Wagner et al., 2007; de Jeu et
al., 2008; Draper et al., 2009; Gruhier et al., 2010). Therefore in GLEAM, sate-
llite observations of soil moisture (θ) are assimilated with the modelled water
content of the first soil layer (w(1)) that is predicted by Eq. (2.5). The approach
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Figure 2.2: Schematic overview of the running water balance for the fraction of tall
canopy (three layer profile). In this example, the second layer is the wettest layer and
therefore it determines the stress factor, S (see Sect. 2.2.3).

follows a one-dimensional Kalman filter design (see Crow, 2007). Every year,
the methodology is first run without any data assimilation of soil moisture. Sub-
sequently, time series of satellite observations at every pixel, are normalised to
match the mean and variance of the time series of the model estimates with no
assimilation. In addition, the cumulative density function of normalised sate-
llite observations is scaled to match the cumulative density function of model
estimates with no assimilation. The methodology is then run with assimilation
of the scaled satellite observations.

The update of the model estimates at daily time step follows

w
(1)+
i = w

(1)−
i + Ki

(

θi − w
(1)−
i

)

, (2.7)

in which superscripts “−” and “+” denote values before and after the Kalman
filter update. Krepresents the Kalman gain, which is calculated as

Ki =
Φ−

i

Φ−

i + Vi

, (2.8)

where V denotes the error variance associated with the satellite observations
(θ) and Φ− is the background error variance of the Kalman filter forecasts. Φ−

is estimated as
Φ−

i = Φ+
i−1 + Ψ, (2.9)

in which Ψ is the variance associated to the soil water balance estimates when
propagated from time i− 1 to i. Then Φ− is also updated as

Φ+
i = Φ−

i − Ki Φ
−

i , (2.10)

to obtain Φ+, the variance error of the final estimates of soil moisture (w(1)+).
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In our approach we consider a constant value of Ψ = 0.01. This implies
that the value of K will be fully determined by the estimation of the variance
error in the microwave observations (V ). According to de Jeu et al. (2008), the
vegetation optical depth (τ) can be used to approximate the polynomial relation
existing between the uncertainty of the microwave soil moisture retrieval and
the vegetation density. This relation can be described as

Vi =
(

0.3 τ1.5i + 0.04
)2

. (2.11)

Microwave soil moisture observations are obtained nearly every day when
temperatures are above freezing. Pixels covered by snow, presenting a fraction
of open water larger than 20%, or those which show an annual negative corre-
lation between time series of satellite observations and model estimates (with
no Kalman filter) are not subject to this assimilation. In addition, observations
are not assimilated in pixels presenting a fraction of tall canopy larger than
70%. This requirement is somehow redundant given the high value of τ in those
pixels. The impact of this assimilation is explored in Sect. 2.4.1 by comparison
to in situ measurements of soil moisture.

2.2.3 Evaporative stress

For most of the land surface, the actual evaporation rarely – if at all – reaches
the potential rate due to suboptimal environmental conditions. In those cases
the actual evaporation will be less than the maximum rate for a given ecosys-
tem. Environmental factors limiting the potential evaporation can be: a lack
of available soil water, seasonal or occasional decrease in biomass content, and
extreme temperatures. To account for these effects it is common to define an em-
pirical parameter (see for instance Barton, 1979) referred as evaporation stress
factor (S), with unity indicating no stress, and zero indicating maximum stress.

In GLEAM, S is parameterised separately for tall canopies, short vegetation,
and bare soil. This parameterisation is based on the soil moisture conditions,
and (for the short vegetation fraction) a parameter accounting for the develop-
ment of vegetation over the year (vegetation optical depth, τ).

The soil moisture component of S is determined by the water content of the
wettest soil layer as determined by the soil water module (see Sect. 2.2.2). This
concept reflects the ability of vegetation to withdraw water from any layer within
the root-zone, and affects the tall canopy (with three layers of soil) and short
vegetation fractions (with two soil layers), but not the bare soil fraction (which
presents only one layer of soil). For soil moisture values below wilting point
(wwp), the stress is the maximum (S = 0); for values above the critical moisture
level (wc), there is no stress (S = 1). Between wwp and wc the stress increases
as soil moisture decreases following a parabolic function for the fraction of tall
canopy, and an exponential relation for the fraction of short vegetation and
bare land cover (Gouweleeuw, 2000; Owe and van de Griend, 1990). The stress
functions used in GLEAM for the three land-surface components according to
these parameterisations are defined and illustrated in Fig. 2.3.
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The development of vegetation over the growing season as affected by envi-
ronmental conditions and plant health is not modelled explicitly. Instead the
microwave vegetation optical depth (τ), is used as a proxy for the vegetation
density because of its close relation to vegetation water content (de Jeu et al.,
2008). In this study τ is used in short-vegetated covers to account for the effect
of seasonal or occasional changes in biomass content on evaporation (i.e. because
of harvesting, fires, etc.). Therefore, an important implication of using this dy-
namic estimate of vegetation density is that it adds variation to the otherwise
static maps of cover fractions.

As an extra limit to the evaporative flux, the modelled evaporation is com-
pared with the available water above wwp according to the soil water module
(see Sect. 2.2.2). This assures no evaporation is extracted below wwp or from
outside the root-zone.

Figure 2.3: Overview of stress parameterisations for tall canopy, short vegetation
and bare land. The short vegetation is presented at two levels of vegetation optical
depth: (a) τ = 0.2, (b) τ = 0.8). ww is the soil moisture modelled for the wettest
layer (it is assumed that vegetation withdraws the water from the layer where it is
more easily available). For this graphic representation the values of wwp and wc are
considered to be 0.1 and 0.3m3 m−3 respectively (see Sect. 2.3.4).

– 17 –



Chapter 2

2.2.4 Actual evaporation

Priestley and Taylor (1972) showed that the Bowen ratio (the ratio of sensible to
latent heat flux) would approach a constant value when air moves over a moist
surface and gradients of temperature and specific humidity with height are small,
or when the air becomes saturated with respect to moisture. The Priestley and
Taylor (PT) equation has been shown to work well over many vegetation types
with only small modifications. The formula calculates evaporation as a function
of the available energy – net radiation (Rn) minus ground heat flux (G) – and
a dimensionless coefficient (α) that parameterises the resistance to evaporation.
Considering values of α for optimal environmental conditions (no evaporative
stress), the model can be applied to describe the potential latent heat flux, λEp

(MJm−2), as:

λ Ep = α
∆

∆ + γ
(Rn − G) , (2.12)

where ∆ is the slope of the curve of temperature/saturated vapour pressure
(kPaK−1) and γ is the psychrometric constant (kPaK−1). λEp can be divided
by the latent heat of vaporization, λ (MJ kg−1) – calculated as a function of
temperature (Henderson-Sellers, 1984) – to derive potential evaporation (Ep) in
mm. The magnitude of G is approximated in GLEAM as a fraction of Rn, being
5%, 20% and 25% for the fraction of tall canopy, short vegetation and bare soil
respectively (see e.g. Kustas and Daughtry, 2005; Santanello and Friedl, 2003).

For optimal environmental conditions (when actual equals potential evapo-
ration), the value of α = 1.26 is well-documented in the literature for grasslands.
Similar values have also been found in past studies over bare land (Owe and Van
de Griend, 1990; Caylor et al., 2005). However, Shuttleworth and Calder (1979)
found that a value of α = 0.72 better reflected the conservative transpiration
from forests; this value was estimated for two forest stands in the UK, where
soil moisture deficit could be considered low although no parameterisation of
the stress due to soil moisture conditions was performed. In 1984, Shuttleworth
et al. found that a value of α = 0.91 better suited the parameterisation of fo-
rest potential evaporation in a tropical region. In GLEAM, a constant value
of α = 0.8 is used to parameterise the tall canopy fraction, while a value of
α = 1.26 is applied in both the short vegetation and bare soil fractions.

As a result of suboptimal environmental conditions (due to soil water deficit
or biomass changes), the volume of actual evaporation (E) is generally lower
than the potential evaporation (Ep) calculated through Eq. (2.12). Several
studies in the past (see for instance Barton, 1979) introduce the evaporation
stress factor (S) to adapt the PT equation and account for the effect on E of
suboptimal environmental conditions (see Sect. 2.2.3 for the parameterisation
of S in GLEAM). In addition, when the canopy is wet the evaporation from
forest is not well described by the PT equation (Stewart, 1977; Shuttleworth
and Calder, 1979). In GLEAM, canopy rainfall interception is calculated inde-
pendently (see Sect. 2.2.1). As a consequence of this separate estimation, the
transpiration as calculated by Eq. (2.12) needs to be corrected by a fraction (β)
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of the interception loss (I) to avoid the double counting of evaporation for those
hours with wet canopy. Taking this correction into consideration, and adding
the evaporation from the wet forest canopy and the effect of the evaporative
stress, GLEAM describes E (in mmday−1) as:

E = S Ep + I − β I, (2.13)

where β is considered a constant (β = 0.07 – Gash and Stewart, 1977). As
mentioned before, E is calculated separately for the three land cover types, and
subsequently aggregated to pixel scale through Eq. (2.1). For the fractions of
short vegetation and bare soil, the I term in Eq. (2.13) is zero.

Finally, the evaporation from snow-covered pixels is calculated by adapting
∆ and γ in the PT equation according to Murphy and Koop (2005). Literature
values of α for snow-covered surfaces were not found and, therefore, α was
calibrated based on 12 selected FLUXNET sites, each with more than fifty days
of snow cover. It was found that α = 0.95 minimized the average error in
cumulative sublimation for all sites. Moreover, snow-covered ecosystems are
assumed to be unstressed due to the sufficient availability of water. Therefore
in GLEAM, values of α = 0.95 and S = 1 are used as constants for every
snow-covered pixel.

2.3 Satellite observations

The data used to run GLEAM in this exercise are listed in Table 2.1. All
these datasets are primarily based on satellite observations. They are acquired
from various sources and comprise well-validated products. Only the microwave
vegetation optical depth represents a research product with limited validation.
Its use in GLEAM for the parameterisation of the evaporative stress (Sect. 2.2.3)
and the estimation of the uncertainty of satellite soil moisture observations
(Sect. 2.2.2.3) is a unique feature of the approach. The majority of the datasets
are available at 0.25 degree regular grids; all the datasets presenting a different
spatial resolution are re-gridded to a common 0.25 degree grid by means of
Shepard’s Method of inverse distance weighted interpolation (Shepard, 1968).

Table 2.1: Remotely-sensed datasets used for computing GLEAM E estimates (see
Sect. 2.3 for explanation of abbreviations).

Variables Source Freq. Domain Availab. Res. Method

Net Radiation, Rn SRB Daily Global 1983–2007 1◦ Sat./Reanal.
Precipitation, P CMORPH Daily 60◦N–60◦S 2002–2009 0.07◦ Satellite
Precipitation, P (gap-filling) GPCP Daily Global 1997–2008 1◦ Sat./Gauge
Surface Soil Moisture, θ LPRM Daily Global 1979–2009 0.25◦ Satellite
Skin Temperature, T LPRM Daily Global 1979–2009 0.25◦ Satellite
Air Temperature, T (gap-filling) ISCCP 3 h Global 1983–2008 2.5◦ Satellite
Vegetation optical depth, τ LPRM Daily Global 1979–2009 0.25◦ Satellite
Snow water equivalents, Ds NSIDC Daily Global 2002–2009 0.25◦ Satellite
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2.3.1 Net radiation

Rn is the principal driver of the latent heat flux and the main input for the
estimation of λEp by the PT equation (see Eq. 2.12). The NASA/GEWEX
Surface Radiation Budget (SRB) Release-3.0 contains global daily averages of
surface longwave and shortwave radiative variables on a 1◦ × 1◦ grid. The data
were obtained from the NASA Langley Research Center, Atmospheric Sciences
Data Center NASA/GEWEX SRB Project. The product is based on a range of
satellite instruments, reanalysis and assimilation.

2.3.2 Precipitation

The interception model (described in Chap. 3) and the water balance (described
in Sect. 2.2.2) are driven by P as retrieved according to the Climate Prediction
Center morphing technique (CMORPH) and provided by Joyce et al. (2004).
This technique uses half-hourly infrared observations – Geostationary Opera-
tional Environmental Satellite (GOES), the Geostationary Meteorological Sate-
llite (GMS) and Meteosat – to propagate higher quality microwave precipitation
estimates from the Advanced Microwave Sounding Unit-B (AMSU-B), the Spe-
cial Sensor Microwave Imager (SSM/I), the TRMM Microwave Imager (TMI)
and the Advanced Microwave Scanning Radiometer (AMSR). Between mea-
surements, intensity and shape of the microwave observations are modified by
a time-weighted interpolation (morphing) resulting in a high spatial (0.07◦)
and temporal (30min) resolution. Validation studies show better correlation
between CMORPH and ground measurements than for most of the currently
available satellite-based precipitation products (Ebert et al., 2007).

However, the spatial coverage of CMORPH is from 60◦ N to 60◦ S. In addi-
tion, it presents another practical disadvantage for its application in GLEAM:
the product tends to underestimate precipitation at high latitudes, especially in
winter-time (Zeweldi and Gebremichael, 2009; Tian et al., 2007). Consequently,
for latitudes outside the CMORPH domain and snow-covered pixels, the 1◦

daily Global Precipitation Climatology Project precipitation product (GPCP-
1DD – see Huffman et al., 2001) is used. This product is produced by merging
precipitation estimates from microwave, infrared, and sounder data observed by
the international constellation of precipitation-related satellites, and precipita-
tion gauge analyses (Huffman et al., 1997). GPCP-1DD has been widely used
in different studies during the last few years as it represents one of the best
available global precipitation products (Crow, 2007).

It is important to notice that the uncertainty in global precipitation products
can be large according to the level of disagreement between the existing pre-
cipitation datasets. However, this uncertainty is difficult to estimate through
comparison with gauge data due to the point-nature of precipitation ground
measurements. In areas with dense observational-networks gauge-corrected pro-
ducts like GPCP-1DD are likely to outperform fully satellite-based products
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like CMORPH. The choice of CMORPH over GPCP-1DD for the exercise pre-
sented here, has to do with its high spatial resolution, full use of high quality
TRMM observations and ability to capture orographic rainfall (see Hirpa et
al., 2009). Neither CMORPH nor GPCP distinguish between rain and snow;
satellite-observed snow depth (see Sect. 2.3.3) is used to categorise precipitation
as snowfall instead of the default classification as rainfall (see Sect. 2.2.2.1).

2.3.3 Microwave retrievals

An increasing number of geophysical land surface variables are successfully being
retrieved from satellites carrying passive microwave radiometers. In general, mi-
crowave retrievals have the benefit of being insensitive to clouds, resulting in a
reliable twice-daily sampling rate. The methodology as presented here, relies
on four of those variables derived from the AMSR-E radiometer on the AQUA
satellite: surface soil moisture (θ), land surface temperature (T ), vegetation
optical depth (τ) and snow depth (Ds). The mean spatial resolution of the
AMSR-E radiometer is between 12 km for the 36.5GHz channel and 56 km for
the 6.9GHz channel. The first three parameters are derived with the Land
Parameter Retrieval Model (LPRM) (Owe et al., 2008). LPRM is an iterative
optimization and polarization index-based retrieval model that uses the dual
polarization channels at a single low microwave frequency to derive θ and τ . In
this study the combined version (v04d) is used, in which the default 6.9GHz
based retrieval is replaced by the 10.7GHz based product in areas that suffer
from high levels of radio frequency interference in the lower band. The LPRM
soil moisture product has been validated over different ecosystems and is es-
timated to have an average accuracy of 0.06m3 m−3 (see de Jeu et al., 2008).
Daily maps of satellite soil moisture used in GLEAM are derived from the next
day’s descending overpass (0130 LST) of AMSR-E. No gap-filling is applied.

The microwave vegetation optical depth presents a direct relation with vege-
tation water content (Kirdiashev et al., 1979). Here, a five-day central moving
average is calculated to gap-fill the LPRM-derived τ . All LPRM products are
limited to the non-frozen land surface, and therefore τ can still present long
gaps in winter-time despite the five-day central moving average. These long
gaps are filled with the 10th percentile of the values measured in a specific grid
cell over the year. As τ represents a pixel-averaged value, it needs to be reas-
signed to each of the three land cover fractions. In GLEAM this is done based
on two assumptions: (1) τ for the bare soil fraction is zero, and (2) τ for the
short vegetation fraction is 60% of that of the tall canopy fraction. This 60%
is based on the observed differences between values over entirely forested and
nearby short-vegetated pixels.

LPRM uses the Ka-band (37GHz) vertical polarised channel to retrieve the
physical temperature of the emitting surface (skin temperature), a method re-
cently described by Holmes et al. (2009). For vegetated surfaces this will be
the temperature of the top of the canopy, a close estimate of the tempera-
ture required in the PT equation (see Priestley and Taylor, 1972). Daily maps
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of temperature used in GLEAM are derived as an average of the descending
(01:30 a.m.) and ascending (01:30 p.m.) AMSR-E overpasses. A five-day cen-
tral moving average is applied to gap-fill the data. Under frozen conditions the
temperature is not retrieved from microwave data so gaps can still occur after
the five-day central moving average. These long gaps are filled with air tempe-
rature data from the International Satellite Cloud Climatology Project (ISCCP)
(Zhang et al., 2004).

Finally, the strong effect that snow has on the microwave emission is used
by the National Snow and Ice Data Center (NSIDC) to retrieve snow depth.
In this study we use the AMSR-E/Aqua daily L3 global snow water equivalent
EASE-Grids V001 (Kelly et al., 2003).

2.3.4 Static datasets

A limited number of static datasets are used in the methodology. The most
important one is the global Vegetation Continuous Fields product from MODIS,
MOD44B (Hansen et al., 2005) which describes every pixel as a combination of
its fractions of tall canopy, short vegetation and bare soil. The global fields of
wilting point, critical soil moisture and field capacity are derived from the Global
Gridded Surfaces of Selected Soil Characteristics (IGBP-DIS) (Global Soil Data
Task Group, 2000). For the interception loss model, information to determine
the mean rainfall rate is derived from the Combined Global Lightning Flash
Rate Density monthly climatology from NASA (Mach et al., 2007). Finally, a
digital elevation model is used to calculate the air pressure as it varies with
height above sea level according to the barometric formula (and in accordance
with the standard atmosphere).

2.4 Validation and discussion

The results presented here correspond to the application of GLEAM for the
year 2005. A two-year period (2003–2004) is used to spin up the soil water
module. Both the soil moisture profile and the final estimates of evaporation
are validated using in situ measurements. This exercise is complementary to
the independent validation of the GLEAM interception loss estimates shown in
Chap. 3 and the validation of the estimates of water available for runoff (by
comparison to measurements of river discharge) that is presented in Chap. 5.

2.4.1 Soil moisture profile validation

In situ measurements of soil water content from a selection of stations from the
Soil Climate Analysis Network (SCAN – see Schaefer et al., 2009) are used to
validate the daily soil moisture profile as modelled for the corresponding pixels.
SCAN stations present moisture sensors at depths of 0.05, 0.1, 0.2, 0.5 and 1m.
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Figure 2.4: Histograms of the correlation coefficient (R) of the modelled soil water
content with in situ SCAN data for: (a) first layer of soil, (b) second layer of soil.
Results with and without data assimilation (DA) of satellite soil moisture are shown.

Table 2.2: SCAN study sites and results of the validation of the soil moisture profile.

SCAN station Land cover Lat. Long. First layer Second layer
Rw/o DA Rw/DA Rw/o DA Rw/DA

Abrams – KS Grassland 37.12 −97.08 0.48 0.50 0.69 0.73
Allen Farms – TN Grassland 35.07 −86.90 0.69 0.68 0.86 0.86
Bushland – TX Grassland 35.17 −102.1 0.64 0.78 0.78 0.87
Dewitt – AR Cultivated grass 34.28 −91.34 0.42 0.57 0.54 0.66
Dexter – MO Cultivated grass 36.78 −89.94 0.55 0.59 0.51 0.51
Eastview Farm – TN Grass/bare 35.13 −86.19 0.68 0.69 0.80 0.81
Fort Assiniboine – MT Cropland 48.48 −109.8 0.45 0.46 0.53 0.48
Fort Reno – OK Shrubland 35.55 −98.02 0.42 0.48 0.59 0.62
Geneva – NY Grassland 42.88 −77.30 0.63 0.63 0.81 0.81
Hartselle USDA – AL Grassland 34.43 −87.00 0.72 0.72 0.77 0.76
Isabela – PR Grassland 18.47 −67.05 0.36 0.36 0.48 0.48
Lind – WA Mixed grassland 47.00 −118.56 0.56 0.63 0.77 0.78
Little River – GA Cultivated grass 31.50 −83.55 0.69 0.68 0.78 0.81
LynHart Ranch – OR Grass/bare 42.02 −121.35 0.49 0.55 0.68 0.70
Mammoth Cave – KY Grass/bare 37.18 −86.03 0.64 0.64 0.77 0.77
Mt. Vernon – MO Grass/bare 37.06 −93.90 0.72 0.70 0.78 0.79
N Piedmont AREC – VA Cultivated grass 38.23 −78.11 0.56 0.56 0.67 0.67
Nunn – CO Grassland 40.89 −104.73 0.35 0.42 0.51 0.53
Prairie View – TX Grassland 30.07 −95.98 0.59 0.67 0.69 0.71
Princeton – KY Grassland 37.10 −87.83 0.70 0.69 0.83 0.83
Reynolds H. – VA Grassland 36.63 −80.13 0.60 0.60 0.69 0.69
Reynolds Creek – ID Shrubland 43.07 −116.75 0.75 0.75 0.78 0.80
Rock Springs – PA Cultivated grass 40.72 −77.94 0.62 0.60 0.92 0.92
Shagbark Hills – ID Grassland 42.43 −95.77 0.19 0.22 0.16 0.16
Shenandoah – VA Grassland 37.93 −79.20 0.74 0.74 0.83 0.83
Starkville – MS Grassland 33.64 −88.77 0.65 0.66 0.69 0.70
Tidewater AREC – VA Cultivated grass 36.68 −76.76 0.61 0.68 0.81 0.86
UAPB Point R. – AR Grass/bare 35.22 −92.92 0.54 0.55 0.71 0.72
Vance – MS Grassland 34.07 −90.34 0.50 0.42 0.67 0.56
Walnut Gulch – AZ Shrubland 31.73 −110.05 0.70 0.63 0.57 0.42

Mean 0.57 0.60 0.69 0.69
Median 0.61 0.63 0.70 0.72
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Only SCAN stations with continuous measurements during the year 2005
are selected for this validation. These stations are located in grasslands or
other short vegetation ecosystems within the US. To be consistent with the
land use at the stations, only the modelled soil moisture for the fraction of
short vegetation within the corresponding pixel is used in this validation. The
Pearson’s correlation coefficients between daily-averaged in situ measurements
and modelled soil moisture content for the root-zone layers 1 and 2 (w(1) and
w(2) respectively) are calculated at each station. Estimates of w(1) are compared
with ground measurements at 5 cm; w(2) is compared with the average of the
measurements at 0.05, 0.1, 0.2, 0.5 and 1m.

