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Foreword: International Space Science Institute (ISSI)
Workshop on the Earth’s Hydrological Cycle

Lennart Bengtsson

Received: 6 November 2013 / Accepted: 7 November 2013 / Published online: 13 December 2013
� Springer Science+Business Media Dordrecht 2013

Water is a central component in the Earth’s system. It is indispensable for life on Earth in

its present form and influences virtually every aspect of our planet’s life support system.

On relatively short time scales, atmospheric water vapor interacts with the atmospheric

circulation and is crucial in forming the Earth’s climate zones that determine where

habitable areas can exist. On the longest time scales of hundreds of millions of years, water

contributes to the lubrication of the movements of the tectonic plates, creating a pattern of

change that has shaped and is continuing to shape the Earth.

In the atmosphere, water vapor plays a key role in the Earth’s energy balance and

regulates the Earth’s climate in a significant way. Water vapor is the most powerful of the

greenhouse gases and serves to enhance the tropospheric temperature because water vapor

is physically and dynamically controlled by atmospheric temperature and atmospheric

circulation. The total amount of available water on the Earth amounts to some

1.5 9 109 km3. The dominant part of this, 1.4 9 109 km3, resides in the oceans. About

29 9 106 km3 are locked up in the land ice on Greenland and Antarctica, and some

15 9 106 km3 are estimated to exist as groundwater. If all the ice over the land and all the

glaciers were to melt, as has happened several times in the Earth’s history, the sea level

would rise by some 80 m. In comparison, the total amount of water vapor in the atmo-

sphere is small; it amounts to *25 kg/m2, or the equivalent of 25 mm water for each

column of air. Yet atmospheric water vapor is crucial for the Earth’s energy balance.

The annual mean global values of evaporation and precipitation are *1,000 mm of

water/m2. However, these values vary enormously in space and time from areas that are

almost completely dry to areas where the annual precipitation is more than an order of

magnitude larger than the global mean value. An evaporation of 1,000 mm of water/year

corresponds to 80 W/m2 in energy loss for the surface and a corresponding gain for the
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atmosphere when condensation takes place. This is the single largest component for

heating the atmosphere; it is even larger than the direct solar energy absorbed by the

atmosphere. This statement highlights the importance of the hydrological cycle for the

energy balance the atmosphere.

As water vapor is also an effective absorber of terrestrial radiation, it contributes sig-

nificantly to the regulation of the temperature of the lower atmosphere. The greenhouse

effect of water vapor is estimated to be *24 �C. However, water vapor has a residence

time of 7–8 days in the atmosphere and responds effectively to temperature through the

Clausius–Clapeyron (CC) relation. In the present situation, it is the increase of the long-

lasting greenhouse gases, namely CO2, CH4, N2O and the CFCs, that are the drivers of

climate change while water vapor generally acts as a positive feedback factor (Lacis et al.

2013). This is a fundamental factor in climate change. Model simulations suggest that

water vapor feedback can more than double the initial effect of the long-lasting greenhouse

gases.

With a population that has increased more the fourfold over the last 100 years and with

an infrastructure that has grown by more than a factor of ten, society at large has become

more exposed, in particular, to extremes in precipitation with associated flooding damages.

Society has also over time significantly increased the amount of water that is needed,

primarily for agriculture as well as for different kinds of industrial usage. This has con-

tributed to a severe lack of water in exposed regions, even affecting major water bodies

such as the Aral Sea and Lake Chad that have almost dried up completely during the last

decades because of excessive extraction of water.

Other potential problems are disruptions related to climate change. The most severe

prospects are systematic changes in weather zones such as a tendency for a poleward shift

of the extra-tropical storm tracks that is indicated in climate simulation studies; others are

the likelihood of more intense precipitation that will increase severe flooding. The pole-

ward shift of weather systems is expected to create regional water problems with increased

precipitation in some areas and