Table 2.2 describes the ground stations used in this study as well as the
individual correlations found between in situ measurements and GLEAM esti-
mates of soil moisture. The average correlation coefficients for a total sample of
30 SCAN stations are 0.60 and 0.69 for the first and second layer respectively.
Soil moisture in shallow layers presents faster dynamics and is therefore less
dependent on long-term seasonal variations; this explains the lower correlation
found for the first layer of soil. The histogram for the first layer is presented in
Fig. 2.4a, which also illustrates the effect of the assimilation of θ into the profile.
Figure 2.4b shows the same statistical inferences but for the second layer.

An increase in the correlation in the first layer of soil is shown for 21 of
the 30 stations when θ is assimilated. For this layer, the average correlation
coefficient increases from 0.57 to 0.60. Even though the second layer is not
subjected to the assimilation scheme, the Kalman filter update of w(1) is likely
to have an impact on today’s S. This may affect tomorrow’s root-zone moisture
profile not only by altering the initial w(1) but also by changing the volume of
water that is removed from the profile through E (see Sect. 2.2.4). However,
the improved characterization of w(1) is shown to have little effect on the time
series of w(2). This is mainly related to the fact that the much lower thickness
of the first layer makes variations in this layer cause only subtle changes in the
rest of the profile. In the near future, the assimilation of θ will also take place
at deeper layers to propagate the effect of this assimilation more effectively.

2.4.2 Validation of evaporation estimates

2.4.2.1 Selection of ground stations

The modelled evaporation for the year 2005 has been compared with eddy co-
variance measurements at a sample of FLUXNET stations. FLUXNET is a
global network of micrometeorological towers (see Baldocchi et al., 2001) with
the principal aim of quantifying carbon, water vapour and energy fluxes. At
each station the evaporation flux is measured using the eddy covariance tech-
nique, which samples a distance of 100 to 2000m upwind of the tower. Given
that the method is generally unreliable during rainfall, for this validation exer-
cise we compare the modelled E without the I component (note that in Chap. 3
the GLEAM interception loss product is compared against a set of independent
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mass balance evaporation measurements).

FLUXNET stations are mainly located in Europe and the US, but cover the
most common vegetation types and climates. For the purpose of this validation
a station by station quality check was performed based on: (a) the amount
of gap-filling in each daily aggregate (only days in which less than 10% of the
half hourly data to form the aggregate were gap-filled), (b) the subsequent
availability of daily data for the study period (only stations with a coverage of
at least 60% of the days in 2005), and (c) the quality of their energy balance
closure (only stations with less than 50% mismatch in their energy balance
closure). This yielded a total of 43 reliable FLUXNET sites covering a large
variety of ecosystems. In the analysis below, these 43 stations are grouped
based on the type of vegetation cover (short vegetation or tall canopy) and
the volume of annual precipitation for the year 2005 according to CMORPH
(dry: P <= 500mm, wet: P > 500mm), resulting in four functional groups.
Consequently we distinguish between group: (A) tall canopy and wet climate
(N = 10 stations), (B) tall canopy and dry climate (N = 9), (C) short vegetation
and wet climate (N = 13), and (D) short vegetation and dry climate (N = 11).
Table 2.3 presents the list of the 43 stations and their corresponding groups for
this validation exercise.

2.4.2.2 Point versus pixel aspects

FLUXNET observations are essentially point measurements when compared to
the 0.25 degree resolution pixels of GLEAM-modelled E. As the methodology
considers different surface types (short vegetation, tall canopy and bare soil),
it accounts for sub-pixel heterogeneity to a certain extent. In this validation
analysis the ground observations are compared with the modelled E estimates
corresponding to the specific land-surface type associated with the site. Despite
this sub-pixel heterogeneity, it is important to notice that the input data of
GLEAM consist of uniform values for the whole grid box. This is crucial when
it comes to Rn. The resolution of Rn is the lowest (1 degree) of all primary input
data, and the energy budget is highly dependent on the particular characteristics
of the surface (e.g. albedo) and therefore on the land cover. Moreover, the weight
of Rn in the PT equation guaranties the propagation of these uncertainties and
makes Rn the most important input in the estimation of Ep through GLEAM (in
wet areas presenting values of S close to 1, Rn will be responsible for the majority
of uncertainty in the final E estimates). Therefore, in order to better compare
the relative merits of the evaporation methodology over different vegetation
types – and reduce the magnitude of the uncertainties related to the driving
data – we also report the results of a model run that substitutes the station-
measured Rn for the satellite-based Rn.

2.4.2.3 Time series validation

The statistics of the validation of the daily time series of E are summarized
in a Taylor diagram (Taylor, 2001) in Fig. 2.5a. For each of the four groups
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described in Sect. 2.4.2.1, this figure displays the average correlation coefficient,
standard deviation and RMSD of the comparison with the stations of the group.
Both standard deviation and RMSD are normalised using the corresponding
station as a reference, and therefore the point denoted as “Ref.” represents
the location in the diagram of the time series of every station. The origin of
the arrows indicates the results using the satellite-based Rn as input and the
point of the arrows indicates the statistics with the site-measured Rn as input.
The use of in situ Rn leads to a general improvement in the correlation and a
reduction of the magnitude of the residuals. As expected, this improvement is
unambiguous in wet regions (in which evaporation is mainly determined by the
available energy), but the correlation coefficients increase for the four groups. In
group A, the slight overestimation of the variance is also corrected; in group B
however, the change has a negative impact in the variance of model estimates.
For the remaining of the validation exercise, only the results of the run using
the site-measured Rn are considered.

In the second Taylor diagram (Fig. 2.5b) the results of the validation of E
estimates at daily time step are compared with the results of the monthly aggre-
gates. Unsurprisingly, the aggregation of the daily evaporation over the whole
month results in an improvement of the model statistics, especially in terms of
correlations. In group A this improvement is more subtle due to the small am-
plitude of the seasonal cycle found in tropical forests – the station in Amazonia
is the only one of the 43 stations that shows degradation in R. As it can be
appreciated in Table 2.3 (which presents the values of the correlation coefficients
for the individual locations in the two right columns), the Amazonian site on
its own is responsible for the lower average correlation coefficient for group A
found in Fig. 2.5. Stations in group C present a high average correlation with
FLUXNET data (R = 0.85 for the daily and R = 0.91 for the monthly time
series) in agreement with the original intention of the Priestley-Taylor method
to estimate evaporation from short unstressed vegetation. Despite the fact that
groups B and D show the highest correlations, it is important to note that in
dry regions the presumed larger amplitude of the seasonal cycle of evaporation
is likely to have a positive effect on the correlation coefficients.

Overall, there is a high correspondence of GLEAM estimates with FLUXNET
observations for each of the four groups, both at daily and monthly time-step.
The average correlation for the 43 stations is R = 0.83 for the daily and R = 0.90
for the monthly series. Both the transpiration from tall canopies and short-
vegetated ecosystems seem to be equally well characterised. Moreover, the extra
complexity introduced by the modelling of evaporation stress does not seem to
have a negative effect in the performance of the methodology over dry regions.

Figure 2.6 presents an example of the daily time series of GLEAM estimates
and FLUXNET observations for the four groups. The Amazonian station was
selected to show how the lack of a clear seasonal cycle can affect the statistics
in the comparison (i.e. the results for group A in Fig. 2.5). The other three
stations are representative examples of each of the three groups they belong
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to, and show the good correspondence between in situ and model estimates of
evaporation over different ecosystems. It can be noted that GLEAM estimates
are lower than the FLUXNET measurements in spring-time for the two wet
regions (group A and C); this can be due to the fact that a fraction of the
interception loss may still be captured by the eddy covariance towers (see e.g.
Czikowsky and Fitzjarrald, 2009).

Table 2.3: FLUXNET sites used in the validation. The coefficient e represents the
percentage of mismatch in the energy balance at the station. The measured (EF) and
modelled (EG) cumulative evaporation for 2005 (in mm) and the correlation coefficients
of the comparison at daily and monthly time-step are also listed (in situ Rn used).

Station Reference/Contact Lat. Long. Group e EF EG Rday Rmonth

AT-Neu Wohlfahrt et al. (2008) 47.12 11.32 C 14 310 283 0.93 0.99
AU-How Eamus et al. (2001) −12.49 131.15 A 7 907 756 0.86 0.92
BE-Lon Moureaux et al. (2006) 50.55 4.74 D 34 425 435 0.91 0.95
BR-Ban Da Rocha et al. (2009) −9.82 −50.16 A 6 1080 995 0.47 0.01
CA-Ca1 Humphreys et al. (2006) 49.87 −125.33 A 35 422 226 0.65 0.80
CA-Ca2 Humphreys et al. (2006) 49.87 −125.29 C 30 277 219 0.93 0.99
CA-Ojp Howard et al. (2004) 53.92 −104.69 A 20 226 320 0.79 0.91
CA-Qcu Giasson et al. (2006) 49.27 −74.04 D 27 333 335 0.90 0.96
CA-Qfo Bergeron et al. (2007) 49.69 −74.34 B 29 257 332 0.90 0.97
CH-Oe1 Ammann et al. (2007) 47.29 7.73 C 12 534 342 0.93 0.99
CN-Xfs Guangsheng Zhou 44.13 116.33 D 5 213 358 0.83 0.94
DE-Geb Anthoni et al. (2004) 51.10 10.91 D 20 312 365 0.90 0.99
DE-Hai Knohl et al. (2003) 51.08 10.45 B 45 258 386 0.91 0.94
DE-Har Schindler et al. (2005) 47.93 7.60 A 7 550 482 0.85 0.97
DE-Kli Prescher et al. (2010) 50.89 13.52 D 49 308 347 0.91 0.98
DE-Meh Axel Don 51.28 10.66 D 26 294 401 0.93 0.98
DE-Tha Grünwald et al. (2007) 50.96 13.57 B −15 451 361 0.87 0.95
DE-Wet Rebmann et al. (2010) 50.45 11.56 B 44 357 454 0.85 0.89
ES-LMa Casal et al. (2009) 39.94 −5.77 B −8 426 252 0.75 0.92
ES-VDA Gilmanov et al. (2007) 42.15 1.45 D 16 271 231 0.78 0.92
FI-Hyy Suni et al. (2003b) 61.85 24.29 B 21 246 303 0.89 0.93
FI-Sod Suni et al. (2003a) 67.36 26.64 A −16 237 188 0.73 0.92
FR-Lam Ceschia Eric 43.49 1.24 C 19 371 464 0.66 0.73
HU-Bug Gilmanov et al. (2007) 46.69 19.60 C 20 364 375 0.93 0.97
HU-Mat Pintér et al. (2008) 47.85 19.73 C 12 376 323 0.92 0.99
IT-Amp Gilmanov et al. (2007) 41.90 13.61 C 12 349 327 0.83 0.92
NL-Hor Hendriks et al. (2007) 52.03 5.07 D 36 484 273 0.84 0.97
NL-Loo Dolman et al. (2002) 52.17 5.74 B 36 512 266 0.68 0.93
PT-Mi2 Gilmanov et al. (2007) 38.48 −8.02 D 13 278 239 0.64 0.79
RU-Fyo Andrej Varlagin 56.46 32.92 B 15 336 324 0.92 0.97
US-ARc Margaret Torn 35.54 −98.04 C −5 715 641 0.95 0.98
US-Aud Tilden P. Meyers 31.59 −110.51 C −24 258 360 0.76 0.79
US-Bo1 Meyers et al. (2004) 40.01 −88.29 C 27 517 654 0.83 0.94
US-Goo Tilden P. Meyers 34.25 −89.97 C 7 360 363 0.82 0.90
US-IB2 Matamala et al. (2008) 41.84 −88.24 D 29 585 456 0.92 0.99
US-Me2 Law et al. (2004) 44.45 −121.56 A 1 372 326 0.82 0.93
US-MOz Gu et al. (2006) 38.74 −92.20 A 14 605 604 0.87 0.96
US-NC1 Sun et al. (2010) 35.81 −76.71 C 24 567 348 0.85 0.96
US-SRM Scott et al. (2009) 31.82 −110.87 C 6 323 465 0.69 0.69
US-Syv Desai et al. (2005) 46.24 −89.35 A 30 268 258 0.90 0.95
US-Ton Baldocchi et al. (2004) 38.43 −120.97 B 13 408 270 0.85 0.92
US-WCr Cook et al. (2004) 45.81 90.08 A 40 364 416 0.88 0.92
US-Wkg Scott et al. (2010) 31.74 −109.94 D −7 177 307 0.67 0.81

Mean 0.83 0.90
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Figure 2.5: Taylor diagrams of the validation results for the groups listed in Table 2.3.
RMSD and standard deviation are normalised against the reference represented by
the time series of the corresponding FLUXNET station; therefore, the point denoted
as “Ref.” represents the location in the diagram of the time series of every station.
(a) shows the results of the comparison between daily time series of modelled E and
the E measured at the 43 FLUXNET stations. The dots correspond to the statistics
of the model run with the satellite Rn as input; the arrows point the results of the
model validation when using the Rn measured at the stations as input. (b) shows how
the statistics improve when comparing monthly averages instead of daily time series
(using the station Rn as input).

In the last few years, FLUXNET data have been used to evaluate other
methodologies dedicated to derive global evaporation estimates from satellite
observations. Zhang et al. (2010) did a similar comparison to the one presented
here. They also reported a good correspondence between model estimates and
in situ observations. However they did not present the average value of the co-
rrelation coefficients at the stations, but the correlation coefficient that resulted
from plotting the estimates from all the stations together in one single scatter-
plot. Fisher et al. (2008), on the other hand, listed the individual correlations
found at every station in their comparison of monthly estimates and station-
based monthly aggregates of evaporation. The results of the validation of the
methodology proposed by Fisher et al. (R = 0.93, N = 16) are comparable to
the ones found here for the validation of GLEAM (R = 0.90, N = 43).

2.4.2.4 Annual totals and bias

With the aim of identifying a possible systematic bias for any of the four groups,
Fig. 2.7 compares the total volumes of modelled and measured E for 2005 at each
of the 43 FLUXNET stations (these volumes are also presented in Table 2.3).
The correlation coefficient shows a value of R = 0.80. The bias is as low as
−5%, which represents an average underestimation of less than 20mmyr−1.
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Figure 2.6: Examples of daily time-series of FLUXNET and GLEAM E (in mm)
from each of the four groups defined in Sect. 2.4.2.1.
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These inferences only indicate the level of agreement between observed and
modelled annual aggregates, and therefore they only show the skill of the model
to capture the global distribution of annual evaporation (see next section).

Overall, none of the four groups presents a major bias; this indicates that the
scatter seen in Fig. 2.7 is not likely to be a response to systematic errors in the
parameterisation of the two different vegetation types, or the two climate condi-
tions considered to define the groups. Nevertheless, the cumulative error at some
of the stations can become important and it ranges between −48% to +73%.
The standard deviation of the residuals is therefore high, as can be seen from the
value of RMSD = 110 mmyr−1. However, attending to the level of mismatch
of the energy closure observed at some stations (see Table 2.3), FLUXNET eva-
poration measurements may also be greatly biased. Consequently a validation
exercise based on the correlations at each station individually (like the one per-
formed in Sect. 2.4.2.3) may be a better indicator of the performance of the
methodology.

Figure 2.7: GLEAM annual E against annual cumulative evaporation at the
43 FLUXNET stations for the year 2005. Stations are grouped by vegetation cover
and climate conditions (see Sect. 2.4.2.1).
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2.5 Global application of the methodology

The map of evaporation for 2005 as modelled by GLEAM is presented in Fig. 2.8.
The spatial patterns appear reasonable and the range of values corresponds well
with previous attempts to estimate global evaporation (see Jiménez et al., 2011).
A detailed study of the spatial distribution of the GLEAM-modelled E is the
topic of Chap. 5 that will analyse the global magnitude of the latent heat flux
and its seasonal variability, the relative importance of rainfall interception loss,
the global distribution of water available for runoff and the physical processes
controlling transpiration over the different regions of the world.

Figure 2.8: GLEAM E for 2005 (in mm).

2.6 Conclusions

Evaporation remains one of the biggest unknowns within the global water ba-
lance. Improved representation of its global dynamics is essential to lead to
a better understanding of the expected acceleration of the hydrological cycle.
There have been several recent efforts towards the development of observation-
based estimates of global evaporation; these attempt to create independent,
daily-data driven benchmarks for GCM developers to improve their predictions
of future climate.

GLEAM (Global Land-surface Evaporation: the Amsterdam Methodology)
represents a new approach that combines a wide range of currently existing
satellite-sensor products to estimate reliable fields of daily global evaporation
at a 0.25 degree spatial resolution. Because the methodology is based on the
Priestley and Taylor (1972) radiation-driven evaporation model, it limits the
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number of spatially-varying surface fields that need to be specified and cannot
be detected from space. The applicability of GLEAM relies exclusively on
the availability of a suite of remotely-sensed input data products. Its simple
strategy allows the application of the methodology, not only at a global scale
(i.e. studies of trends in evaporation, evaluation of GCMs’ performance, etc.),
but also at a watershed scale through the utilisation of better resolution input
data (i.e. radars, in situ observations, etc.). Its minimal dependence on static
fields of variables avoids the need for parameter tuning and makes the quality
of the evaporation estimates rely on the accuracy of the satellite inputs. As
satellite-based observations are not error-free, the approach could potentially
benefit from the assimilation of in situ observations in areas with dense ground-
observational networks.

Model estimates have been successfully compared with ground data from
a wide range of ecosystems. The modelled root-zone soil moisture has been
compared to measurements from 30 SCAN stations (R = 0.60 and R = 0.69
for surface and deep layers respectively). Final evaporation estimates have been
validated against one year of eddy covariance measurements from 43 FLUXNET
stations. Results show a high average correlation with ground measurements,
both at a daily (R = 0.83) and a monthly (R = 0.90) time scale. Moreover,
no systematic bias for specific vegetation types or rainfall conditions has been
detected.

A major distinguishing feature of the methodology is the detailed estima-
tion of satellite-derived global fields of forest rainfall interception. Other char-
acteristics are the coupling of the radiation-driven transpiration to the ground
bio-physical processes (due to the parameterisation of the root-zone evapora-
tive stress condition), and the separate estimation of bare soil evaporation and
snow sublimation. Updates to the methodology are planned in the assimilation
of remotely-sensed soil moisture data. These updates include the characterisa-
tion of the variance of soil water balance estimates (Ψ), and the assimilation
of satellite observations into deeper layers to better propagate the optimisation
through the entire root-zone.

In Chap. 5 the spatial distribution and magnitude of the global estimates
of latent heat flux, and their seasonal variability and relative importance of
their different components is studied; this includes an insight into the global
distribution of the evaporation drivers and the generation of water available
for runoff. Our ultimate goal has been to produce a reliable global 0.25 de-
gree daily evaporation dataset spanning from 1984 to present. Considering the
availability of the different input datasets over time (presented in Table 2.1),
this exercise requires the use of different precipitation and snow water equiva-
lents products (see Chap. 6). The extended evaporation dataset is being com-
pared with other existing products in undergoing studies integrated within the
LandFlux-Eval initiative (Jiménez et al.,2011; Müller et al., 2011). GLEAM
products are available in the VU University Amsterdam geoservices website:
http://geoservices.falw.vu.nl.
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ESTIMATION OF GLOBAL

RAINFALL INTERCEPTION LOSS ∗

A new methodology for estimating forest rainfall interception from multi-satellite
observations is presented. The Climate Prediction Center morphing technique
(CMORPH) precipitation product is used as driving data and is applied to
Gash’s analytical model to derive daily interception rates at global scale. Re-
sults compare well with field observations of rainfall interception (R = 0.86,
N = 42). Global estimates are presented and spatial differences in the dis-
tribution of interception over different ecosystems analysed. According to our
findings, interception loss is responsible for the evaporation of approximately
13% of the total incoming rainfall over broadleaf evergreen forests, 19% in
broadleaf deciduous and 22% in needleleaf forests. The product is sensitive
to the volume of rainfall, rain intensity and forest cover. In combination with
separate estimates of transpiration it offers the potential to study the impact
of climate change and deforestation on the dynamics of the global hydrological
cycle.

* This chapter is an edited version of: Miralles, D. G., Gash, J. H., Holmes, T. R. H.,

de Jeu, R. A. M., and Dolman, A. J.: Global canopy interception from satellite obser-

vations, J. Geophys. Res., 115, D16122, 2010b.
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3.1 Introduction

Global assessments of evaporation are needed to model the complete hydro-
logical cycle, detect possible feedbacks between evaporation and climate, and
estimate the impacts of deforestation and climate change on water resources.
Interception of rainfall by the canopy, and its subsequent vaporization, is an
important component of the water balance in forests. The high rates of evapo-
ration observed from wet canopies (Stewart, 1977) make separate modelling of
this process essential, and a range of interception models have been developed
to do this (Muzylo et al., 2009). Site-based observational studies measure forest
interception loss to be around 10-30% of the gross precipitation (Zinke, 1967;
Crockford and Richardson, 2000), with values reaching 40% in some low rainfall
intensity areas (Gash et al., 1980). However, the overall contribution of rainfall
interception to the global water balance is still to a large degree unknown, and a
reliable product giving interception at such a scale is required if we are to fully
understand the consequences of the expected changes in the water cycle.

Global Climate Models (GCMs) estimate global fields of interception loss
routinely. However, these rely on the model-generated climate and the aggrega-
tion schemes needed to allow for heterogeneous vegetation and sub-grid variabi-
lity in rainfall (Wang et al., 2007). Here however, we take a data-driven approach
with the aim of producing the most accurate fields of wet canopy evaporation.
Global maps of forest rainfall interception are created using satellite-based data
products applied to an existing model. The estimates of intercepted rainfall
have been validated against in situ observations for different ecosystems. We
also present the first global estimates of cumulative rainfall interception obtained
through the application of the model over a five year time record (2003–2007),
indicating the magnitude and spatial variability of wet canopy evaporation at
the global scale. This product could be used as part of an independent ensemble
of global benchmark datasets called for by Blyth et al. (2009) to evaluate the
performance of GCMs.

3.2 Data and approach

This analysis presents daily values of canopy rainfall interception on a global
0.25 degrees latitude-longitude resolution grid. It is based on the revised version
of Gash’s analytical model (Valente et al., 1997) driven by satellite remotely-
sensed data of precipitation, lightning frequency and canopy fraction.

This analysis only considers interception from tall, aerodynamically rough
forest canopies. For forests, the low aerodynamic resistance causes strong cou-
pling to the atmosphere and as a result interception proceeds at a much higher
rate than transpiration would under the same conditions; the evaporation of in-
tercepted rainfall then represents a clear net water loss (see David et al., 2005)
and must be estimated separately from transpiration. In contrast, for short ve-
getation the difference between transpiration and interception is minor because
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net radiation is the dominant control of the evaporation (the aerodynamic resis-
tance is large and the coupling weak); separate estimation of interception and
transpiration is then not essential.

3.2.1 Gash’s analytical model

Gash’s analytical model of rainfall interception (Gash, 1979; Valente et al., 1997)
is an event-based model, but generally applied on a daily basis with the assump-
tion of one storm per rain day. The impact of this assumption has been inves-
tigated and although modifications have been proposed for storms lasting more
than one day (e.g. Pearce and Rowe, 1981) or multiple storms per rain day
(see Mulder, 1985), these modifications are rarely found necessary. Essentially,
the model identifies three phases of each storm: wetting up, saturated canopy
conditions and drying out after rainfall has ceased. Evaporation is calculated
for each phase, applying an average evaporation rate to all storms. The canopy
is assumed to dry completely between events. This latter assumption precludes
the general use of the model for short vegetation because the relatively low eva-
poration rates are often insufficient to dry the vegetation; this is particularly the
case in winter, when radiation levels are low (however, the non-applicability of
the model to short vegetation is a minor issue for the reasons explained above).

The practical application of the model requires the definition of the state
variables presented in Table 3.1. Interception loss is then calculated as the
sum of the components given in Table 3.2. The model is especially sensitive to
the values of the average evaporation rate per unit of projected area of canopy
Ec, the average rainfall rate R under saturation conditions, and the storage
capacity Sc, defined as the minimum depth of water required to saturate the
canopy expressed as mm per unit of projected area of canopy cover.

Measurements of Ec have shown that it varies rather little with location:
for example, Lloyd et al. (1988) working in the tropical forest of Amazonia
calculated a value of 0.23 mm hr−1, almost the same as the value of 0.20 mm
hr−1 that Gash et al. (1980) found gave the best fit to their interception data
from four forests in the maritime climate of the United Kingdom. Again perhaps
counter-intuitively, and despite the difference in aerodynamic roughness, the
rates of evaporation (per unit area of canopy cover) from leafed and leafless
deciduous forest are very similar: Herbst et al. (2008) found Ec to be 0.192 mm
hr−1 and 0.198 mm hr−1 in the leafed and leafless season respectively. For our
analysis, 16 studies undertaken in the field experiments referenced in Table 3.1
have been considered. The calculated mean value of Ec = 0.3 mm hr−1 (with a
standard deviation of 0.1 mm hr−1 is then assumed to represent all canopies.

Like Ec, Sc is also expressed per unit area of canopy and it is similarly
a rather conservative parameter. Among functional types, Sc has no simple
dependence on the leaf area of the canopy: e.g. lowland rainforest canopies,
despite their high leaf area index, have water-shedding properties which re-
duce Sc to be of similar magnitude to that found in temperate pine forests
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(e.g. compare the results of Gash et al. (1980) with those of Lloyd et al. (1988)
or Ubarana (1996)). Different studies have also shown that the values of Sc vary
little between leafed and leafless conditions for the same forest (e.g. Leyton et
al., 1967; Dolman, 1987; Rutter et al., 1975), implying that leaves hold a similar
depth of water to twigs and branches. Table 3.1 presents a mean and standard
deviation of 1.2 ± 0.4 mm derived from 21 studies; values range from 0.35 mm
for eucalyptus (Valente et al., 1997) to 2.0 mm for Norway spruce (Leyton et
al., 1967; Rutter et al., 1975). Here, this mean value is considered as the Sc for
all canopies.

Table 3.1: Gash’s model parameters in the formulation of our model. The values
in the second column represent the mean and standard deviation of the different of
the studies undertaken in the field campaigns that are referenced in the third column.
The size of the sample of studies for each variable is presented in the text.

State variables Value Source

Canopy storage 1.2± 0.4 Rutter et al. (1975),
Sc [mm] Gash and Morton (1978),

Gash et al. (1980), Rowe (1983),
Lloyd et al. (1988), Dolman (1987),
Gash et al. (1995), Ubarana (1996),
Valente et al. (1997), Herbst et al. (2008)

Mean evaporation rate 0.3± 0.1 Gash et al. (1980), Lloyd et al. (1988),
Ec [mm hr−1] Dolman (1987), Loustau et al. (1992),

Gash et al. (1995), Ubarana (1996),
Valente et al. (1997), Llorens (1997),
Schellekens (1999),
Carlyle-Moses and Price (1999),
Cuartas et al. (2007), Herbst et al. (2008)

Mean (synoptic) rainfall rate 1.5± 0.2 Gash et al. (1980), Dolman (1987),
R [mm hr−1] Loustau et al. (1992), Gash et al. (1995),

Valente et al. (1997), Herbst et al. (2008)

Mean (convective) rainfall rate 5.6± 2.2 Lloyd et al. (1988), Schellekens et al. (1999),
R [mm hr−1] van Dijk and Bruijnzeel (2001),

Dietz et al. (2006), Manfroi et al. (2006),
Vernimmen et al. (2007),
Cuartas et al. (2007)

Fraction rain to trunks 0.02 Valente et al. (1997)
pd [-]

Fraction trunk evaporation 0.02 Valente et al. (1997)
ε [-]

Trunk capacity 0.02 Valente et al. (1997)
St [mm]
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Table 3.2: Gash’s model calculation of I in the revised version of Valente et al. (1997).

Critical volumes of rainfall Formulation

Amount of gross rainfall necessary
to saturate the canopy, P ′ −[RSc/((1− ε)Ec)]ln[1− ((1−ε)Ec/R)]
Amount of gross rainfall necessary
to saturate the trunks, P ′′ P ′ +RSt/[pdc(R− Ec(1− ε))]

Interception loss from the canopy Formulation

For m storms that do not saturate
the canopy (P < P ′) cΣm

j=1Pj

For n storms that saturate
the canopy (P > P ′) c[nP ′ + ((1− ε)Ec/R)Σn

j=1(Pj − P ′)]

Interception loss from trunks Formulation

For q storms that do not saturate
the trunks (P < P ′′) qSt

For n− q storms that saturate
the trunks (P > P ′′) pdc[1− (1− ε)Ec/R]Σn

j=1(Pj − P ′)

In contrast, R, which is used to calculate the duration of canopy wetness,
does vary depending on the type of storm. We therefore distinguish between
the rainfall rates of convective and frontal precipitation making use of a global
lightning-frequency climatology (see Section 3.2.2.2). The representative values
of R for convective (R = 5.6 ± 2.2 mm hr−1) and synoptic (R = 1.5 ± 0.2
mm hr−1) rainfall correspond to the average of 8 and 9 studies (respectively)
undertaken in the field experiments referenced in Table 3.1.

3.2.2 Satellite-based data

3.2.2.1 Precipitation

The methodology is driven by the Climate Prediction Center morphing tech-
nique (CMORPH) precipitation product (Joyce et al., 2004). This technique
uses passive microwave observations from the Advanced Microwave Sounding
Unit-B (AMSU-B), the Special Sensor Microwave Imager (SSM/I), the TRMM
Microwave Imager (TMI) and the Advanced Microwave Scanning Radiome-
ter (AMSR), and infrared observations from the Geostationary Operational En-
vironmental Satellite (GOES), the Geostationary Meteorological Satellite (GMS)

– 37 –



Chapter 3

and Meteosat. The relatively high quality microwave precipitation estimates are
propagated using motion vectors derived from the half-hourly infrared observa-
tions. Between measurements, intensity and shape of the microwave-observed
precipitation are modified by a time-weighed interpolation (morphing), resulting
in a high spatial (0.07 degrees latitude-longitude) and temporal (30 minutes)
resolution. In spite of presenting a slight positive bias in summer and negative in
winter (Zeweldi and Gebremichael, 2009), validation studies show better corre-
lation with ground measurements of rainfall than the majority of the currently
available precipitation products (Ebert et al., 2007).

The spatial coverage of CMORPH is almost global (60◦N-60◦S). For the la-
titudes not included on its domain, the 1 degree latitude-longitude daily (1DD)
Global Precipitation Climatology Project (GPCP) precipitation product (see
Huffman et al., 2001) is applied. This dataset is based on passive microwave
measurements from the Special Sensor Microwave Imager (SSM/I), and infrared
retrievals from GOES and the Television Infrared Observation Satellite (TIROS)
Operational Vertical Sounder (TOVS). The estimates of cumulative monthly
rainfall are corrected over some continental areas to match sparse ground-based
observations. At finer time scales the product relies exclusively on satellite-
based precipitation estimates. Despite presenting errors, especially over land
(McPhee and Margulis, 2005), GPCP-1DD has been widely used in different
studies during the last few years and it represents the best available source of
precipitation for many areas of the world (Crow, 2007). To match the spatial
resolution of the present study, GPCP-1DD has been downscaled to 0.25 de-
grees resolution by means of the Shepard Method of inverse distance weighted
interpolation (Shepard, 1968).

3.2.2.2 Lightning frequency

Under the assumption that lightning only occurs during convective storms, the
0.5 degrees resolution Combined Global Lightning Flash Rate Density dataset
from NASA is used to distinguish between frontal and convective rainfall events
and, therefore, to determine the value of R. This dataset merges the retrievals
from the Optical Transient Detector (OTD) and the Lightning Imaging Sensor
(LIS) (Mach et al., 2007) into a combined product consisting of a standard
monthly climatology of lightning frequency (in number of flashes per square
kilometre per year). Shepard’s Method (Shepard, 1968) has been applied to
downscale the dataset to 0.25 degrees latitude-longitude. Assuming a linear
relation between lightning frequency and fraction of rainfall of convective nature,
R is interpolated at each particular pixel for every month of the year applying the
representative values of R for convective and frontal rainfall given in Table 3.1.

While clouds generated by frontal systems lack the necessary conditions to
generate lightning, deep convective clouds in contrast may generate lightning if
ice particles are present (Miller et al., 2001). Thus the presence of lightning is
a sufficient condition for the occurrence of deep convection, but not a necessary
one. This may lead to systematic underestimation of the occurrence of high
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rainfall-rate convective storms. Nevertheless, the method is applied here because
it provides an objective way of identifying where and when the higher rainfall
rates are likely to be present. Further, the resultant monthly global estimates
of R are comparable at local scale to the values used in previous applications
of Gash’s model in different climates (see e.g. Lloyd et al., 1988; Llorens, 1997;
Herbst et al., 2008).

3.2.2.3 Land cover

Canopy cover (c) is approximated by the Fraction of Tall Canopy (FTC) of
MOD44B, the global Vegetation Continuous Fields product from MODIS (see
Hansen et al., 2002, 2005). It is a 500 meter resolution annual dataset that
accounts for vegetation over 5 meters tall. In this study we apply the dataset
from 2004.

The FTC of MOD44B is generated on an annual basis from monthly com-
posites, therefore it represents the average c for a whole year. In deciduous
forest, c has a large seasonal dependency and the assumption of a time-constant
value is not valid. Therefore the 0.05 degrees resolution MODIS global product
of percentages of land use types (MOD12C1) has been employed to select the
pixels where deciduous vegetation accounts for more than 50% of the fraction
covered by trees. In those pixels, the value of FTC is corrected in winter-time
and summer-time to reflect the 55% decrease in c that has been found to occur
after leaf-out; this figure is the average from the previous studies under deci-
duous forests of Leyton et al. (1967), Thompson (1972), Dolman (1987), and
Herbst et al. (2008). Winter-time is considered as the period from 01 November
to 31 March in the Northern Hemisphere, and 01 May to 30 September in the
Southern Hemisphere.

Finally, the model calculates no rainfall interception when a grid cell is co-
vered by snow. The National Snow and Ice Data Center (NSIDC) daily AMSR-
E/Aqua Snow Water Equivalent dataset is utilized to mask out areas with more
than 1 cm of snow depth.

3.3 Field validation results

Published observations of rainfall interception made in a range of field studies
in different forested regions over the world have been selected for comparison
with the estimates presented here. Those studies undertaken in mixed forests,
or in deciduous/evergreen forests within an evergreen/deciduous pixel (accord-
ing to MOD12C1, see Section 3.2.2.3) were not included in this validation. The
aim of this comparison is to identify possible biases in the global distribution of
long-term cumulative values. Our assessment does not offer information about
the ability of the product to reproduce seasonal patterns, nor its skill in esti-
mating interception at the event time scale, as these are largely dependent on
the accuracy of the precipitation input.
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Table 3.3: Studies used for validation; I expressed in % of rainfall per m2 of forest.

Study Region lat long Iobs Imodel

Broadleaf Evergreen Forest

Lloyd et al. (1988) Amazonia -2.95 -59.95 8.9 13.4
Ubarana (1996) Amazonia -10.10 -61.90 11.6 11.3
Tobon et al. (2000) Amazonia -0.76 -72.10 13.5* 13.5
Cuartas et al. (2007) Amazonia -2.50 -60.20 13.3 11.9
Czikowsky and Fitzjarrald (2009) Amazonia -2.89 -54.92 11.6 12.3
Shuttleworth (1988) Amazonia -2.95 -59.95 9.1 13.4
Gomez-Peralta et al. (2008) Andes -10.53 -75.35 18.7* 10.1
Hutjes et al. (1990) W. Africa 5.85 -7.34 9.2 9.2
Asdak et al. (1998) S. E. Asia -1.29 112.37 11.4 8.8
Dietz et al. (2006) S. E. Asia -1.50 120.04 21.5* 18.6
Manfroi et al. (2006) S. E. Asia 4.30 113.90 12.0 12.4
Vernimmen et al. (2007) S. E. Asia 0.10 113.90 13.0* 12.0
Rowe (1983) Oceania -41.60 172.75 28.8 28.3
McJannet et al. (2007) Oceania -16.17 145.43 22.0* 16.8
McJannet et al. (2007) Oceania -16.53 145.28 28.0* 21.7
McJannet et al. (2007) Oceania -17.36 145.66 17.5* 11.1
Bellot et al. (1999) Iberian pen. 41.30 1.00 12.9 12.0
Pereira et al. (2009) Iberian pen. 38.53 -8.01 7.6* 11.9
Valente et al. (1997) Iberian pen. 38.63 -8.60 10.8 9.7

Broadleaf Deciduous Forest

Carlyle-Moses and Price (1999) Canada 43.55 -79.72 19.3 30.6
Mosello et al. (2002) Italy 46.00 13.20 22.6 21.6
Mosello et al. (2002) Italy 44.70 10.20 7.2 8.6
Mosello et al. (2002) Italy 44.30 11.40 19.7 20.3
Sraj et al. (2008) Balkan pen. 45.40 13.75 26.9* 16.0

Needleleaf Forest

Price et al. (1997) Canada 55.45 -98.15 23.3 24.2
Link et al. (2004) U. S. A. 45.82 -121.96 23.9* 26.0
Pypker et al. (2005) U. S. A. 45.82 -121.95 21.3* 26.0
Huber and Iroume (2001) Andes -37.70 -72.50 29.0* 22.6
Huber and Iroume (2001) Andes -39.80 -73.24 16.6* 26.5
Gash et al. (1980) U. K. 52.45 -3.68 26.7 25.1
Gash et al. (1980) U. K. 57.68 -3.49 42.4 46.5
Gash et al. (1980) U. K. 55.22 -2.40 31.7 26.1
Johnson (1990) U. K. 56.50 -4.40 28 21.7
Teklehaimanot and Jarvis (1991) U. K. 55.71 -3.27 29 30.0
Llorens (1997) Iberian pen. 42.20 2.00 17.6 15.6
Domingo et al. (1994) Iberian pen. 37.20 -2.40 15.5 13.5
Valente et al. (1997) Iberian pen. 38.83 -8.85 17.1 13.4
Viville et al. (1993) France 48.20 7.20 34.2 33.9
Loustau et al. (1992) France 44.70 -0.77 17.5* 14.8
Mosello et al. (2002) Italy 43.40 10.70 18.8 21.1
Lankreijer et al. (1999) Scandinavia 60.08 17.48 25.8 25.6
Tallaksen et al. (1996) Scandinavia 59.90 10.60 27.0 23.5

* averaged from the different study plots or/and periods within the experiment.
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Figure 3.1: Results of the validation study. R is the Pearson’s correlation coefficient,
RMSD the Root Mean Square Difference, Bias the mean bias and MAPD the Mean
Absolute Percentage Difference between the model estimates and the observations of
rainfall interception loss.

For each 0.25 degrees resolution grid cell, only the FTC within the pixel
contributes to the estimate. As most pixels are not fully covered by forest (land
cover type), in order to allow comparison with in situ observations, the grid-cell
estimates must be presented in volume per unit area of forest (and not per unit
area of land). For this validation study, the MODIS global dataset of percentages
of land use types (MOD12C1) has been used to calculate the fraction of forest
(FF) in every pixel to present the model interception estimates as volume per
unit area of forest – it is important to realize that the use of FF is restricted
to this validation study and this dataset is not required to produce the global
rainfall interception maps. FF includes gaps between the canopies, roads, fire
breaks, immature plantations and rivers (see Calder and Newson, 1979), unlike
FTC that accounts only for the fraction of pixel that is covered by canopy.
The field observations have then been compared to the corresponding grid cell
estimates of interception loss (expressed as percentage of incoming rainfall) per
unit area of forest.

Table 3.3 lists the 42 studies selected for this validation exercise, their in situ
observations and the corresponding estimates of interception loss. Figure 3.1
shows the linear correlation between the observed and modelled inferences pre-
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sented in Table 3.3. When interpreting the results illustrated in Fig. 3.1, one
should be aware of the magnitude of the errors associated with both coordinates:
on the horizontal axis the errors in field measurements of interception loss (e.g.
Lloyd and de O. Marques, 1988), and on the vertical axis the errors associated
with the satellite products driving the model and the scaling of those to the
desired resolution, the degree to which the parameter values in Table 1 repre-
sent the actual forest, and the model structure itself. Moreover, there are well
known uncertainties regarding validation activities that attempt the compari-
son of point in-field observations to the coarse-resolution satellite footprints (see
Miralles et al., 2010a); these are especially relevant when dealing with intercep-
tion loss, due to the consequential effect of sub-grid precipitation (Dolman and
Gregory, 1992; Wang et al., 2008). Finally, it should be considered that the time
period of the estimates (2003–2007) does not match the various study periods
of the observations, and that some of the study sites may have experienced land
use changes since the field campaign was undertaken.

Despite all the potential sources of error a significant level of correlation is
obtained (R = 0.86, N = 42) between observed and predicted values of inter-
ception. Figure 3.1 also shows the mean bias (Bias = −0.73), Mean Absolute
Percentage Difference (MAPD = −0.007) and Root Mean Square Difference
(RMSD = 4.40) to the one-to-one line (note that this study does not involve
any sort of tuning of the parameters presented in Table 3.1).

3.4 Magnitude and variability of global inter-

ception loss

Figure 3.2 presents the estimated global distribution of forest rainfall inter-
ception during the five year period 2003–2007. It is important to notice that,
because the model represents the average value for each 0.25 degrees pixel, the
interception estimate is reduced by the adjacent areas without forest that occur
in the same grid cell. Absolute values of interception in mm per year illustrated
in Fig. 3.2a provide an insight into the magnitude of the evaporation flux from
wet canopies and its relative importance in the global water cycle can be in-
ferred. Figure 3.2b shows the wet canopy evaporation as a percentage of the
incoming rainfall (snowfall not included).

Forests within climatic zones in which rainfall is dominated by long-duration
synoptic events (like Scandinavia or northern Canada), generally present the
highest percentages of rainfall interception loss (up to 30%). On the other
hand, tropical areas, dominated by short-duration convective rainfall events
and large volumes of annual precipitation, present lower values (with maxima
around 15%). The extensive areas of tropical and boreal forests can cover entire
grid cells (presenting maximum values within the pixel close to the average value
for the grid cell estimated by the analysis); this seldom occurs elsewhere.
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Figure 3.2: Results of the global application of the model for 2003–2007. Figure 3.2a
presents the average interception loss (per unit area of land) in units of mm yr−1.
Figure 3.2b presents the same product in percentage of incoming rainfall.

Applying the same classification into three forest types presented in Fig. 3.1,
Table 3.4 shows the global average interception loss per m2 of land (the pixel
estimate), per m2 of forest (the pixel estimate divided by the FF), and per m2

of canopy (the pixel estimate divided by the FTC). Table 3.4 also presents the
global average c of each forest type taking into account only the FF of each
pixel (c = FTC/FF). Despite not considering any differences in the storage ca-
pacities between conifers and broadleaf canopies, higher average percentages of
wet canopy evaporation seem to be associated with needleleaf forest ecosystems
as expected in reality (Swank and Douglass, 1974; Komatsu et al., 2007); this
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is most likely due to the synoptic nature of the rainfall events in the majority
of coniferous forest areas. The lower percentage of rainfall intercepted in tropi-
cal climates leads to slightly lower average values in broadleaf evergreen forests
compared to broadleaf deciduous (despite the lower canopy cover of deciduous
trees in winter-time).

Table 3.4: Mean estimates of canopy cover (c) and interception (I) expressed as
percentage of incoming rainfall: (a) for the whole pixel, (b) for the Forest Fraction
(FF) in the pixel, and (c) for the Tall Canopy Fraction (FTC) within the pixel.

Forest c I in % of rainfall per m2 I in % of rainfall I in % of rainfall
type (FTC/FF) of land (pixel estimate) per m2 of forest per m2 of canopy

Broad. evergreen 0.64 10.4 12.7 19.7
Broad. deciduous 0.68 12.7 19.5 28.2

Needleleaf 0.60 16.1 21.8 36.5

3.5 Concluding remarks

Quantifying the magnitude of forest rainfall interception at global scale is essen-
tial if we are to understand the future impact of deforestation, or the changing
fraction of convective rainfall events, on the dynamics of the global water cy-
cle. Our results suggest that the numbers we estimate are realistic, and confirm
that our approach of combining existing remotely sensed products with a simple
analytical model can provide good estimates of interception loss at the global
scale.

We have adopted a reductionist, remote-sensing-driven strategy in which the
estimates of evaporation are derived from continually-updated data products.
This approach will inevitably produce uncertain results as we try and model a
diverse mix of forests with a single set of parameters. The evidence of the sample
of measurements used to derive the important parameters Sc, Ec, R is that each
has a standard deviation of some 30 to 40% reflecting both measurement errors
and the variability between study sites.

The omission of snow interception clearly needs to be addressed. Com-
pared to the work on rainfall interception, there has been very little research
on snow and there is no obvious candidate-model to employ. Nevertheless the
inclusion of a snow component is a priority in our future plans for developing
this product. Other future plans include the use of tall canopy-cover datasets
with inter-annual variability, improvements in the approach of defining mean
rainfall intensity through the use of lightning frequency, and the application
of the model to a long record of years to investigate long-term changes in the
global interception flux. As shown in Chap. 2 this interception product has been
merged with a global dry canopy evaporation estimate to produce a full global
evaporation product for both tall and short vegetation (i.e. GLEAM).
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ON THE APPLICABILITY OF

TRIPLE COLLOCATION TO

EVALUATE EVAPORATION

ESTIMATES ∗

Different initiatives currently aim to create high quality merged products of
land-surface evaporation and surface soil moisture for benchmark purposes.
These activities require the objective estimation of the uncertainties of the avai-
lable datasets. Uncertainties are required to be able to select the most reliable
products and merge those selected based on the quality of their estimates. Here,
a triple collocation (TC) approach is described to define these uncertainties. Its
potential to calculate the errors of different soil moisture and land evaporation
estimates is analysed. TC error estimates are compared to independent infer-
ences calculated using in situ measurements. The range of applicability of TC
appears larger for evaluating soil moisture than evaporation products. Howe-
ver, on its application to land-surface evaporation data the described approach
is used to satisfyingly evaluate the performance of three products: GLEAM,
MERRA and Princeton University. GLEAM is identified as the best performing
product in 69% of the global domain (especially in semiarid and arid regions),
PU in 29% (mainly humid tropics) and MERRA in 2%. The TC-approach
demonstrates potential to identify areas of poor product performance due to
errors in model parameterizations or even to selectively pick the inputs leading
to the most accurate final estimates of a model.

* This chapter is based on the content of two publications:

Miralles, D. G., Crow, W. T., and Cosh, M. H.: Estimating spatial sampling errors in
coarse-scale soil moisture estimates derived from point-scale observations, J. Hydro-
meteorol., 11, 1404–1410, 2010a.

Miralles, D. G., de Jeu, R. A. M., Gash, J. H., Holmes, T. R. H., and Dolman, A. J.:

Magnitude and variability of land evaporation and its components at the global scale,

Hydrol. Earth Syst. Sci., 15, 967–981, 2011b.
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4.1 Introduction

The need for global estimates of land evaporation to enhance our understanding
of the water cycle has led to the development of a large number of dedicated
global evaporation products during the last few years (e.g. Fisher et al., 2008;
Jung et al., 2009; Sheffield et al., 2010; Zhang et al., 2010; Miralles et al., 2011a).
As a quick response to these recent developments the LandFlux-EVAL initia-
tive of the Global Energy and Water Cycle Experiment (GEWEX) Radiation
Panel (GRP) has raised with the aim of inter-comparing these products and
ultimately produce higher quality merged datasets of land-surface evaporation
(see Jiménez et al., 2011; Müller et al., 2011).

Validation activities using in situ data are a common practice in the de-
velopment of the majority of evaporation methodologies. However, LandFlux-
EVAL inter-comparison studies have demonstrated that large differences still
exist between products. So far, LandFlux-EVAL activities have proved useful
for identifying systematic biases in the analysed datasets. Nevertheless, these
inter-product comparisons by themselves can only give an insight into the devia-
tion of a product from the average, but not the deviation from the hypothetical
true (i.e. the error). Therefore the relative merits of each product compared to
the others remain yet unexplored. To a certain extent, the creation of high qua-
lity blended datasets relies on the investigation of new techniques to estimate
product performance.

In 2008 Scipal et al. pioneered the application of triple collocation (TC
– Stoffelen, 1998; Caires and Sterl, 2003; Janssen et al., 2007) to soil mois-
ture. Since then, the potential of TC for hydrological applications has been
explored, specially within the field of satellite soil moisture products (e.g. Crow
and van den Berg, 2010; Dorigo et al., 2010). TC is a simple statistical tech-
nique that is based on the principle that uncertainty in three parallel estimates
of a single variable can be deduced if the estimates are independent and present
mutually uncorrelated errors. Unlike error propagation studies – which only
give information about how the uncertainty in the input is propagated to the
output – TC also evaluates the structure of the model itself.

This chapter is structured in two markedly different parts. In the first part
(Sect. 4.2) the TC technique is validated. To be able to test the skill of TC
in retrieving the error structure of an estimate, the true value of the variable
of interest is required for benchmark purposes. Dense in situ observational
networks provide the most accurate approximation of the true value of a variable
at the coarse-resolution of a global model. This allows the calculation the actual
error of the model estimate that can subsequently be compared to the error
estimated using TC. The variable of interest in Sect. 4.2 is not evaporation but
soil moisture – for soil moisture, dense observational networks are more easily
available than for actual evaporation. A TC approach is proposed to estimate
the error of satellite-based soil moisture products in areas where few in situ
measurements are available.
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In the second part (Sect. 4.3), the same TC approach is applied to evaluate
three different global evaporation products. The relative merits of the three
datasets are analysed by mapping the error distribution of their estimates at
the global scale. Special attention is paid to the areas of best/worst perfor-
mance of GLEAM (Global Land-surface Evaporation: the Amsterdam Metho-
dology – Miralles et al., 2010b and 2011a) and its skill relative to the other two
methodologies. In an attempt to validate these results, the TC error estimates
are compared to analogous inferences calculated using in situ observations of
evaporation from the FLUXNET network of micrometeorological towers (see
Baldocchi et al., 2001).

4.2 Definition of a TC approach and its appli-

cation to soil moisture data

The upcoming National Aeronautics and Space Administration (NASA) Soil
Moisture Active Passive (SMAP) mission and the recently launched European
Space Agency (ESA) Soil Moisture Ocean Salinity (SMOS) mission are designed
to retrieve surface soil moisture at coarse spatial resolutions (100 km2 for SMAP
and 1600 km2 for SMOS). Both missions include ground validation activities to
verify that retrievals meet required Root Mean Square Error (RMSE) accuracy
goals. However, these activities are hampered by the scale contrast between
satellite-based sensor resolutions and the point-scale nature of ground-based
instrumentation used for validation (Crow et al., 2005). Since the majority
of the available ground-based soil moisture observations are from low-density
networks in which one or two measurements are available per satellite footprint
(Dorigo et al., 2011), the direct comparison of ground networks to footprint-
scale satellite soil moisture retrievals will yield mean-square differences which
is a function of the intrinsic accuracy of the remote sensing product as well as
the spatial representativeness of the ground observations (Cosh et al., 2008).
Given the high levels of spatial variability typically observed in soil moisture
fields (Famiglietti et al., 2008), poor representativeness may artificially inflate
the measured MSD comparisons above mission accuracy goals.

Recently, Scipal et al. (2008) proposed the application of a triple collo-
cation (TC) procedure (Stoffelen, 1998; Caires and Sterl, 2003; Janssen et
al., 2007) to soil moisture. TC is based on the premise that uncertainty in three
parallel estimates of a single variable can be deduced if the estimates possess
mutually independent errors. This section describes the first application of a
TC approach to ground-based soil moisture instrumentation and the estimation
of sampling errors associated with the spatial upscaling of their measurements.
As described above, the direct comparison of point-scale ground observations
with satellite-based soil moisture retrievals yields an MSD that is inflated by
the sampling error associated with acquiring footprint-scale means using sparse
ground observations. The goal here is to apply TC to estimate (and correct
for) the portion of the total MSD between the ground observations and the
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retrievals attributable to the spatial sampling error and improve prospects for
adequately validating soil moisture retrievals using existing ground-based ins-
trumentation.

4.2.1 Methodology

The TC approach presented here is based on three separate time series assu-
med to approximate footprint-scale (>100 km2) surface soil moisture (θ): a
microwave remote sensing product (θRS), a land surface model product (θLSM),
and a ground-based product derived from a single point-scale observation within
each footprint (θPOINT). All three products contain errors arising from mutually
distinct sources. Remotely sensed estimates are impacted by instrument noise
and uncertainty in microwave emission modelling. Model-based estimates su-
ffer from a simplified parameterization of soil water loss and forcing data error.
Coarse-scale soil moisture estimates obtained from a single point-scale observa-
tion are degraded by sensor calibration/measurement errors and representati-
veness errors due to the inherent spatial heterogeneity of surface soil moisture
fields. Given the diversity of these sources, it appears reasonable to assume that
the three products contain mutually independent errors.

Prior to the application of TC, each product is decomposed into its clima-
tology mean and anomaly components:

θi = θ′i + 〈θ〉ND(i), (4.1)

where 〈θ〉ND(i) is the climatological expectation for soil moisture at the day-

of-year D associated with time-step i, and θ′i is the actual anomaly relative
to this expectation. Values of 〈θ〉ND(i) are calculated through moving window
averaging of multi-year data within a window size of N days centred on D.
The implications of this decomposition are discussed further in Sect. 4.2.3. In
addition, θ′RS and θ′LSM are pre-scaled to match the temporal variance of θ′POINT.
Unless otherwise noted, N = 31 days, and the subscript i is dropped in future
references to time series variables.

Differences in the temporal anomalies estimated by the remote sensor and
point-scale ground observations can be written as

θ′RS − θ′POINT = (θ′RS − θ′TRUE) + (θ′TRUE − θ′POINT), (4.2)

where θ′TRUE represents the true anomaly time series. Assuming mutual inde-
pendence of error in the remote sensing observations (θ′RS − θ′TRUE) and point
observations (θ′TRUE − θ′POINT), the mean of the square of both sides is

MSD(θ′RS, θ
′

POINT) = MSD(θ′RS, θ
′

TRUE) +MSD(θ′POINT, θ
′

TRUE), (4.3)

or equivalently

MSD(θ′RS, θ
′

TRUE) = MSD(θ′RS, θ
′

POINT)−MSD(θ′POINT, θ
′

TRUE), (4.4)
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where the measurable quantity MSD(θ′RS, θ
′

POINT) differs from the true valida-
tion quantity of interest MSD(θ′RS, θ

′

TRUE) due to the spatial sampling error
MSD(θ′POINT, θ

′

TRUE).

In this approach, estimates of MSD(θ′RS, θ
′

TRUE) based only on measured
values of MSD(θ′RS, θ

′

POINT) are corrected by applying TC to estimate MSD
(θ′POINT, θ

′

TRUE) and inserting it into Eq. (4.4).

TC is based on expressing the relationship between temporal anomalies in
all three available soil moisture estimates (θ′RS, θ

′

POINT and θ′LSM) and true
soil moisture anomalies (θ′TRUE) as

θ′POINT = θ′TRUE + rPOINT, (4.5)

θ′RS = θ′TRUE + rRS, (4.6)

θ′LSM = θ′TRUE + rLSM, (4.7)

where the r terms denote time series errors relative to θ′TRUE. Subtracting
Eq. (4.6) and (4.7) from (4.5) yields

θ′POINT − θ′RS = rPOINT − rRS, (4.8)

θ′POINT − θ′LSM = rPOINT − rLSM. (4.9)

Multiplying Eq. (4.8) and (4.9) and averaging in time (denoted by “〈〉”) gives

〈(θ′POINT−θ′RS)(θ
′

POINT − θ′LSM)〉

= 〈rPOINT
2〉 − 〈rPOINTrRS〉 − 〈rPOINTrLSM〉+ 〈rLSMrRS〉.

(4.10)

Assuming mutually uncorrelated errors, Eq. (4.10) collapses to

〈(θ′POINT − θ′RS)(θ
′

POINT − θ′LSM)〉

= 〈rPOINT
2〉 = MSD(θ′POINT, θ

′

TRUE).
(4.11)

The goal is validating estimates of MSD(θ′POINT, θ
′

TRUE) from Eq. (4.11)
with independent estimates of the same quantity acquired from ground-based
soil moisture networks within data-rich watershed sites. TC-based estimates of
MSD(θ′POINT, θ

′

TRUE) can then be combined with Eq. (4.4) to improve estimates
of MSD(θ′RS, θ

′

TRUE) without access to extensive ground-based measurements.
Note that the success of both inferences hinges on the, as of yet untested, un-
correlated error assumptions underlying Eq. (4.4) and Eq. (4.11).

4.2.2 Data and processing

The verification analysis described above is conducted over four U. S. Depart-
ment of Agriculture (USDA) Agricultural Research Service (ARS) experimen-
tal watersheds: the Little River (LR) in Georgia (Bosch et al., 2007), the Li-
ttle Washita (LW) in Oklahoma (Allen and Naney, 1991; Cosh et al., 2006),
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the Reynolds Creek (RC) in Idaho (Slaughter et al., 2001), and the Walnut
Gulch (WG) in Arizona (Renard et al., 2008; Cosh et al., 2008). As a group,
they provide a wide range of climate, land cover, and topographic conditions
under which to evaluate TC. Each watershed also contains a network of about 20
Stevens Water Hydra Probe surface (0–5 cm) soil moisture sensors installed at
USDAMicronet sites within each watershed. See Fig. 4.1 for watershed/network
site locations and Table 4.1 for a summary of the watershed characteristics and
soil moisture instrumentation; further details are given in Jackson et al. (2010).

Figure 4.1: Location of the four USDA ARS experimental watersheds presented in
Table 4.1. The correspondent 0.25 degrees grid-cells are illustrated.

To obtain a reference dataset to verify TC predictions, a Thiessen poly-
gon approach is used to interpolate all available 13:30 local solar time ground-
based soil moisture measurements up to a single watershed-scale daily time
series of θNETWORK (Jackson et al., 2010). While θNETWORK represents the
best-available approximation of θTRUE for a watershed, small instrumental and
spatial sampling errors in θNETWORK can still artificially inflate their MSD
comparisons with other soil moisture products. To correct for this, the esti-
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Table 4.1: Summary of physical characteristics and ground-based soil moisture ins-
trumentation for the four watershed sites.

LR LW RC WG

Location (lat/lon) 31.6◦, -83.7◦ 34.9◦, -98.1◦ 43.2◦, -117.0◦ 31.7◦, -110.1◦

Area (km2) 334 611 239 150
Climate Humid Sub-humid Alpine Semi-arid
Land cover Cropland/forest Rangeland/crops Alpine forest/shrubs Grass/shrubs
Relief Moderate Low High Moderate
Stations 29 20 21 21
End date 23 Sep 2007 26 Aug 2007 18 Sep 2007 25 Jul 2007

mated error variance in θ′NETWORK (〈rNETWORK
2〉) is correctively subtracted

from MSD comparisons with θ′NETWORK to estimate MSD versus θ′TRUE:

MSD(θ′POINT/RS, θ
′

TRUE)

= MSD(θ′POINT/RS, θ
′

NETWORK)− 〈rNETWORK
2〉.

(4.12)

Based on comparisons with gravimetric soil moisture measurements ob-
tained during field campaigns, 〈rNETWORK

2〉 is assumed to be on the order
of 0.0102m6m−6 (Cosh et al., 2006 and 2008). In addition, multiple sets of
θPOINT time series are acquired by repeatedly selecting different individual sen-
sor locations to represent each watershed. Only locations containing measure-
ments for at least 50% of the days in the study period (from the 2nd of Fe-
bruary 2002 to the end dates listed in Table 4.1) are used to represent θPOINT.
The θRS estimates are based on 0.25 degrees single-channel algorithm (Jackson
et al., 2010) retrievals acquired from Advanced Microwave Scanning Radiome-
ter (AMSR-E) 10.6-GHz brightness temperature observations. Only data from
the 13:30 AMSR-E overpass are considered. Time series of θRS for each wa-
tershed are extracted from the 0.25 degrees pixel most closely matching each
watershed. Validation work has demonstrated that the measurement depth of
these retrievals is consistent with the ground measurements described above
(Jackson et al., 2010).

The θLSM estimates are based on 0–5 cm surface soil moisture predictions
from a 0.125 degrees Noah land surface model (Mitchell, 2009) simulation run
on a 30 min time step and driven by the North American Land Data Assi-
milation System (NLDAS) forcing dataset (Cosgrove et al., 2003), the Foreign
Agricultural Office world soil classification with Reynolds et al. (2000) soil/clay
fractions, and the 1 km global land cover classification of Hansen et al. (2000).
Soil and vegetation parameter lookup tables are based on the Noah implemen-
tation for the NLDAS project (Robock et al., 2003). Soil moisture states are
spun up for 18 months prior to the start of the analysis, and surface values
for the multiple Noah 0.125 degrees pixels corresponding to each watershed are
spatially averaged to obtain a single θLSM for each watershed.
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4.2.3 Results

As stated in Sect. 4.2, the goal is the estimation of MSD(θ′POINT, θ
′

TRUE) based
solely on the availability of θ′RS, θ

′

LSM and θ′POINT. By comparing TC-based
estimates of MSD(θ′POINT, θ

′

TRUE) from Eq. (4.11) with comparable statistics
obtained from extensive ground-based measurements, the assumption of mutua-
lly independent errors that underlies the approach can be verified. Figure 4.2
provides such a comparison by summarizing TC results for the four watersheds
described above. Each point represents the use of a single sensor in a given wa-
tershed as θ′POINT. Expressed in terms of the square root of MSD (i.e RMSD),
the plot compares RMSD(θ′POINT, θ

′

TRUE) values calculated using θ′NETWORK

and Eq. (4.12) to TC-based estimates acquired by taking the square root of
Eq. (4.11). Relative to benchmark values of RMSD(θ′POINT, θ

′

TRUE) obtained
independently from Eq. (4.12), TC estimates of RMSD(θ′POINT, θ

′

TRUE) uti-
lizing only θ′RS, θ′LSM and θ′POINT are nearly unbiased and have an RMSE
accuracy of 0.0059 m3m−3. Despite their intrinsic variability, the TC approach
appears to work equally well in all four watersheds. Problems with the under-
lying TC assumption of mutually independent errors would manifest themselves
as nonzero covariance terms on the right-hand side of Eq. (4.10) and induce bias
in Eq. (4.11) relative to Eq. (4.12). The lack of any apparent bias (and/or ex-
tensive scatter) in Fig. 4.2 implies that these assumptions have been adequately
met within the three collocated θ′ estimates.

Values of RMSD(θ′POINT, θ
′

TRUE) in Fig. 4.2 are based on 〈rNETWORK
2〉 =

0.0102m6m−6 in Eq (4.12). However, results are generally robust to assumptions
concerning 〈rNETWORK

2〉. Assuming 〈rNETWORK
2〉 = 0, for instance, leads to

only a slight increase in RMSE (from 0.0059 to 0.0062 m3m−3). In addition,
N = 31 days in Eq. (4.1) dictates that soil moisture anomalies are calculated
relative to a seasonally varying climatology. In contrast, selecting N = 365 days
means that anomalies are calculated relative to a fixed soil moisture mean across
the entire seasonal cycle. Recreating Fig. 4.2 for N = 365 days (Fig. 4.3)
increases the RMSE from 0.0059 to 0.0089 m3m−3, suggesting that TC works
better when variations in soil moisture climatology are taken into account.

Another relevant issue is the required accuracy of the LSM. Decreasing LSM
accuracy (via, e.g., an excessive coarsening of the spatial resolution or the degra-
dation of the model physics) increases rLSM and therefore the sampling uncer-
tainty in the 〈rLSMrRS〉 and 〈rLSMrPOINT〉 covariance terms on the right-hand
side of Eq. (4.10). Since Eq. (4.11) is based on neglecting these terms, such noise
induces a greater amount of random error into TC estimates. To examine the
magnitude of this impact, the Noah LSM is replaced with a simple antecedent
precipitation index, where θLSM is generated via

θi,LSM = 0.85 θi−1,LSM + Pi (4.13)
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Figure 4.2: For N = 31 days in Eq. (4.1), the relationship be-
tween actual RMSD(θ′POINT, θ

′

TRUE) based on Eq. (4.12) and TC-estimated
RMSD(θ′POINT, θ

′

TRUE) based on Eq. (4.11).

Figure 4.3: For N = 365 days in Eq. (4.1), the relationship be-
tween actual RMSD(θ′POINT, θ

′

TRUE) based on Eq. (4.12) and TC-estimated
RMSD(θ′POINT, θ

′

TRUE) based on Eq. (4.11).
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and Pi is a watershed-scale daily rainfall accumulation based on the Tropi-
cal Rainfall Measurement Mission’s (TRMM) 0.25 degrees 3B42 rainfall pro-
duct. Relative to Noah, Eq. (4.13) represents a degradation in resolution (from
0.125 to 0.25 degrees), forcing data (from gauge-based NLDAS to satellite-based
TRMM 3B42 rainfall), and the quality of the LSM physics. Nevertheless, du-
plicating Fig. 4.2 for θLSM from Eq. (4.13) (not shown) produces only a modest
increase in the RMSE of TC-based RMSD(θ′POINT, θ

′

TRUE) (from 0.0059 to
0.0082 m3m−3). This implies that the approach is relatively tolerant to varia-
tions in LSM performance.

By combining TC-based estimates of MSD(θ′POINT, θ
′

TRUE) from Fig. 4.2
with the observable quantity MSD(θ′RS, θ

′

POINT), RMSD(θ′RS, θ
′

TRUE) can be
estimated as the square root of Eq. (4.4). Figure 4.4b shows the relation-
ship between such estimates and actual values of RMSD(θ′RS, θ

′

TRUE) obtained
from Eq. (4.12). For comparison, Fig. 4.4a shows the same relationship but
assumes MSD(θ′POINT, θ

′

TRUE) = 0 (i.e. like in a traditional validation study).
Due to sub-watershed-scale soil moisture variability, the comparison of a single
point-scale ground observation with a footprint-scale AMSR-E retrieval leads
to an inflated estimate of RMSD(θ′RS, θ

′

TRUE) (Fig. 4.4a). Estimating MSD
(θ′POINT, θ

′

TRUE) via Eq. (4.11) and inserting it into Eq. (4.4) improves our abil-
ity to recover RMSD(θ′RS, θ

′

TRUE) and thus validate θRS (Fig. 4.4b).

Figure 4.4: The relationship between actual RMSD(θ′RS, θ
′

TRUE) from Eq. (4.12) and
(a) estimated RMSD(θ′RS, θ

′

TRUE), assuming θ′POINT measurements perfectly sample
each watershed, and (b) estimated RMSD(θ′RS, θ

′

TRUE), utilizing TC and Eq. (4.4) to
correct for sampling error in θ′POINT.
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4.3 Application of the TC approach to evaluate

global evaporation products

Error propagation studies account for the sensitivity of the output of a model
to uncertainties in the input data, but do not give information on the quality of
the model itself. TC, on the other hand, allows the estimation of the entire error
structure of the estimates of a model. As described in Sect. 4.2.1, this is done
by simultaneously inter-comparing the product to two others. However, (a) the
three datasets must refer to the same physical phenomenon (e.g. land-surface
evaporation), (b) the number of triplets has to be large (i.e. sufficient time steps
in which the three datasets report an estimate), and (c) errors of the different
datasets must be uncorrelated. If these three requisites are fulfilled the esti-
mated errors of a single product are not sensitive to the choice of the two other
datasets (see Dorigo et al., 2010). Here, the first application of TC to estimate
the errors of three global land-surface evaporation products is presented. Unlike
in an error propagation study, results not only report the sensitivity to errors in
the set of inputs, but also the uncertainties introduced by the parameterization
of the physical processes within the methodology. Moreover, as TC is applied
to three products, it allows the inter-comparison of model performance.

4.3.1 Methodology

The approach is based on the TC methodology presented in Sect. 4.2.1, this
time applied individually to each of the three land-surface evaporation products
described in Sect. 4.3.2. To avoid evaluating the skill of each model to simply
mimic the seasonal cycle, the analysis focuses on the evaporation anomalies re-
lative to a seasonally varying climatology. Therefore the feature of each product
that is evaluated is the ability in representing short-term changes in evaporation
(i.e. after a rainfall event) and how that ability changes from region to region.

Just as in Eq. (4.1), for each pixel, the time series of anomalies of evaporation
of a product (E′) are calculated by subtracting the climatological expectation
(〈E〉ND) from the time series of evaporation (E):

E′ = E − 〈E〉ND , (4.14)

where values of 〈E〉ND for the day-of the-year D are calculated using a moving
average (centred onD with a window size N = 31 days) and averaging multiyear
data.

TC assumes that the estimates of the variable of interest are linearly related
to the hypothetical true (Stoffelen, 1998). E′ can therefore be expressed as

E′ = E′

TRUE + r, (4.15)

where E′

TRUE is the time series of the hypothetical true evaporation anoma-
lies and r is the residual error relative to E′. Considering a, b, and c three
independent evaporation products,
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E′

a = E′

TRUE + ra , (4.16)

E′

b
= E′

TRUE + rb , (4.17)

E′

c
= E′

TRUE + rc . (4.18)

Here a the dataset that we want to evaluate, then Eq. (4.17) and (4.18) are
subtracted from Eq. (4.16) leading to

E′

a − E′

b = ra − rb , (4.19)

E′

a − E′

c = ra − rc . (4.20)

If Eq. (4.19) and (4.20) are multiplied and averaged in time (“〈〉”) they yield

〈(E′

a − E′

b)(E
′

a − E′

c)〉 = 〈ra
2〉 − 〈rarb〉 − 〈rarc〉+ 〈rbrc〉. (4.21)

TC relies on the fact that if the errors of the three datasets are uncorrelated
the residual covariance terms can be neglected. In that case Eq. (4.20) follows

〈(E′

a
− E′

b
)(E′

a
− E′

c
)〉 = 〈ra

2〉. (4.22)

The Root Mean Square Error (RMSE) of the evaporation anomalies of a will
be

RMSE(E′

a , E
′

TRUE) =
√

〈(E′

a − E′

b
)(E′

a − E′

c)〉. (4.23)

Prior to the TC analyses – and forced by the requirement of uncorrelated
errors – the time series of anomalies of the three products need to be scaled to
the same dynamic range at every pixel (ideally the unknown dynamic range of
E′

TRUE). To retrieve the errors within the dynamic range of E′

a , the dataset a
needs to be the reference (notice that in Sect. 4.2 the time series for the stations
were selected as the reference in this pre-scaling). E′

b
and E′

c
are normalised

to match the mean and variance of E′

a , and E′

a remains therefore unscaled; the
resulting RMSE of E′

a
is in the same dynamic range (and units) as E′

a
. Because

of this necessary pre-scaling, TC is unable to retrieve information about bias
errors, even when raw time series – instead of time series of anomalies – are
evaluated.

4.3.2 Data and processing

Three (a priori) independent global daily evaporation datasets are selected: (a)
GLEAM (Miralles et al., 2010b and 2011a), (b) the Modern Era Retrospective-
analysis for Research and Applications (MERRA) evaporation product from the
National Aeronautics and Space Administration (NASA), and (c) the Prince-
ton University product (here referred as PU) by Sheffield et al. (2010). Prior
to the application of the methodology, products were degraded to a common
2.5 degrees resolution, the resolution of PU. The analysis is limited to the spa-
tial domain and the four-year period (2003–2006) in which the three products
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overlap. As rarely any of the three estimates is missing, the number of triplets
(observations common to the three products) per pixel is generally 1465. Ideally,
an infinite number of triplets is needed to obtain unbiased results, but statistical
tests reveal that a minimum number of 100 triplets are sufficient to allow the
application TC (Scipal et al., 2008).

4.3.2.1 GLEAM

It is a satellite-based, daily, 0.25 x 0.25 degrees resolution dataset. The Priest-
ley and Taylor (1972) equation is modified to account for evaporative stress.
Interception loss is calculated through Gash’s analytical model (Gash, 1978;
Valente et al., 1997). Stress conditions are derived by combining estimates of
vegetation water content and root zone soil moisture (the latter computed by
assimilating microwave surface soil moisture into a precipitation driven bucket
model). Here the version 1B of the product, which spans from 2003 to 2007,
is used. Main inputs are the net radiation from the NASA/GEWEX Surface
Radiation Budget (SRB), the Climate Prediction Center morphing technique
precipitation (CMORPH – Joyce et al., 2004), and the surface soil moisture,
temperature and vegetation optical depth from the Land Parameter Retrieval
Model (LPRM – Owe et al., 2008; Holmes et al., 2009).

4.3.2.2 MERRA

It is based on the Goddard Earth Observing System Data Assimilation System
(GEOS-5 DAS – Bosilovich et al., 2008). The GEOS-5 Atmospheric General
Circulation Model (AGCM) is used for operational numerical weather prediction
and is coupled to a catchment-based hydrological model (Koster et al., 2000).
The Community Radiative Transfer Model (CRTM) is used to assimilate raw
satellite radiance observations from different sources including the Special Sen-
sor Microwave/Imager (SSM/I) and the Atmospheric Infrared Sounder (AIRS).
Outputs are produced at a 0.50 x 0.67 degrees resolution and hourly estimates
are available from 1979 to present. The daily product of evaporation from the
fraction of land in each pixel is chosen for the purpose of this study.

4.3.2.3 PU

The product by Sheffield et al. (2010) is based on the application of a Penman-
Monteith equation (Monteith, 1965) modified to be driven by satellite data
as explained by Mu et al. (2007). For this study, the version of the product
that uses the net radiation from the International Satellite Cloud Climatology
Project (ISCCP) is chosen. Meteorological data of humidity, air temperature,
surface temperature and air pressure driving the modified Penman-Monteith
equation are also taken from ISCCP. Vegetation distribution and leaf area in-
dex (used to estimate the stomatal resistance) are derived using data from the
Advanced Very High Resolution Radiometer (AVHRR). Wind speed is defined
through reanalysis as explained by Sheffield et al. (2006). The global land
evaporation dataset has a daily time resolution and 2.5 x 2.5 degrees spatial
resolution. It spans from 1986 to 2006.
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4.3.3 Results

4.3.3.1 Analyses of error estimates of GLEAM

Eq. (4.23) is first solved by considering GLEAM as a and using it as the reference
in the pre-scaling of PU and MERRA (b and c indistinctively). This yields the
RMSE of GLEAM evaporation anomalies. Figure 4.5a shows the global map
of these error estimates in units of mmday−1. The Amazon delta presents
the largest errors, probably because of the large volumes of open water and
their negative effect on microwave observations. High absolute errors in the
rest of Amazonia and south-eastern Asia partly respond to the larger variance
of the anomalies in those regions – notice that RMSE is an absolute error
and therefore it is likely to be larger in regions where the anomalies are more
variable.

The quality of the product seems to be generally poorer in North America
than in Europe. The low performance of CMORPH over central United States
has been reported in the past (see Tian et al., 2007); to test if the higher errors of
GLEAM in the Great Plains respond to uncertainties in CMORPH, the analysis
is repeated using only GPCP-1DD as input of the model. Figure 4.5b presents
the difference between the absolute error of GLEAM E anomalies when the me-
thodology is run with CMORPH and when it is run with GPCP-1DD only (in
mmday−1). It can be noted that applying GPCP-1DD improves the evapora-
tion estimates not only over central North America but also around Mongolia,
South Africa and the Australian desert. However, Fig. 4.5b shows the higher
quality of the CMORPH-driven evaporation product in the majority (63%) of
the domain common to both precipitation products (60◦N–60◦S). The improve-
ment is significant over the east coast of North America, west coast of South
America, Horn of Africa and China. Overall the application of CMORPH leads
to better evaporation estimates in all the large regions with complex topography
(except for the Rocky Mountains); this finding is in agreement with previous
precipitation inter-product comparisons over complex terrains (e.g. Hirpa et
al., 2009; Dinku et al., 2007). Notice that this TC approach can be used to
selectively pick the inputs that allow a better performance of a model over each
region. It is worth mentioning again that bias errors are not detected by a TC
analyses.

4.3.3.2 Inter-product comparison

Eq. (4.23) is run selecting first MERRA and then PU as a. Fig. 4.6 presents the
TC-estimated absolute RMSE (mmday−1) of the anomalies of these two pro-
ducts as compared to the error estimates of GLEAM presented in Sect. 4.3.3.1.

Since E′

a is used as a reference to pre-scale E′

b and E′

c, pixels and products
in which E′

a has a large dynamic range are more likely to present large RMSEs
(this is a property of the RMSE metrics and not a deficiency of the TC tech-
nique). Each of the three maps have been developed using a different reference
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Figure 4.5: Results of the triple collocation error analyses: (a) absolute error of
the evaporation anomalies of GLEAM expressed as RMSE, (b) difference between
the RMSE of the evaporation anomalies of GLEAM when it is run with CMORPH
and when it is run with GPCP-1DD (red colour represents the areas where using
CMORPH improves the evaporation product). Units are mmday−1. Triangle-based
linear interpolation has been applied to downscale from 2.5 to 0.25 degrees resolution
to obtain smoother fields and ease the interpretation.

product (a) (in addition, the variance of E′

a is different from pixel to pixel).
Therefore the inter-comparison between different maps (and also different areas
within one single map) in Fig. 4.6 is problematic. To ease this inter-comparison
the analysis is repeated but this time pre-scaling the time series of anomalies
(for every pixel and product) to match a mean of 0 and variance equal to 1
(instead of the mean and variance of a at the corresponding pixel). Figure 4.7
illustrates the results of these analyses. Since the dynamic range is the same at
every pixel, RMSE estimates for different pixels and products are now perfectly
inter-comparable.

Overall the skill of MERRA in estimating evaporation seems lower than the
skill of the other two products. According to both Fig. 4.6 and 4.7 the errors of
MERRA are especially large in South America and the Congo basin. The errors
of PU in arid and semiarid regions are generally larger if compared to the other
two products (especially GLEAM). The best performing product at each region
in the world is shown in Figure 4.8 (based on the error distributions presented in
Fig. 4.7). In arid and semiarid regions GLEAM seems to outperform the other
two products. In wetter regimes, however, the situation is somewhat different;
PU is the best performing product over humid tropics, excluding the Congo
basin. At high latitudes the pattern is more ambiguous. The presumed added
value of the detailed forest interception loss calculation in GLEAM is not clear
from Fig. 4.8. While there are large forested areas where GLEAM seems to
perform better than the other two products (e.g. west coast of North America
or Congo basin), in key regions like Amazonia or Canada the Penman-Monteith
approach by Sheffield et al. (2010) provides the best estimates. GLEAM is
the best performing methodology in 69% of the domain and PU in 29%, while
MERRA outperforms the other two products in only 2% of the territory.
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Figure 4.6: TC-estimated RMSE (mmday−1) of the evaporation anomalies of:
(a) GLEAM, (b) MERRA, and (c) PU. The time series of anomalies of the eva-
luated product are not pre-scaled; for each pixel, the time series of the other two
products are pre-scaled to match the mean and variance of the evaluated product (at
that pixel) prior to the application of TC.

Figure 4.7: TC-estimated RMSE of the evaporation anomalies of: (a) GLEAM,
(b) MERRA, and (c) PU. The time series of anomalies of the three products are
pre-scaled at every pixel to present a mean of 0 and variance equal to 1 prior to the
application of TC.
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Figure 4.8: Product with the lowest RMSE at each pixel.

4.3.3.3 Comparison to in situ-measured errors

Results presented in Sect. 4.3.3.2 are compared at pixel scale to the calculated
RMSD between each product and the in situ-observed evaporation from a se-
lection of stations from the FLUXNET network (see Baldocchi et al., 2001).
FLUXNET micrometeorological towers measure evaporation using the eddy co-
variance technique which samples a distance of 100 to 2000 m upwind of the
tower. In order to obtain a large number of triplets, only the stations covering
at least 50% of the days in the study period (2003–2006) were considered. A
total of 96 stations met this requirement and they are listed in Table 4.2.

Figure 4.9: Using the station as reference to pre-scale the products in both axes:
(a) TC-estimated RMSE versus calculated RMSD between product and FLUXNET
station, and (b) TC-estimated RMSE versus calculated RMSE (i.e. RMSD between
product and FLUXNET stations minus the TC-estimated RMSE of the station).
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Table 4.2: List of 96 FLUXNET sites used in the validation of the TC estimates.

Station Reference/Contact Lat. Long. Station Reference/Contact Lat. Long.

AT-Neu Wohlfahrt et al. (2008) 47.12 11.32 HU-Mat Pintér et al. (2008) 47.85 19.73
AU-How Eamus et al. (2001) −12.49 131.15 IE-Ca1 Gilmanov et al. (2007) 52.86 −6.92
BE-Bra Janssens et al. (2001) 51.31 4.52 IL-Yat Dan Yakir 31.34 35.05
BE-Lon Moureaux et al. (2006) 50.55 4.74 IT-Amp Gilmanov et al. (2007) 41.90 13.61
BE-Vie Aubinet et al. (2001) 50.31 6.00 IT-BCi Reichstein et al. (2003) 40.52 14.96
BR-Ban Da Rocha et al. (2009) −9.82 −50.16 IT-LMa Fabio Petrella 45.58 7.15
BW-Ma2 Arneth et al. (2006) −19.91 23.56 IT-Mal Gilmanov et al. (2007) 46.12 11.70
CA-Ca3 Humphreys et al. (2006) 49.87 −125.29 IT-MBo Gianelle et al. (2009) 46.02 11.05
CA-Gro McCaughey et al. (2006) 48.22 −82.12 IT-Ren Montagnani et al. (2009) 46.59 11.43
CA-Let Flanagan et al. (2000) 49.71 −112.94 IT-SRo Chiesi et al. (2005) 43.73 10.28
CA-NS2 Goulden et al. (2006) 55.91 −98.52 KR-Kw1 Joon Kim 37.75 127.16
CA-NS3 Goulden et al. (2006) 55.91 −98.38 NL-Ca1 Jacobs et al. (2007) 51.97 4.93
CA-NS5 Goulden et al. (2006) 55.86 −98.49 NL-Hor Hendriks et al. (2007) 52.03 5.07
CA-NS6 Goulden et al. (2006) 55.92 −98.96 PT-Esp Gabriel Pita 38.64 −8.60
CA-NS7 Goulden et al. (2006) 56.64 −99.95 PT-Mi2 Gilmanov et al. (2007) 38.48 −8.02
CA-Oas Black et al. (2000) 53.63 −106.20 RU-Che Lutz Merbold 68.61 161.34
CA-Obs Krishnan et al. (2008) 53.99 −105.12 RU-Fyo Andrej Varlagin 56.46 32.92
CA-Ojp Howard et al. (2004) 53.92 −104.69 SE-Deg Mats Nilsson 64.18 19.55
CA-Qcu Giasson et al. (2006) 49.27 −74.04 UK-ESa John Moncrieff 55.91 −2.86
CA-Qfo Bergeron et al. (2007) 49.69 −74.34 US-ARM Fischer et al. (2007) 36.61 −97.49
CA-SF2 Mkhabela et al. (2009) 54.25 −105.88 US-Atq Walt Oechel 70.47 −157.41
CA-SF3 Mkhabela et al. (2009) 54.09 −106.01 US-Aud Tilden P. Meyers 31.59 −110.51
CA-TP3 Peichl et al. (2007) 42.70 −80.35 US-Bkg Gilmanov et al. (2005) 44.35 −96.84
CA-TP4 Arain and Restrepo (2005) 42.71 −80.36 US-Blo Misson et al. (2005) 38.9 120.63
CA-WP1 Syed et al. (2006) 54.95 −112.47 US-Bo1 Meyers et al., 2004 40.01 −88.29
CH-Oe1 Ammann et al. (2007) 47.29 7.73 US-Bo2 Bernacchi et al. (2005) 40.01 −88.29
CN-Xfs Guangsheng Zhou 44.13 116.33 US-Dk1 Gaby Katul 35.97 −79.09
CZ-BK1 Michal Marek 49.50 18.54 US-Dk2 Pataki and Oren (2003) 35.97 −79.10
CZ-BK2 Michal Marek 49.50 18.54 US-Dk3 Pataki and Oren (2003) 35.98 −79.09
DE-Geb Anthoni et al. (2004) 51.10 10.91 US-FR2 Heinsch et al. (2004) 29.95 −98.00
DE-Hai Knohl et al. (2003) 51.08 10.45 US-Goo Tilden Meyers 34.25 −89.97
DE-Kli Prescher et al. (2010) 50.89 13.52 US-Ivo Walt Oechel 68.49 −155.75
DE-Meh Axel Don 51.28 10.66 US-KS2 Powell et al. (2006) 28.61 −80.67
DE-Tha Grünwald et al. (2007) 50.96 13.57 US-Los Davis et al. (2003) 46.08 −89.98
DE-Wet Rebmann et al. (2010) 50.45 11.56 US-LPH Julian Hadley 42.54 −72.19
DK-Sor Pilegaard et al. (2003) 55.49 11.65 US-Me2 Law et al. (2004) 44.45 −121.56
ES-ES1 Sanz et al. (2004) 39.35 −0.32 US-Ne1 Verma et al. (2005) 41.17 −96.48
ES-ES2 Sanz et al. (2004) 39.35 −0.28 US-Ne2 Verma et al. (2005) 41.16 −96.47
ES-LMa Casal et al. (2009) 39.94 −5.77 US-Ne3 Verma et al. (2005) 41.18 −96.44
ES-VDA Gilmanov et al. (2007) 42.15 1.45 US-SO2 Walt Oechel 33.37 −116.62
FI-Hyy Suni et al. (2003b) 61.85 24.29 US-SO3 Walt Oechel 33.38 −116.62
FI-Kaa Suni et al. (2003a) 67.36 26.64 US-SO4 Walt Oechel 33.38 −116.64
FI-Sod Suni et al. (2003) 67.36 26.64 US-Syv Desai et al. (2005) 46.24 −89.35
FR-Hes Granier et al. (2000) 48.67 7.06 US-Ton Baldocchi et al. (2004) 38.43 −120.97
FR-LBr Berbigier et al. (2001) 44.72 −0.77 US-Var Ma et al. (2007) 38.41 −120.95
FR-Lq1 Gilmanov et al. (2007) 45.64 2.74 US-WCr Cook et al. (2004) 45.81 90.08
FR-Pue Rambal et al. (2004) 43.74 3.60 US-Wi4 Noormets et al. (2007) 46.74 −91.17
HU-Bug Gilmanov et al. (2007) 46.69 19.60 US-Wkg Scott et al. (2010) 31.74 −109.94

Figure 4.9a shows the results of this comparison. The in situ station is used
as a reference in the pre-scaling of the three products in both axes (just as
in Sect. 4.2). Therefore the time series of the anomalies of the three products
match the variance of the time series of the stations. Since this variance changes
from station to station – and RMSEs are absolute errors – the correlation seen
in Fig. 4.9 is artificially inflated (i.e. less/more dynamic stations are prone
to present lower/higher values on both x and y axis). Notice that this also
happened in Fig. 4.2, 4.3 and 4.4; however, in Sect. 4.2 each station was not in
a different climatic region (i.e. the range of variances among the stations was
narrower than in Fig. 4.9). The dependency on the degree of variability of the
time series is an issue that affects the RMSE metrics, not specifically the TC
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error estimates, but that complicates TC validation studies. As a consequence,
the high correlations seen in Fig. 4.9a cannot be interpreted as a definitive prove
that the TC-estimated errors in Sect. 4.3.3.2 are fully meaningful.

The negative bias in Fig. 4.9a is the result of the RMSD between the station
measurement and the pixel-scale true evaporation, which inflates the values on
the x axis (see Sect. 4.2). The degradation of all the products to the coarse
2.5 degrees resolution of PU increases this RMSD (and so the bias). However,
Sect. 4.2 demonstrated the skill of TC in calculating this spatial sampling error.
Consequently, TC is applied to estimate the RMSD of the station relative to
the pixel true evaporation, which is then subtracted from the estimate in the x
axis (see the development of Eq. (4.4)). This spatial sampling error has been
calculated using GLEAM and PU (given the estimated better quality of these
products as compared to MERRA) and using again the station as reference for
the pre-scaling. It can be observed in Fig. 4.9b that the correlation coefficients
increase and the RMSEs to the one-to-one line are reduced for PU and GLEAM
(although not for MERRA), and that the biases are in a large extent corrected.

The rationales of GLEAM, MERRA and PU are fundamentally different.
However, that by itself does not justify the assumption of uncorrelated errors.
Some degree of inter-dependence exists between PU and GLEAM due to the re-
lation between their inputs of net radiation. GLEAM uses the NASA/GEWEX
Surface Radiation Budget (SRB – Stackhouse et al., 2004), while PU is driven
by the International Satellite Cloud Climatology Project (ISCCP) net radiation
(Zhang et al., 2004). Like ISCCP, SRB net radiation is also based on ISCCP
surface meteorological forcing, but it uses different ancillary data sources and
radiative transfer codes. Both datasets still present fundamental differences
(Zhang et al., 2007; Lin et al., 2008) and the level of agreement between the two
is lower at daily timescales (see Troy and Wood, 2009) – i.e. here, the extrac-
tion of the seasonally-varying climatology makes their errors more uncorrelated.
Nevertheless, the positive bias of MERRA in Fig. 4.9b is indeed an indicator
that some dependency remains between GLEAM and PU. This dependency does
not affect the results in Fig. 4.5b or the relative performance between GLEAM
and PU seen in Fig. 4.6 and 4.7, but it penalises MERRA in the TC.

MERRA is therefore likely to present lower RMSEs than the estimated by
the TC in Fig. 4.6 and 4.7. This is especially in areas in which evaporation
estimates are highly dependent on net radiation (see Chap. 5, Sect. 5.4.3, for
the global distribution of those areas). Nonetheless, the magnitude of the bias
of MERRA seen in Fig. 4.9b signifies an average 15% overestimation of the
TC-estimated errors, which is still insufficient to match the overall better per-
formance of GLEAM and PU shown in Fig. 4.6 and 4.7. Table 4.3 shows that
not only the average TC-estimated error is the largest for MERRA, but also
is the average RMSD between MERRA and the FLUXNET stations (which
is not derived using TC). GLEAM remains the product presenting the lowest
average error, not only according to the TC analyses, but also according to the
straight comparison to the 96 stations.
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Table 4.3: Average of the error statistics of the three evaporation products at the
FLUXNET locations (units are mmday−1).

Product RMSD (product, station) calculated* RMSE TC-estimated RMSE

GLEAM 1.41 0.85 0.77
MERRA 1.57 1.07 1.32
PU 1.46 0.92 0.99

*RMSD between product and FLUXNET station minus the TC-estimated RMSE

of the station (equivalent to Eq. (4.4)).

4.4 Conclusions

The value of triple collocation (TC) as a technique to recover the error struc-
ture of model estimates and its applicability to the field of hydrology is tested.
Section 4.2 demonstrates the potential of a TC approach for validation studies
of satellite soil moisture products in areas where soil moisture measurements
are scarce. Section 4.3 describes the application of the TC approach to evaluate
three land-surface evaporation products.

NASA SMAP and ESA SMOS missions are faced with RMSE-based error
validation goals for their surface soil moisture products. For most areas, the
sole basis for demonstrating such accuracies is comparisons with ground-based
soil moisture networks that provide a very small number of observations per
satellite footprint. Consequently, retrieval error estimates from such compa-
risons are spuriously inflated. Requiring only the added availability of a LSM
simulation, the TC approach described in Sect. 4.2.1 offers a viable approach for
addressing this problem. In particular, results in Fig. 4.2 and 4.3 demonstrate
the ability of a TC-based procedure to estimate spatial sampling errors associa-
ted with using low-density soil moisture observations to obtain footprint-scale
soil moisture averages. When combined with Eq. (4.4) the accurate specifi-
cation of these errors provides a robust basis for removing the positive bias
in RMSD(θ′RS, θ

′

POINT) associated with ground-based spatial sampling errors
(Fig. 4.4). That is, application of the TC approach enhances the ability to
validate remotely sensed soil moisture estimates using existing low-density soil
moisture networks.

The global spatial distribution of the errors of GLEAM calculated through
the described TC approach is illustrated in Fig. 4.5, and compared to the error
distributions of PU and MERRA in Fig. 4.6, 4.7 and 4.8. GLEAM is relatively
more accurate over Europe than in North America, and performs generally
better when CMORPH is used as input data than when GPCP-1DD is applied.
While GLEAM outperforms PU and MERRA in semiarid regions, PU is the best
performing product over the tropics. MERRA has an overall poorer performance
than the other two products, especially over forests and in tropical regions. [A
modified version of MERRA, MERRA-Land, is being developed by NASA and
includes several improvements – the derivation of wet canopy evaporation has
been enhanced making use of GLEAM interception as benchmark].
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Comparisons to analogous error inferences calculated using FLUXNET eva-
poration observations can be used to test the skill of TC to evaluate evapora-
tion products (see Fig. 4.9). Fig. 4.9b also shows the skill of TC to estimate
the RMSD between the measurements of evaporation from a FLUXNET sta-
tion and the true evaporation at the scale of the models. Despite the generally
positive results of these comparisons two aspects need to be considered: (a) a
certain degree of dependency between GLEAM and PU is identified which may
penalise MERRA in Fig. 4.6, 4.7 and 4.8, (b) the high correlations showed in
Fig. 4.9 are affected by differences in dynamic ranges among the time series used
as reference (the evaporation anomalies at the stations).

The potential of TC is limited by the required pre-scaling of the products to a
common dynamic range, which precludes the detection of long-term bias in any
of the products. In any case, the TC approach presented here is based on recove-
ring information about the accuracy of anomalies (see Eq. (4.1) and (4.14)), and
therefore it only evaluates the short-term response of a product (i.e. daily dy-
namics). For soil moisture, long-term biases can potentially be estimated based
on knowledge of local land surface conditions (Grayson and Western, 1998)
and/or the application of a spatially distributed LSM (Crow et al., 2005). In
addition, most data assimilation systems require the scaling of soil moisture
retrievals into a particular LSMs unique climatology prior to analysis (like in
GLEAM – see Chap. 2, Sect. 2.2.2.3). In such cases, the information content of
the remote sensing retrievals is based solely on their representation of anomalies
(Koster et al., 2009). Consequently, the ability of this TC approach to validate
the representation of soil moisture anomalies in remote sensing products is ar-
guably addressing the most critical aspects of the problem.

Conversely, when dealing with fluxes like evaporation, capturing the absolute
magnitude of the flux is key for applications in global water balances. Therefore
characterising the bias is more important for evaporation than for soil moisture.
In addition, the applicability of TC to evaporation has other limitations as com-
pared to soil moisture: (a) many of the existing global land evaporation products
have a monthly time resolution (which yields an insufficient number of triplets),
(b) the availability of global evaporation products that are independent is very
limited, and (c) validation of TC estimates is complicated as there are no dense
observational networks capable of providing benchmark values of evaporation
(especially at the coarse spatial resolution of some of these models).

This study shows however that the described TC approach is a feasible so-
lution to rank product performance, also in evaporation. TC stands therefore
as an interesting methodology for initiatives that aim to create high quality
merged datasets: it allows the selection of a subset of reliable products (i.e. po-
tential for LandFlux activities), and the blending of pre-selected datasets based
on their error estimates (see Dorigo et al., 2010). Moreover, TC is also proved
a useful tool for model developers to identify areas of poor performance, and to
define which input datasets ultimately yield to the most accurate estimates of
the model.
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MAGNITUDE AND VARIABILITY

OF LAND EVAPORATION AT THE

GLOBAL SCALE ∗

A process-based methodology is applied to estimate land-surface evaporation
from multi-satellite information. GLEAM (Global Land-surface Evaporation:
the Amsterdam Methodology) combines a wide range of remotely-sensed obser-
vations to derive daily actual evaporation and its different components. Soil
water stress conditions are defined from a root-zone profile of soil moisture
and used to estimate transpiration based on a Priestley and Taylor equation.
The methodology also derives evaporation from bare soil and snow sublimation.
Tall vegetation rainfall interception is independently estimated by means of the
Gash analytical model. Here, GLEAM is applied daily, at global scale and a
quarter degree resolution. The spatial distribution of evaporation – and its di-
fferent components – is analysed to understand the relative importance of each
component over different ecosystems. Annual land evaporation is estimated as
67.9× 103 km3, 80% corresponding to transpiration, 11% to interception loss,
7% to bare soil evaporation and 2% snow sublimation. Results show that rain-
fall interception plays an important role in the partition of precipitation into
evaporation and water available for runoff at a continental scale. This study
gives insights into the relative importance of precipitation and net radiation
in driving evaporation, and how the seasonal influence of these controls varies
over different regions. Precipitation is recognised as an important factor driving
evaporation, not only in areas that have limited soil water availability, but also
in areas of high rainfall interception and low available energy.

* This chapter is an edited version of: Miralles, D. G., de Jeu, R. A. M.,

Gash, J. H., Holmes, T. R. H., and Dolman, A. J.: Magnitude and variability of

land evaporation and its components at the global scale, Hydrol. Earth Syst. Sci., 15,

967–981, 2011b.
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5.1 Introduction

Despite the importance of latent heat flux as the link between water, carbon and
energy cycles, land-surface evaporation remains one of the most uncertain terms
in the world’s water balance (Dolman and de Jeu, 2010). Estimates of evapo-
ration from land surface models and Global Circulation Models (GCMs) differ
greatly both in their global numbers (see Dirmeyer et al., 2006; Lim and Rode-
rick, 2009) and their spatial distribution (Jiménez et al., 2009). This creates the
need for observation-based evaporation benchmark datasets to evaluate GCM
performance (Blyth et al., 2009). Such datasets would help GCM developers to
improve their evaporation schemes and consequently their model predictions of
future climate.

Jung et al. (2009) presented an approach to upscale eddy-covariance mea-
surements of latent heat flux and produce observation-based global fields of
evaporation at monthly timescale. Complementary, satellite observations – able
to measure the spatial and temporal variation in the main drivers of evapora-
tion – also contribute a powerful alternative to fulfilling the need for accurate
global estimates of evaporation. Such estimates have been derived from re-
mote sensing information previously (Choudhury and DiGirolamo, 1998; Mu et
al., 2007; Fisher et al., 2008; Zhang et al., 2010). These studies show that global
methodologies require: (a) estimating evaporation at the appropriate temporal
and spatial resolution, (b) specifically accounting for soil moisture and its cou-
pling to plant transpiration, and (c) treating forest rainfall interception as an
individual process (see Jiménez et al., 2011). Here we satisfy these requirements
by using the approach described by Miralles et al. (2011a). The methodology,
named GLEAM (Global Land-surface Evaporation: the Amsterdam Methodo-
logy), is based on the Priestley and Taylor (PT) evaporation formula and the
Gash analytical model of forest rainfall interception (Gash, 1979; Valente et
al., 1997).

GLEAM uses a broad range of independent remotely-sensed observations as
a basis for estimating daily actual evaporation (and its different components) at
a quarter-degree spatial resolution. The approach is focused on physically-based
parameterizations, and although it contains some empirical parameters, these
have been derived from the results of separate field studies. The evaporation
product has been successfully validated over different vegetation and climate
conditions using in situ observations from 43 stations of the FLUXNET global
network of micrometeorological flux measurements (see Miralles et al., 2011a).
The extensive use of observational data, the coupling between evaporation and
soil moisture conditions and the separate estimation of rainfall interception allow
the application of the methodology in land-atmosphere feedback studies and
tests of GCM performance.

Here, GLEAM is applied at a watershed scale to validate the estimated long-
term partitioning of incoming precipitation (P ) into evaporation (E) and water
available for runoff (P−E) using observations of river discharge from the Global
Runoff Data Centre (GRDC). The methodology is then applied at a global scale
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to study the distribution of land evaporation and its different components. The
role of rainfall interception and soil moisture on both the long-term partitioning
of precipitation and the seasonal distribution of the main drivers of evaporation
(i.e. net radiation and precipitation) are analysed in detail.

5.2 GLEAM

The model is driven by a large set of remote sensing observations from different
satellites (see Miralles et al. (2011a) or Chap. 2 for a detailed description of the
different input datasets and full details of the methodology). GLEAM produces
daily estimates of land evaporation at a 0.25 degrees spatial resolution. It is
structured in four interconnected units (see Fig. 2.1): (a) the interception model,
(b) the soil water module, (c) the stress module, and (d) the PT module. The
scheme is independently formulated for three land surface types with specific
physical characteristics: (a) land covered by tall canopies, (b) land covered by
short vegetation, and (c) bare soil.

The interception model in GLEAM is based on the revised version of Gash’s
analytical model (Valente et al., 1997). It calculates daily fields of global tall
canopy rainfall interception at 0.25 degrees resolution (I) using remotely-sensed
observations of precipitation (P ) and forest cover. The interception component
of GLEAM is described in detail in Chap. 3.

The soil water module consists of a multilayer bucket model driven by P
and calculating soil moisture for different layers within the root-zone. Satellite-
measured surface soil moisture is assimilated into the first layer of the profile
by means of a Kalman filter. The Kalman filter is based on the uncertainty
of soil moisture observations, which is calculated using satellite-derived vege-
tation optical depth (the higher the optical depth, the higher the uncertainty
in surface soil moisture – see de Jeu et al., 2008). Optimised estimates of soil
moisture (θ) are subsequently translated into estimates of evaporative stress
represented by a factor (S), ranging from 0 (maximum stress) to 1 (no stress).
PT estimates of potential evaporation are multiplied by S to estimate plant
transpiration (in vegetated cover) and bare soil evaporation. The final estimate
of actual evaporation for each pixel is the result of aggregating the fluxes from
the three different land cover types (tall canopy interception loss, tall canopy
transpiration, short vegetation transpiration, bare soil evaporation) weighted by
the percentage of each cover type within the pixel. In pixels covered by ice and
snow, E is independently calculated by adapting the PT equation to estimate
sublimation as described by Murphy and Koop (2005).

5.3 Validation using river discharge

This validation at basin-scale of GLEAM evaporation estimates uses river dis-
charge measurements from the Global Runoff Data Centre (GRDC) in Koblenz,
Germany; it is complementary to the validations of the independent modules of
GLEAM described in Chap. 2 and 3.
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Figure 5.1: GLEAM estimates of P − E are compared to the runoff (Q) from 24
different catchments for the period 2003–2006. Correlation coefficients (R) and mean
bias errors (Bias) are listed for both the validation exercise using GPCP and the one
using CMORPH (gap-filled with GPCP as explained in Sect. 5.3).

Table 5.1: GRDC stations used in the comparison of P − E and observed annual
river runoff (Q). Results correspond to the period 2003–2006.

River Location of the station Area Q P − E E

lat long Country [103 km2] [mm] [mm] [mm]

CMORPH GPCP CMORPH GPCP

Alabama 7.80 6.77 US 55.6 581 661 654 884 892
Apalachicola 29.95 −85.02 US 49.7 443 515 596 895 910
Arkansas 34.79 −92.36 US 409.3 83 405 115 735 647
Columbia 46.18 −123.18 US 665.4 284 104 209 467 463
Danube 45.22 28.72 RO 807.0 296 286 455 438 457
Elbe 53.23 10.89 DE 132.0 151 216 450 321 347
Fraser 49.38 −121.45 CA 217.0 361 194 369 468 514
Glomma 59.61 11.12 NO 40.5 501 646 646 296 295
Liard 61.75 −121.22 CA 275.0 284 136 160 380 390
Mackenzie 67.46 −133.74 CA 1660.0 177 83 97 329 344
Mississippi 37.22 −89.46 US 1847.2 81 369 199 523 487
Missouri 38.71 −91.44 US 1357.7 37 322 120 521 468
Nelson 56.40 −94.37 CA 1060.0 105 136 156 386 414
Niger 7.80 6.77 NG 1331.6 125 381 156 368 327
Ohio 38.28 −85.80 US 236.1 570 486 622 634 649
Rhine 51.84 6.11 NL 160.8 378 253 520 408 440
St. Lawrence 45.42 −73.62 CA 959.1 265 212 478 492 546
Snake 46.10 −116.98 US 240.8 107 90 70 454 377
Susquehanna 39.66 −76.18 US 70.2 697 421 761 579 630
Tanana 64.57 −149.09 US 66.3 346 251 251 314 314
Tennessee 35.23 −88.26 US 85.8 822 820 670 793 791
Tombigbee 31.76 −88.13 US 47.7 641 712 566 929 932
Wabash 38.40 −87.75 US 74.2 424 628 691 555 559
Yukon 61.93 −162.88 US 831.4 254 178 179 314 314
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The present study covers a period of 4 years (2003–2006). Cumulative
GLEAM estimates of P − E at 24 catchments are compared to observations
of river runoff. The description of the river basins is presented in Table 5.1.
Catchments were selected according to the availability of GRDC data during
the complete study period; only rivers with an average annual discharge larger
than 20 km3 were considered for this validation.

Estimates of P used in GLEAM (both in the interception model and the
soil moisture module) are normally derived from the Climate Prediction Cen-
ter morphing technique precipitation product (CMORPH – Joyce et al., 2004).
This precipitation product is based only on satellite observations and has a high
spatial resolution (0.07 degrees). Previous studies have shown that CMORPH
is in better agreement with in situ observations than other precipitation pro-
ducts (e.g. Ebert et al., 2007). However CMORPH presents two practical dis-
advantages when applied in GLEAM: (a) its spatial domain (60◦ N–60◦ S) does
not cover the entire globe, and (b) precipitation is severely underestimated
at higher latitudes during winter-time (see Zeweldi and Gebremichael, 2009).
Consequently, the 1 degree resolution Global Precipitation Climatology Project
(GPCP-1DD) product (Huffman et al., 2001) is used in GLEAM outside the
CMORPH domain and when the temperature drops below 0 ◦C.

Due to the obvious sensitivity of the P − E estimates to uncertainties in
P , this validation study is repeated using exclusively GPCP-1DD as P . Note
that the choice of precipitation product implicitly affects the calculation of E
in GLEAM. However, the sensitivity of P − E estimates to P will be higher
than the sensitivity of E estimates to P (this can also be noted in the results
presented in Table 5.1).

Figure 5.1 shows the results of the comparison between GLEAM catchment
estimates of P−E and river runoff measurements from the 24 rivers for the
period 2003–2006. The figure shows the statistics of the correlation when the
methodology is run with CMORPH (R = 0.71, Bias = 20.4mmyr−1) and when
it is run with GPCP-1DD (R = 0.85, Bias = 46.5mmyr−1). The higher corre-
lation coefficient found for the GPCP-based P − E estimates can be explained
by the high positive bias of the CMORPH-based P−E estimates in the rivers of
central United States (see Table 5.1). This is in agreement with the findings of
Tian et al. (2007), who reported an overestimation of CMORPH rainfall during
the warm season in this area. This hypothesis has been further analysed in
Chap. 4, Sect. 4.3.3.1.

The correlation in Fig. 5.1 depends on the validity of three assumptions:
(a) the entire volume of river water extracted for human use returns to the
river, (b) the catchment is water-tight, and (c) the lag-time between a rainfall
peak in the watershed and the discharge peak in the measuring station, and the
long-term change in soil water storage, can be neglected by considering a rela-
tively long (4 year) period. Moreover, as GLEAM is not a tuned or calibrated
hydrological model, Fig. 5.1 should be interpreted with a consideration of the
magnitude and different origins of the various uncertainties. Because river dis-
charge estimates are usually derived from a stage-discharge rating curve, they
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include the errors in the measurements of river height and in the discharge data
used to calibrate the rating curve, as well as the errors from the interpolation
and extrapolation due to changes in river bed roughness, hysteresis effects, etc.
(see Di Baldassarre and Montanari, 2009). On top of those, the volumes of Q are
also affected by the uncertainties in the estimation of the discharge-contributing
area (given that the observations are presented in mm). On the vertical axes,
the uncertainty in P − E estimates will result from the uncertainty associated
with the precipitation product and with GLEAM estimates of land evapora-
tion. The later include the errors in the satellite data used to drive GLEAM
(including therefore the uncertainties in P as well), the scaling of those to the
desired 0.25 degrees resolution, and the model structure itself (see Miralles et
al., 2011a). Despite all these possible sources of uncertainty, some level of co-
rrelation remains, as shown in Fig. 5.1. Furthermore, the P − E estimates are
of the right order of magnitude and overall lack a systematic bias relative to the
one-to-one line.

A global analysis of the spatial distribution of P −E estimates is presented
in Sect. 5.4.1; as in previous applications of GLEAM (i.e. Miralles et al., 2010b
and 2011a), the CMORPH-based P is chosen for the global run of the metho-
dology. This choice is mainly justified by the better resolution of CMORPH
compared to GPCP-1DD and the overall better performance of the methodo-
logy when CMORPH is applied as reported by the results of the error analyses
in Chap. 4.

Figure 5.2: Magnitude of the different hydrological fluxes as average along the la-
titudinal bands (modified from Fisher et al., 2008). The results correspond to the
application of GLEAM for the period 2003–2007. Ep refers to potential evaporation.
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5.4 Results

The methodology has been applied globally for the period 2003–2007 using the
satellite data products listed by Miralles et al. (2011a) as driving data. Results
are analysed in terms of the magnitude of evaporation and its separate compo-
nents at a continental scale and the range of variation of the different fluxes over
the Earth’s ecosystems. Special emphasis is given to the role of interception loss
in the long-term recycling of land precipitation and its repercussions on runoff
generation. The daily time-resolution of the model allows a correspondingly
high resolution analysis of the temporal correlations between evaporation and
external factors limiting the flux; an analysis of the distribution and seasonality
of these correlations is also presented. Results underline the importance of the
accurate estimation of the flux of wet canopy evaporation and the coupling be-
tween soil moisture and transpiration to understand the dynamics and trends
of land evaporation.

5.4.1 Overview of the global hydrological fluxes

For a certain region, and over a sufficiently long period to allow the net change
of water storage in the soil to be neglected, the land-incoming precipitation is
either recycled back into the atmosphere through evaporation, or it drains into
the water bodies in the region. Figure 5.2 presents a graphic overview of the
latitudinal partitioning of precipitation according to GLEAM. Average annual
volumes of the different hydrological fluxes are illustrated for the period 2003–
2007. All the fluxes are larger close to the Equator due to the higher average
incoming radiation, temperature and specific humidity.

Table 5.2 shows the volumes of total precipitation (P ), evaporation (E –
which includes transpiration, soil evaporation, snow sublimation and intercep-
tion loss) and water available for runoff (P −E) for each continent. The right-
hand columns present the contribution of tall vegetation rainfall interception
(I) to the long-term partitioning of P into E and P −E. The volume of annual
global land-surface evaporation is estimated as 67.9× 103 km3. Tall vegetation
interception amounts to 11% of the continental evaporation or 6% of the con-
tinental precipitation. Fluxes are larger in South America due to the faster
dynamics of the hydrological cycle over Amazonia which results from the majo-
rity of South America’s land mass being located within the ITCZ; this is more
easily recognised when the fluxes are expressed per unit area.

To better understand the role of I in the partitioning of incoming precipita-
tion over forested ecosystems, the land-use classification scheme of the Interna-
tional Geosphere-Biosphere Programme (IGBP) is used in Table 5.3 to present
the same hydrological fluxes allocated to biome types. Given that I is calculated
for the fraction of tall canopy within each pixel, it can still occur within pixels
in which the dominant land use is not forest. Tropical forests contribute to 29%
of the global land-surface evaporation and 57% of the global canopy intercep-
tion loss. In these ecosystems, 20% of the evaporation corresponds to the flux
of rainfall interception; this flux is equivalent to 22% of the water available for
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river discharge. At higher latitudes the relative contribution of interception loss
to land-surface evaporation is also large. In temperate forests, the volume of I
is on average 13% of the incoming precipitation (19% of evaporation).

Table 5.2: Annual precipitation (P ), evaporation (E) and water available for runoff
(P − E) divided by continents for the period 2003–2007. The contribution of rainfall
interception loss (I) to E is also presented.

Continent P E P − E I
mm mm 103 km3 %P mm 103 km3 %P mm 103 km3 %P

Africa 930 545 16.2 59 385 11.4 41 38 1.1 4
Antarctica 199 21 0.3 11 177 2.5 89 0 0.0 0
Asia 648 388 16.8 60 260 11.3 40 38 1.7 6
Europe 638 369 3.5 58 269 2.6 42 54 0.5 9
N. America 665 413 9.5 62 252 5.8 38 42 1.0 6
Oceania 795 519 4.6 65 276 2.5 35 50 0.4 6
S. America 1712 967 17.0 56 745 13.1 44 144 2.5 8

Total 799 463 67.9 58 336 49.0 42 50 7.2 6

Table 5.3: Annual precipitation (P ), evaporation (E), water available for runoff
(P − E) and rainfall interception loss (I) per biome type for 2003–2007.

Biome P E P − E I
mm mm 103 km3 %P mm 103 km3 %P mm 103 km3 %P

Tropical forest 2250 1182 19.6 53 1068 17.7 47 232 3.8 10
Temperate forest 718 512 4.7 71 207 1.9 29 95 0.9 13
Boreal forest 594 372 2.9 63 222 1.7 37 79 0.6 13
Shrubland 502 315 8.2 63 187 4.9 37 9 0.2 2
Savanna 1339 806 14.7 60 533 9.7 40 51 0.9 4
Grassland 689 462 4.2 67 227 2.1 33 15 0.1 2
Cropland 878 542 10.7 62 336 6.6 38 31 0.6 4
Permanent snow 225 27 0.4 12 198 3.3 88 0 0.0 0
Desert 167 112 2.6 67 54 1.2 33 0 0.0 0

Total 799 463 67.9 58 336 49.0 42 50 7.2 6

5.4.2 Spatial distribution of evaporation and its different
components

The ability of GLEAM to estimate the components of the evaporative flux in
a separate manner is exploited to show the relative importance of each compo-
nent over different ecosystems. The global distribution of the average annual
evaporation during the period 2003–2007 is presented in Fig. 5.3. The spatial
distribution and latitudinal profile for the different components of evaporation
is also shown (both in mmyr−1 and in km3 yr−1). Transpiration contributes to
the majority of global land evaporation. It is the largest in the humid tropics
due to the sufficient availability of soil moisture during the entire year and the
dependency of transpiration on the incoming radiation. Overall, the contribu-
tion of canopy interception to the global volume of evaporation is larger than
the contribution from bare soil evaporation and snow sublimation. Evaporation
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Figure 5.3: Decomposition of 2003–2007 average annual evaporation (mm) into its
contributing fluxes. The latitudinal profiles are in units of mmyr−1 and km3 yr−1.
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from bare soil is important in desert regions even though it only happens during
(and shortly after) the sporadic rainfall events. Peaks of snow sublimation occur
in the Himalayas where annual net radiation is higher than in other permanent
snow-covered areas due to its location closer to the Equator.

Figure 5.4: Contribution to global land-surface evaporation (in %) for each: (a) con-
tinent, and (b) biome type. The relative contribution of the constituents of evapora-
tion is presented separately.

Figure 5.4 illustrates the contribution to global land-surface evaporation
from: (a) each continent, and (b) each biome type. It also shows the relative
magnitude of the four constituents of the evaporative flux. As seen in Tables 5.2
and 5.3, the continent evaporating the largest volume of water is South America
(25%), followed by Asia (24.5%) and Africa (23.5%). 29% of world’s evapora-
tion occurs in tropical forests and 21% in savannas. The contribution from
transpiration amounts to 80% of the total evaporative flux from land; 11% is
interception loss, 7% bare soil evaporation and 2% to snow sublimation.

The seasonal distribution of the main inputs and outputs of the methodology
is explored in Fig. 5.5. Global maps of Rn, P , E, I and P − E for 2003–2007
are presented as an average for two different periods: the months of June, July
and August (JJA), and December, January and February (DJF). The global
distributions of both I and P − E are dominated by the seasonal cycle of P .
The observed patterns also indicate the lower importance of seasonal changes in
E – compared to changes in P – in the availability of water for runoff at different
times of the year. The seasonal distribution of E is mainly dominated by the
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Figure 5.5: Average fluxes for the period 2003–2007 separately presented for JJA
(left panel) and DJF (right panel): (a) and (b) show the distribution of Rn, (c) and
(d) represent P , (e) and (f) are E, (g) and (h) are I, and (i) and (j) present the
estimated distribution of P−E. Units are mmday−1 except for Rn which is in Wm−2.
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cycle of Rn over most of the world (see also Sect. 5.4.3). The largest seasonal
variations in E are found in subtropical areas with sufficient input of P during
the summer period; in some of these regions the volume of E in summer-time
becomes almost one order of magnitude larger than during winter-time (see for
instance Northern Australia, Southern Africa or the east coast of United States).
In desert regions where rainfall events rarely happen (like central Australia or
the Arabian Peninsula) the volumes of evaporation remain low during the entire
year and the seasonal distribution of E is independent of the cycle of Rn.

5.4.3 Drivers of evaporation

The main factors that limit land evaporation are the available energy and the
volume of precipitation. The spatial and temporal distribution of these limiting
factors, and the strength of the correlation of evaporation with one particular
driver, can provide valuable information on the seasonal dynamics of evaporation
in a particular area. Teuling et al. (2009) hypothesised that regional trends in
land evaporation respond to trends in the limiting drivers. Only when we know
to what extent a specific driver is controlling the evaporation process, known
changes in that controlling factor may be translated into long-term changes in
evaporation.

Here, the GLEAM-estimated relationship between land evaporation and its
external drivers is analysed at a global scale. Figure 5.6 gives a global overview
of such analysis for the period 2003–2007. This figure has been made using
the technique by Teuling et al. (2010) for plots with bivariate colour maps.
Figure 5.6a shows for JJA the global distribution of the correlation coefficient
between daily time series of E and Rn and the correlation coefficient between
E and θ (volumetric water content for the whole root-zone). Figure 5.6b shows
the same inferences for the period DJF. Figure 5.6c,d present the global distri-
bution of the correlation between E and Rn, and E and P for JJA and DJF,
respectively.

The model predicts that most of the JJA daily variability of E over Central
Europe and North America can be explained by the dynamics in Rn (see high co-
rrelation between E and Rn in Fig. 5.6a). In forested areas in boreal winter-time
P becomes important (see Fig. 5.6d) and the relation with Rn is weaker. Despite
the high correlation between E and P , E remains relatively uncorrelated with θ;
this suggests that the soil remains under no stress for transpiration. The com-
ponent of forest evaporation that is affected by P (and governing the dynamics
of E) is therefore not the transpiration flux but the rainfall interception loss.
For tropical rain forests, despite the fact that Rn remains in general the largest
controlling factor, P is also identified as an important driver of evaporation in
both seasons.

Areas presenting high correlations between E and θ correspond mainly to
arid and semi-arid regions, and especially during summer-time (see Fig. 5.6a
and b). In these regions the correlation of E with the time series of P is lower
than the correlation between E and θ; this is because soil moisture is a more
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Figure 5.6: The upper panel shows the estimated correlation (R) of daily time series
of E with Rn and θ for (a) JJA and (b) DJF; on the bottom the correlation of daily
E with Rn and P during (c) JJA and (d) DJF. Results correspond to 2003–2007.

direct indicator of plant water stress. The areas where soil moisture is likely to
limit the evaporative flux can also be seen in Fig. 5.7. This figure presents the
global average (2003–2007) distribution of the estimates of daily stress factor,
S – which equals (E− I)/Ep (see Chap. 2, Sect. 2.2.3). The left map represents
the months of JJA; the right map shows DJF. GLEAM calculates S at daily
time-step based on estimates of soil moisture and vegetation optical depth (see
Miralles et al., 2011a). Values of S=1 correspond to areas where there is
sufficient water to meet the atmospheric evaporative demand; values of S=1
are present in areas where the shortage of water restricts the actual rate of
evaporation under its potential value. It can be seen that over the majority
of the world’s land surface, land conditions regulate to certain extent the flux
of evaporation. In high latitudes the availability of water is generally sufficient
to meet the atmospheric demand. Arid and semi-arid regions, however, remain
under evaporative stress during almost the entire year. The seasonal spatial
patterns of S are strongly related to the seasonal distribution of P (Fig. 5.5c
and d) and the distribution of the correlation between E and θ (Fig. 5.6a and b).

Figure 5.7: Stress factor (S) as averaged for JJA and DJF for the period 2003–2007.
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5.5 Discussion

The average annual land-surface evaporation estimated by GLEAM for the pe-
riod 2003–2007 is 67.9× 103 km3. This number is comparable to other estimates
of average annual land evaporation – e.g. the 71× 103 km3 found by Baumgart-
ner and Reichel (1975) (see Dolman and Gash, 2010), the 65.5× 103 km3 found
by Oki and Kanae (2006), the 65× 103 km3 reported by Jung et al. (2010) or the
65.8× 103 km3 by Schlosser and Gao (2010). Lim and Roderick (2009) analysed
the global partitioning of precipitation over land making use of the GCMs from
the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment
Report (AR4). Despite referring to a different period than the one presented
here (2003–2007 versus 1970–1999) the volume of annual incoming precipitation
is similar in both studies. While the ensemble of GCMs estimated that 70% of
the global land precipitation was evaporated and 30% was available for runoff
(P −E), the global partitioning in GLEAM is somewhat different: 58% evapo-
ration and 42% water available for runoff. Despite this difference the relative
contribution from each continent to global E and global P − E agrees well in
both studies. One exception is South America in which the GCMs estimated
51% less P −E than GLEAM. It is worth mentioning that this dissimilarity res-
ponds mainly to the different volumes of precipitation and not of evaporation.

Results shown in Table 5.2 are also in good agreement with the average
volumes of P , E and P − E reported for each continent by Sellers (1965) and
Baumgartner and Reichel (1975) (see Peixoto and Oort, 1992). The GLEAM-
estimated fraction of P that is evaporated over Africa (58%) is however much
lower than the 76% and 84% reported by Sellers (1965) and by Baumgartner
and Reichel (1975) respectively. These differences come again from discrepan-
cies in the volume of precipitation (and not evaporation). The low density of the
rainfall observational network in Africa makes traditional gauge-based estimates
of precipitation for this continent – like the ones by Sellers (1965) and Baum-
gartner and Reichel (1975) – highly uncertain (see Love et al., 2004). The use
of satellite information in CMORPH reduces this uncertainty and enhances the
reliability of GLEAM estimates of E and P −E in areas of sparse observations
like Africa.

Fisher et al. (2008) obtained similar results (both in absolute and in relative
terms) to the ones presented in the latitudinal profile of annual fluxes shown
in Fig. 5.2. Humid tropics show a value of land evaporation around 50% of
the incoming precipitation, in accordance with the level of rainfall recycling in
these areas reported by Salati and Vose (1984). This latitudinal profile is in
agreement with the hypothesis that at high latitudes in winter-time, the flux
of interception loss – dominated by the aerodynamic forces rather than by the
available energy – can represent the main source of evaporation in forested
regions. When considering interception loss, evaporation can reach and even
exceed the available energy (Stewart, 1977) (see also the results in Fig. 5.5).
The different bio-physical processes behind interception loss and transpiration
make wet canopy evaporation more dependent on the volume and duration of
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rainfall and less on the net radiation (see Shuttleworth and Calder, 1979). Under
low energy availability, rates of wet canopy evaporation can become several
times higher than the rates of transpiration which would be occurring under dry
conditions (see commentary by Gash and Shuttleworth, 2007). In the context
of the Penman-Monteith equation, the aerodynamic term (and not the energy
one) is responsible for the major part of the flux. This is the main reason
why interception loss requires a separate estimation, and why PT energy-based
approaches are not suitable for its estimation.

Traditionally, studies on evaporation drivers have been focused on net ra-
diation and soil moisture (considered only as the link between precipitation
and evaporation). However, an important component of the evaporative flux
from forests, i.e. canopy-intercepted rainfall, is not directly affected by the soil
moisture dynamics. Moreover, as stated above, the flux of evaporated water
from wet canopies is relatively independent from the net radiation. Teuling et
al. (2009) analysed in detail the drivers of the evaporative flux over Europe
and North America focusing on net radiation and precipitation, but considering
the latter only as a surrogate for soil moisture. Their results were extensively
validated using FLUXNET data but rain-days were not included in this vali-
dation and therefore the role of interception could not be identified. The daily
frequency and separate estimation of interception within GLEAM allows a de-
tailed study of these interactions. However, while Teuling et al. (2009) compared
independent estimates, in the study presented in Sect. 5.4.3 the estimates of E
are dependent on the values of P , Rn and θ, and therefore the results rely
on the sensitivity of GLEAM E to these variables. Consequently the study
in Sect. 5.4.3 merely aims to understand how GLEAM reproduces interactions
between land and atmosphere and the relative importance of the evaporation
drivers in different regions in the world.

Figure 5.6a and c shows how in summer-time and over Central Europe and
North America, most of the variability of daily GLEAM estimates of E can
be explained by the dynamics in Rn. This is in agreement with Fig. 5.5a,b,e,f
that illustrate how in the majority of the world’s land surface the seasonality
of E follows closely the seasonality of the incoming solar energy. However,
in forested regions and during winter-time the relationship is not obvious (see
Fig. 5.6b). This low dependency between the time series of E and the time
series of Rn is a response to the higher relative importance of I as a component
of E. This happens because of the low volumes of transpiration in winter-time.
As can be appreciated from Fig. 5.6d, in forested regions under conditions of
low incoming radiation, the model identifies the availability of water on the
canopy (dominated by the volume of P and its duration) as an important factor
determining the dynamics of evaporation. The low correlations found with θ
over the same areas, suggest that the correlation with P is not a response to
conditions of soil water deficit.

Trends in soil moisture can be responsible for the long-term changes in land
evaporation; this happens over regions where water availability is the main
control on the evaporation (see Teuling et al., 2009). Jung et al. (2010) analysed
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the results of their FLUXNET data-based approach (Jung et al., 2009) to reveal
a positive trend in global land-surface evaporation from 1982 to 1997; from 1998
this trend slowed down, attributed to the decrease in soil moisture over the
Southern Hemisphere. Dark blue-coloured regions in Fig. 5.6a and b represent
the areas where GLEAM identifies that a long-term decrease in soil moisture
could potentially induce a negative trend in land evaporation. They are mainly
arid and semi-arid regions, where the rate of actual evaporation rarely matches
the potential rate (especially during summer-time) and it is the availability of
water in the soil that will determine the volume of daily evaporation (see also
Fig. 5.7). This dependency on the soil moisture underlines the importance of
correctly parameterising the soil water content and the stress conditions for
those areas.

5.6 Conclusions

Large differences in the estimates of land-surface evaporation from the currently
existing methodologies (Jiménez et al., 2011; Müller et al., 2011) indicate that
land evaporation remains one of the most uncertain terms in the global wa-
ter cycle. GLEAM is a new alternative to estimate global evaporation and its
different components by combining satellite-observable variables within a sim-
ple bio-physical approach. It aims to fill the gaps from previous satellite-based
evaporation models acknowledging the importance of estimating interception
loss through a widely-tested model (Gash’s analytical model), and moderating
PT estimates of latent heat flux by considering the soil water stress conditions
over the entire root-zone. As with every model, GLEAM is a simplification of
reality: results presented here are affected by the assumptions taken in the pa-
rameterisation of the bio-physical processes within the methodology. However,
the constituent parts of GLEAM have been successfully validated by compar-
ison with in situ data over different ecosystems and the error structure of the
estimates has been analysed in detail; this sets the level of credibility of the
results presented in this paper.

An average annual land evaporation of 67.9× 103 km3 is estimated for the
period 2003–2007, which represents 58% of the incoming precipitation. South
America, Asia and Africa are found to contribute together to 73% of the evap-
orative flux over land, while only 5% occurs in Europe. Half of the world’s
land evaporation is originated in tropical forests and savannas. Transpiration
contributes to 80% of global land-surface evaporation. Canopy interception loss
is estimated as 11% and plays a major role in the long-term partition of rain-
fall and the volume of runoff generated in forested ecosystems. Precipitation
is identified as an important factor driving evaporation in forest regions due to
the effect of vaporisation of canopy-intercepted rainfall. Soil moisture limited
regions where trends on land evaporation are likely respond to trends in soil
available water are located by the methodology.

Ongoing activities regarding GLEAM include the analyses of the currently-
available 24 year database (from 1984 to 2007), and an inter-product comparison
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with existing global fields of evaporation within the LandFlux-EVAL initiative
of the GEWEX Radiation Panel (Jiménez et al., 2011; Müller et al., 2011).
The dataset may additionally be used to investigate trends in land evaporation
and their relation to ocean oscillations, the effects of land-use changes such
as desertification or deforestation on the hydrological cycle, and the coupling
between land and atmospheric processes.
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EPILOGUE

This last chapter presents a short discussion of the achievements of this study.
Main advantages and limitations of the proposed methodology are exposed in
detail. A number of potential modifications and extensions of the methodology
are explained and motivated. Ongoing activities and future plans are also in-
troduced to give an overview of the current state of GLEAM and its further
applicability.
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6.1 Advantages and limitations

The methodology is largely based on satellite observations. The rationale has
been to find the equations that could make the best use of the existing data, as
opposed to finding the data that could suit an existing equation. The approach
attempts to minimise the amount of modelling. GLEAM has therefore been
tailored based on the remotely-sensed data that were available. It is the only
methodology of its kind that makes use of remotely-sensed soil moisture, vege-
tation optical depth and microwave skin temperature, and one of the few that
utilises satellite-based precipitation. GLEAM is likely to perform especially
well over forested areas (due to the detailed calculation of interception loss) and
semiarid regions (where the atmosphere is highly coupled to land conditions). It
is one of the few methodologies that allow the separate estimation of transpira-
tion, rainfall interception loss, snow sublimation and soil evaporation, and that
operate at daily time resolution and over the entire continental domain. Only
the global land-surface evaporation products by Mu et al. (2007) and Zhang et
al. (2010) present a better spatial resolution.

GLEAM parameterises only the processes that are relevant for evaporation
at a large scale: it is a simple and general approach designed to work globally.
It has not been built on the basis of tuning empirical parameters for specific
environments. However, the methodology is also meant to be dynamic: it can
be easily modified for its application in regional studies (by using better reso-
lution input) and over specific environments (by designing new modules and/or
tuning parameters). However, some regional-scale models, which parameterise
processes that are relevant at smaller scales, are likely to outperform GLEAM
at a watershed scale. The fact that the approach is simple and general may be
both an advantage for global studies of the water cycle, as well as a limitation
for its regional application in complex environments.

In some coastal areas, for instance, an important fraction of the available
energy comes from advection from the ocean. This advection is believed to have
a major influence in the rates of transpiration, and especially in the rates of in-
terception loss (Bruijnzeel and Wiersum, 1987; Waterloo et al., 1999). Recent
studies show that also topographical features can have a strong influence in the
aerodynamic conductance and the rates of interception over regions with com-
plex relief (Holwerda et al., 2011). Moreover, topography and geology are also
important factors affecting the runoff coefficient at regional scale, which conse-
quently affect the availability of water in the soil and the rates of transpiration
and soil evaporation. In addition, GLEAM does not consider specifically factors
like the water vapour pressure, the surface roughness or the wind speed that
can be relevant for the rates of evaporation over many regions (Monteith, 1965;
Brutsaert, 1983). To be able to apply GLEAM at the regional scale in areas of
complex topography, coastal advection or strong winds, the methodology would
require important modifications. This may include routing of runoff or even mo-
delling of complex atmospheric processes within the planetary boundary layer.
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6.2 Room for more feasible improvement

For the global application of GLEAM, trying to cope with some of the limi-
tations of the methodology would counteract with our philosophy of keeping
GLEAM as simple as possible. There is however room for more realistic improve-
ments without deviating from the general and simple nature of the approach.
These realistic improvements refer to three areas of the methodology: (a) the
interception loss model, (b) the estimation of the evaporation from continental
water bodies and ocean, and (c) the data assimilation of satellite soil moisture.
Changes in the interception loss model may be directed to the inclusion of the
snowfall interception and the evaporative flux from wet litter and vegetation
types other than trees. In addition, a detailed validation of the estimated rates
of precipitation – in order to optimise the use of the lightning frequency infor-
mation – is still pending. Open water evaporation is now estimated as potential
evaporation, but values are not reported due to the lack of validation. Variables
like the diurnal changes in temperature, ground heat flux and wind speed have
different control over open water than over land evaporation; that should be
considered in a more accurate parameterisation of open water evaporation.

The data assimilation routine in the soil water module remains the area with
the largest room for realistic improvements. Priorities should be the calculation
of the error of the first model guess of soil moisture (probably based on the
error of the precipitation driving the water balance) and the assimilation of
satellite soil moisture at deeper layers. Moreover, a new improved satellite soil
moisture product that combines active and passive microwave data is currently
under validation in a joined effort between the VU University of Amsterdam and
the Technical University of Vienna (Liu et al., 2011). The use of this dataset
in GLEAM would require a change in the calculation of the error of the soil
moisture observations (currently based on the optical depth) which could be
based on error propagation analyses as presented by Parinussa et al. (2011).

Finally, the datasets currently used to run GLEAM were selected on the basis
of their overall quality, resolution, and availability in space and time; however,
for the majority of variables, there are alternative datasets. The methodology is
currently ready to be driven with different inputs, and can therefore respond to
the future release of better datasets of net radiation, precipitation, temperature,
etc. As a result of the fact that the methodology has not been optimised based
on the current input, the final product would always benefit from improvements
in the quality and resolution of the driving data. If the application at regional
scale is intended, input data from remote sensing sources like radars or in situ
meteorological measurements can rather be used.

6.3 Current state of GLEAM

The first version of methodology is fully operational. Currently two GLEAM
datasets are available. They differ on the input products used to drive the
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methodology and on the time period that is covered. The first set, known
as version 1A, spans from 1984 to 2007 and it is driven with CPC Unified
precipitation (Chen et al., 2008), ISCCP air temperature (Zhang et al., 2004)
and monthly SWE from NSIDC (Amstrong et al., 2007). The second set, version
1B, spans from 2003 to 2007 and it is the one that has been analysed in this
dissertation. It uses precipitation from CMORPH (Joyce et al., 2004) gap-
filled with GPCP-1DD (Huffman et al., 2001), microwave temperatures from the
LPRM (Holmes et al., 2009), and daily SWE from NSIDC (Kelly et al., 2003).
The remaining input datasets are the ones listed in Table 2.1 in Chap. 2 for
both versions 1A and 1B.

GLEAM datasets are available in the VU University Amsterdam geoservices
website: http://geoservices.falw.vu.nl. The website contains daily global maps
at 0.25 degrees resolution of: land-surface evaporation, components of land-
surface evaporation (i.e. transpiration, forest interception loss, soil evaporation
and snow sublimation), stress factor, surface soil moisture and root-zone soil
moisture. The necessary documentation regarding the datasets is also present
in the website.

6.4 Ongoing activities

The LandFlux-EVAL initiative from the Global Energy and Water Cycle Ex-
periment (GEWEX) Radiation Panel (GRP) is currently analysing the GLEAM
evaporation product together with the other available global land-surface evapo-
ration estimates. The workshop organised by the initiative in Vienna in April
2011 aimed to structure the plans towards the creation of a merged dataset
based on a small set of satellite-based evaporation products. It concluded that
large differences still exist among the current formulations even when forced
with similar inputs. It was decided that GLEAM would be one of the pro-
ducts used for further analysis towards the ultimate creation of the first GRP
LandFlux evaporation product.

Ongoing studies in the VU University of Amsterdam regarding GLEAM’s
evaporation dataset include analyses of inter-annual variations of transpiration
using tree ring diameter measurements, studies of regional trends in evaporation
and analyses of feedbacks between land and atmosphere. The GLEAM root-
zone soil moisture product is currently utilised in the VU for studies aiming
the inclusion of plant traits into GCMs and for carbon sequestration modelling
studies. In addition, the datasets are being used by other centres like the USDA
Hydrology and Remote Sensing Laboratory, or NASA, where the interception
loss product has been applied to validate and improve MERRA’s interception
loss estimates. Finally as the WATCH EU project – which has funded the
creation of GLEAM – comes to an end, reports from the different groups of
scientists involved in the initiative are expected to be provide feedback to policy
makers.
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6.5 Directions for further research

Some of the longer-term applicability of the work presented here includes re-
gional studies (in combination with hydrological catchment models) and optimal
irrigation studies (given that GLEAM estimates the difference between actual
and potential evaporation). However, the largest applicability of this work is in
the field of climate change. The most direct application is the use of GLEAM
datasets to analyse past time (currently up to 24 years) changes in evaporation
and soil moisture over continental regions. Conversely, the datasets presented
here can also be used in combination with GCMs.

One of the main goals of the WATCH project is reducing the uncertainty in
the projections of future climatic scenarios. In this direction, GLEAM datasets
– closely linked to observations and mostly independent from GCMs – provide
valuable means to improve predictions of future climate. GLEAM datasets can
be assimilated into GCMs to improve their initialization. In combination with
statistical techniques like triple collocation, they can also be used to calculate
the uncertainty of their evaporation and soil moisture estimates. Knowing these
uncertainties allows selection from the wide variety of existing GCMs and facil-
itates the detection of areas of low performance. Finally, GLEAM datasets can
be applied in combination with triple collocation to test potential improvements
in the parameterization of the hydrological processes in a specific GCM.
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Land-surface evaporation is a key component in the water and energy cycles that
dominates the interactions among the Earth surface and atmosphere. Nowa-
days, understanding its global magnitude and variability remains an existing
challenge for hydrologists and climatologists, as noted in Chapter 1. Contem-
porary developments in the field of satellite remote sensing of the Earth provide
the opportunity to reduce the uncertainty in our estimates of global evapora-
tion. This thesis presents a new methodology dedicated to derive global fields
of evaporation by combining atmospheric and environmental satellite-based ob-
servations. Results are validated using in situ data, evaluated against other
methodologies, and analysed at different levels. Conclusions bring new insights
into the process of land-surface evaporation and the importance of the different
components of the flux (i.e. transpiration, soil evaporation, interception loss
and snow and ice sublimation) within the global water cycle.

Chapter 2 describes the new methodology, named GLEAM (Global Land-
surface Evaporation: the Amsterdam Methodology). GLEAM combines global
imagery of most of the meteorological and environmental variables that are
relevant for the evaporation process. These are variables that, unlike evapora-
tion, can be observed or derived from satellites in a relatively straightforward
manner. The core of the methodology is a modification of the Priestley and
Taylor (1972) equation; potential evaporation estimates are translated into ac-
tual evaporation using a multiplicative (stress) factor. This factor accounts for
the control of land surface over the rates of transpiration and soil evaporation,
and depends on the vegetation water content and the soil moisture conditions
in the root zone. Rainfall interception loss, transpiration, soil evaporation and
snow sublimation are derived separately.

Different validation activities of the methodology are undergone. Model es-
timates of soil moisture at different depths are compared to in situ observations.
This comparison suggests that the assimilation of satellite-based soil moisture
contributes to improving the final estimates of soil moisture. Evaporation fields
are successfully validated using the data from 43 FLUXNET meteorological
towers. A high correlation coefficient with ground measurements is found both
at daily (R = 0.83) and at monthly (R = 0.90) time-scales.

Chapter 3 describes what represents the first successful attempt towards
the global representation of rainfall interception loss based on satellite data.
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The methodology is an adaptation of the most broadly used scheme to estimate
interception loss at local and regional scales over the last 30 years: Gash’s
analytical model (Gash, 1979; Valente, 1997). For its integration in GLEAM,
Gash’s analytical model is driven by global satellite-based precipitation. Other
satellite-derived inputs that allow the application at the global scale are the
fraction of tall canopy cover and the lightning frequency climatology (which is
used as a proxy for rainfall intensity). Gash’s model state variables – such as
the canopy storage capacity or the evaporation rate under saturated conditions
– are set to constant. These constant values are calculated as an average of a
sample of measurements from previous applications of Gash’s analytical model
at the regional scale.

GLEAM estimates of interception loss are validated against measurements
from 42 previous field studies over different forest ecosystems. Results of this
validation show a strong correlation with in situ data (R = 0.86) and a negligible
bias. Daily global maps of rainfall interception loss are presented for the first
time.

Chapter 4 investigates the applicability of the triple collocation (TC) sta-
tistical technique to calculate the error structure of GLEAM evaporation esti-
mates. The TC technique is first validated by applying it to characterize the
error of three different estimates of soil moisture at a pixel scale: one single
station, a remotely-sensed estimate and a land surface model. This validation
is done in four watersheds of dense observational networks. Due to the density
and quality of the soil moisture observations, the watershed average can be con-
sidered the best possible estimate of soil moisture at the pixel scale. Then the
TC-estimated errors can be validated against the calculated errors relative to
this watershed average.

Once validated, TC is applied to calculate the error of three global land-
surface evaporation products: GLEAM, MERRA and the Princeton University
product by Sheffield et al. (2010). The estimated global distribution of the errors
of GLEAM is analysed in detail and subsequently compared to the analogous
maps of the other two products. FLUXNET observations are used in an attempt
to validate the resulting fields of errors. Despite the inconclusive results of this
final validation, GLEAM seems to perform better than the other two products
in 69% of the world’s land surface. The superior performance of GLEAM is
suggested by both the TC-estimated errors and the errors resulting from the
straight comparison to in situ data.

Chapter 5 describes the results of the global application of the metho-
dology. After having explained, validated and evaluated GLEAM in previous
chapters, here, GLEAM is applied to study the global magnitude and variability
of land-surface evaporation. Firstly, the potential of the methodology to esti-
mate volumes of water available for runoff over a large region and a long period
is tested. Estimates of P − E are compared to river discharge measurements
showing the skill of GLEAM to partition precipitation into evaporation and
runoff. Then the partitioning of precipitation over the different continents and
biomes is studied globally. Special attention is paid to the different contribution
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of each component of land-surface evaporation to the total flux. Seasonal dis-
tributions of the main components of the global water cycle are analysed with
focus on the control of land-surface conditions over these distributions. The
relationships between evaporation and its drivers are studied and precipitation
is recognised as an important factor determining the volumes of evaporation
over forests. The influence of precipitation is more important under conditions
of low net radiation when interception can be the largest contributor to the
evaporative flux.

Within GLEAM, variables are combined in an approach that minimises the
load of modelling to make the final output rely in the quality and value of
the satellite observations. As indicated in Chapter 6, this sets GLEAM as a
rather simple and general tool that is easy to use for global studies of the water
and energy cycles. Its applicability at regional scale relies on the use of better
resolution input data, and the possibility to extend the model to account for
processes like runoff or advection that can be determining at watershed scale.
Despite the fact that there is still some room for improvement, current results
suggest that GLEAM’s estimates are realistic. A first version of the GLEAM
datasets is presently available online. It includes daily global maps from 1984
to 2007 of transpiration, interception loss, soil evaporation, sublimation, sur-
face soil moisture, root-zone soil moisture and stress conditions for evaporation.
These datasets are currently being used for a wide range of applications and at
different research centres.

– 93 –



Summary

– 94 –



Samenvatting

Verdamping van het landoppervlak is een belangrijke component in de water-
en energiekringlopen. Verdamping is de bepalende factor in de interacties
tussen het aardoppervlak en de atmosfeer. Het kwantificeren van de wereld-
wijde grootte van de verdampingsflux, en haar variabiliteit, is tot op de dag van
vandaag nog een enorme uitdaging voor hydrologen en klimatologen (Hoofd-
stuk 1).

Ontwikkelingen op het gebied van satellietwaarnemingen van de aarde bieden
mogelijkheden om bestaande onzekerheden in de wereldwijde verdamping te
verkleinen. Dit proefschrift beschrijft een nieuwe methodologie om globale
velden van verdamping te schatten. Deze methode maakt gebruik van een com-
binatie van atmosferische en landoppervlak observaties vanuit de ruimte. De
resultaten van de verdampingsschattingen zijn gevalideerd op basis van in situ
waarnemingen, vergeleken andere methodologieen, en geanalyseerd op verschi-
llende ruimtelijk en temporele schalen. De conclusies leveren nieuw inzicht op
in het gebied van verdampingsprocessen van het landoppervlak, en het belang
van verschillende componenten van de flux binnen de globale waterkringloop.

Hoofdstuk 2 beschrijft de nieuwe methodologie, genaamd GLEAM (Global
Land-surface Evaporation: the Amsterdam Methodology). GLEAM combineert
globale beelden van de meeste meteorologische en ecologische variabelen die re-
levant zijn voor het verdampingsproces. Dit zijn variabelen die – in tegenstelling
tot verdamping zelf – op een relatief eenvoudige wijze waargenomen of afgeleid
kunnen worden van satellietwaarnemingen.

De kern van de methodiek is de toepassing van de verdampingsvergelij-
king van Priestley en Taylor (1972). Schattingen van de potentiele verdam-
ping worden vervolgens vertaald naar de werkelijke verdamping met behulp van
een (stress factor. Deze factor wordt gebruikt als parametrisatie voor de in-
vloed van het landoppervlak op de mate van transpiratie en bodemverdamping.
Deze factor hangt af van het watergehalte van de vegetatie, en vooral van de
bodemvochtcondities in de wortelzone. Interceptie en verdamping van neer-
slag van het kronendak, transpiratie, bodemverdamping en sneeuwsublimatie
worden apart afgeleid.

Verschillende manieren van validatie van de methodologie zijn uitgevoerd.
Modelschattingen van bodemvocht op verschillende dieptes zijn vergeleken met
in situ waarnemingen. Deze vergelijking suggereert dat de assimilatie van
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bodemvocht, zoals door satellieten is waargenomen, sterk bijdraagt aan de ver-
betering van de uiteindelijke schattingen van het bodemvochtgehalte. Verdam-
pingsvelden zijn succesvol gevalideerd met behulp van de gegevens afkomstig
van 43 meteorologische torens van FLUXNET. Er wordt een hoge correlatie
coefficient gevonden met grondmetingen van verdamping op zowel dagelijkse
(R = 0.83), als maandelijkse (R = 0.90) schalen.

Hoofdstuk 3 beschrijft de eerste succesvolle poging om op wereldwijde
schaal de afname van neerslaginterceptie te schatten op basis van satelliet ge-
gevens. De methodologie is een aanpassing van één van de meest algemeen
gebruikte methoden om een afname van interceptie te bepalen op lokale en re-
gionale schalen in de afgelopen 30 jaar: het analytische Gash model (Gash, 1979;
Valente, 1997). Voor de integratie met GLEAM wordt het analytische Gash
model en globale satellietmetingen van neerslag gebruikt. Andere gegevens die
afkomstig zijn van satellieten en de toepassing op globale schaal mogelijk maken,
zijn de bedekkingsgraad van bomen en de bliksemfrequentie. De laatste meting
wordt gebruikt als een proxy voor de intensiteit van de neerslag. Het model van
Gash veronderstelt constante parameters voor ondermeer de opslagcapaciteit
voor neerslag van het kronendak of de mate van verdamping vanuit het kro-
nendak tijdens neerslag. Deze constanten zijn gebaseerd op het gemiddelde van
neerslaginterceptiemetingen in eerdere toepassingen van het model op regionale
schaal.

GLEAM-schattingen van de interceptie zijn gevalideerd met metingen van
42 veldstudies, die in verschillende bosrijke ecosystemen hebben plaatsgevon-
den. Resultaten van deze validaties laten een sterke correlatie met de in situ
waarnemingen (R = 0.86) zien en hebben een verwaarloosbaar kleine bias. Het
resultaat van deze studie, dagelijkse globale kaarten van neerslaginterceptie, zijn
nog niet eerder gepubliceerd.

In Hoofdstuk 4 wordt de toepasbaarheid onderzocht van de triple colloca-
tion (TC) methode om fouten in tijdseries van onafhankelijke waarnemingen te
bepalen. De validatie van TC is uitgevoerd met gegevens van vier stroomge-
bieden met dichte bodemvochtwaarnemingsnetwerken. Vanwege de dichtheid en
de hoge kwaliteit van de bodemvochtobservaties, vormen de metingen in deze
stroomgebieden de best mogelijke schattingen van bodemvocht op pixel schaal.
De TC methode is eerst gevalideerd door toepassing op de bepaling van de fout
door gebruik van drie verschillende schattingen van bodemvocht op pixel schaal
(dat wil zeggen zoals verkregen via (a) een enkel bodemvocht meetstation, (b)
een satellietwaarneming, en (c) een landoppervlak modelsimulatie). Vervolgens
kunnen de door TC-geschatte fouten in elk van de drie tijdseries gevalideerd
worden aan de hand van de berekende fouten bepaald met de tijdseries van de
overige bodemvochtsmetingen in het stroomgebied dat de pixel vormt.

De met succes gevalideerde TC methode wordt vervolgens toegepast om de
fouten invan drie tijdseries van globale landoppervlak verdampingsproducten
te berekenen. Deze tijdseries zijn verkregen met via simulaties met GLEAM,
MERRA en het Princeton University product van Sheffield et al. (2010). De
geschatte globale verdeling van de fouten in de verdampingstijdserie van GLEAM
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is in detail geanalyseerd, en vervolgens vergeleken met die van de andere twee
producten. FLUXNET observaties zijn vervolgens gebruikt in een poging om
de uit TC resulterende fouten te valideren. Ondanks de onzekere resultaten
van deze laatste validatie, lijkt GLEAM beter te presteren dan de andere twee
producten. Dit vanwege de kleinere fouten in verdamping waargenomen voor
69% van het continentale landoppervlak. Zowel de met TC-geschatte fouten,
als de fouten bepaald uit vergelijkingen van elk van de drie modellen met in
situ waarnemingen, suggereren dat GLEAM de beste verdampingsschattingen
levert.

Hoofdstuk 5 beschrijft de resultaten van de globale toepassing van de
GLEAM methodiek. Nadat onderdelen van GLEAM gevalideerd en geevalueerd
warencin de voorafgaande hoofdstukken, wordt GLEAM nu toegepast om de
globale grootte en variabiliteit van verdamping te bestuderen. Allereerst wordt
het potentieel van de GLEAM methodologie getest om de hoeveelheid beschik-
baar water voor afvoer te schatten voor een grote regio en over een lange tijds-
periode. De met GLEAM verkregen schattingen van neerslag minus verdam-
ping (P − E) zijn vergeleken met langjarige metingen van rivierafvoer. Deze
vergelijking toont aan dat GLEAM de neerslag goed verdeelt over verdamping
en afvoer. Vervolgens is de verdeling van neerslag over verdamping en rivier-
afvoer voor verschillende continenten en vegetatietypen globaal bestudeerd. De
nadruk is daarbij gelegd op de individuele bijdragen van de verschillende com-
ponenten van verdamping – neerslaginterceptie, transpiratie, bodemverdamping
en sublimatie van ijs – op de totale verdampingsflux. De seizonale gangen van
de belangrijkste componenten van de globale waterkringloop zijn geanalyseerd
met een focus op de invloed die de condities aann het aardoppervlak (vegeta-
tietype, bodemvocht, etc.) hebben op deze componenten. Een globale analyse
van de factoren die verdamping beinvloeden en de verdamping zelf toont aan
dat neerslag een zeer belangrijke factor is voor de bepaling van de hoeveelheid
verdamping in bossen. De invloed van neerslaghoeveelheden op de intercep-
tieverliezen is vooral belangrijk bij een lage netto beschikbare energie, wanneer
interceptie een relatief grote bijdrage aan de verdampingsflux kan leveren.

GLEAM gebruikt variabelen op een manier waarbij de effecten van het
gekozen model zo veel mogelijk geminimaliseerd worden, om zo de kwaliteit
en de waarde van de satellietwaarnemingen een belangrijke rol te laten spelen in
de uiteindelijke uitvoer Hoofdstuk 6. Dit maakt GLEAM tot een eenvoudig
en algemeen instrument dat makkelijk te gebruiken is voor globale studies van
de water- en energiekringlopen. De toepasbaarheid van GLEAM op regionale
schaal is afhankelijk van een goede resolutie van de invoer data, en de mogelijk-
heid om het model uit te breiden om ook processen mee te nemen die bepalend
zijn op stroomgebiedsniveau, zoals rivierafvoer of advectie van energie.

Ondanks het feit dat er altijd ruimte is voor verbetering van GLEAM, sugge-
reren de huidige resultaten dat de verkregen schattingen realistisch zijn. Een
eerste versie van GLEAM data is momenteel online beschikbaar. Dit archief om-
vat dagelijkse globale kaarten van transpiratie, neerslaginterceptie, bodemver-
damping, sublimatie, bodemvocht aan het landoppervlak, bodemvocht in de
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wortelzone, en stress condities voor verdamping voor de jaren 1984–2007. Deze
gegevens worden momenteel door verschillende onderzoekscentra gebruikt voor
een breed scala aan toepassingen.

– 98 –



Resumen

La evaporación continental es un elemento clave del ciclo energético y del ci-
clo del agua, fundamental en las interacciones entre la superficie de la Tierra
y la atmósfera. Como se describe en el Caṕıtulo 1, el conocimiento de su
magnitud global y su variabilidad espacio-temporal supone actualmente un reto
para la comunidad de hidrólogos y climatólogos. Los avances en el campo de la
teledetección desde satélite en los últimos años permiten reducir la incertidum-
bre en las estimaciones de evaporación a escala global. Esta tesis presenta una
nueva metodoloǵıa que combina observaciones atmosféricas y medioambientales
tomadas desde satélites con el fin de obtener mapas globales de evaporación.
Los resultados han sido validados y analizados, y la metodoloǵıa ha sido eva-
luada frente a otros modelos. Las conclusiones permiten una nueva perspectiva
del proceso de evaporación en la Tierra y de la importancia de los diferentes
factores que controlan dicho proceso.

El Caṕıtulo 2 describe la metodoloǵıa, llamada GLEAM (Global Land-
surface Evaporation: the Amsterdam Methodology). GLEAM combina las vari-
ables más relevantes para el proceso de evaporación. Estas variables, pueden
ser obtenidas de una manera relativamente directa mediante los datos facilita-
dos a través de satélite. La base de la metodoloǵıa es una modificación de la
ecuación de Priestley y Taylor (1972): estimaciones de evaporación potencial
son convertidas en evaporación real utilizando un factor multiplicativo. Este
factor parametriza el control de la superficie continental de la Tierra sobre la
demanda atmosférica de evaporación, y depende del contenido de agua de la
vegetación y de las condiciones de humedad del suelo. La interceptación de
lluvia por el dosel de la vegetación, la transpiración, la evaporación directa del
suelo y la sublimación de la nieve y el hielo son calculados por separado.

Distintos estudios de validación han sido llevados a cabo. Las estimaciones
del contenido de humedad del suelo a distintas profundidades han sido com-
paradas con mediciones de campo y las estimaciones de evaporación han sido
validadas utilizando datos de torres meteorológicas de la red FLUXNET. Los
resultados de esta validación son satisfactorios: describen un alto nivel de cor-
relación, tanto a escala diaria (R = 0.83) como mensual (R = 0.90).

El Caṕıtulo 3 presenta el primer intento con éxito de modelar la inter-
ceptación de lluvia a escala global utilizando observaciones de satélite. La
metodoloǵıa es una adaptación del modelo de interceptación de lluvia más em-
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pleado a escala local y regional en los últimos 30 años: el modelo anaĺıtico de
Gash (Gash, 1979; Valente, 1997). Para su integración en GLEAM el modelo
de Gash es ejecutado utilizando datos de precipitación de satélites. Otros datos
derivados de información de satélites requeridos por el modelo son la fracción
de superficie cubierta por bosque y la frecuencia de rayos durante las tormen-
tas (utilizada para derivar la intensidad de la precipitación). Las variables de
estado requeridas por el modelo de Gash – tales como la capacidad de almace-
namiento del dosel o la tasa de evaporación bajo condiciones de saturación – son
consideradas constantes. Sus valores han sido calculados como el promedio de
una muestra de las medidas tomadas en las anteriores aplicaciones del modelo
anaĺıtico de Gash a escala regional.

Las estimaciones de interceptación de lluvia de GLEAM han sido validadas
utilizando mediciones de 42 estudios de campo anteriores sobre diferentes eco-
sistemas forestales. Los resultados de esta validación muestran alta correlación
con los datos de campo (R = 0.86) y una desviación despreciable. Por primera
vez, mapas globales de interceptación de lluvia son presentados y analizados.

El Caṕıtulo 4 investiga la aplicabilidad de la ténica estad́ıstica llamada
“triple colocación” (TC) para calcular el error de las estimaciones de evapo-
ración de GLEAM. La técnica es primero validada a través de su aplicación para
caracterizar el error de tres estimaciones diferentes de contenido en humedad
del suelo a escala de ṕıxel: una sola estación, una estimación de teledetección y
un modelo de superficie terrestre. Esta validación se realiza en cuatro cuencas
con una alta densidad de observaciones de humedad del suelo. Debido a la alta
densidad y la calidad de las mediciones de campo, la media de dichas medi-
ciones es la mejor estimación posible de la humedad del suelo en el ṕıxel al que
corresponde cada cuenca. Los errores estimados por la TC han sido validados
comparándolos con los errores calculados directamente respecto a la media de
cada cuenca.

Una vez validada, la TC se aplica para calcular el error de tres produc-
tos globales de evaporación de la superficie continental de la Tierra: GLEAM,
MERRA y el producto de la Universidad de Princeton desarrollado por Sheffield
et al. (2010). La distribución global de los errores de GLEAM ha sido anali-
zada por separado y en comparación con los mapas análogos de los otros dos
productos. Se han utilizado observaciones FLUXNET en un intento de vali-
dar los errores estimados. A pesar de los resultados poco concluyentes de esta
validación final, GLEAM demuestra un rendimiento superior al de las otras
dos metodoloǵıas en el 69% de la superficie terrestre mundial. Este mejor
rendimiento es también sugerido a través de los errores resultantes de la com-
paración directa con las mediciones de campo.

Una vez ha sido explicada, validada y evaluada en anteriores caṕıtulos, la
metodoloǵıa GLEAM es aplicada a escala global en el Caṕıtulo 5 con el fin de
estudiar la magnitud y la variabilidad de la evaporación continental. En primer
lugar se pone a prueba el potencial de GLEAM para estimar el volumen de agua
disponible para la escorrent́ıa. Las estimaciones de P − E son comparadas con
mediciones de caudal en diferentes ŕıos. Este ejercicio muestra la habilidad de
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GLEAM para estimar la fracción de la precipitación que es posteriormente evap-
orada y la fracción que pasa a formar parte de la escorrent́ıa. La distribución
de los distintos flujos hidrológicos (es decir E, P , P −E) en los diferentes conti-
nentes y biomas de la Tierra es estudiada. La distribución de los componentes
principales del ciclo global del agua es analizada en distintos periodos del año,
con especial atención al control ejercido por las condiciones de humedad de la
superficie terrestre en esta distribución. Las relaciones entre la evaporación y
los factores que la dominan son analizadas a nivel global. La precipitación es
reconocida como un factor importante para determinar los volúmenes de evap-
oración en los bosques. La influencia de la precipitación es más importante en
condiciones de baja radiación neta; en esos casos, la interceptación de lluvia
puede ser el mayor contribuyente al flujo de evaporación.

En GLEAM las variables son combinadas utilizando un enfoque que min-
imiza la carga de modelado, con la finalidad de que el producto dependa al
máximo de la calidad de las observaciones por satélite como se indica en el
Caṕıtulo 6. Esto convierte a GLEAM en una herramienta bastante simple y
general, que es sencilla de utilizar en estudios globales de los ciclos del agua
y la enerǵıa. Su aplicabilidad a escala regional se basa en el uso de datos con
mejor resolución espacial y en la posibilidad de extender el modelo para tener en
cuenta procesos como el flujo superficial o la advección. A pesar de que todav́ıa
hay espacio para la mejora de GLEAM, los resultados actuales sugieren que sus
estimaciones son realistas. Una primera versión de las bases de datos producidas
por GLEAM está actualmente disponible en ĺınea. Incluye diariamente mapas
globales desde 1984 hasta 2007 de transpiración, interceptación de lluvia, evapo-
ración del suelo, sublimación, humedad superficial del suelo, humedad del suelo
en la zona radicular y condiciones de estrés para la evaporación. Estos datos
se utilizan actualmente para una amplia gama de aplicaciones y en diferentes
centros de investigación.
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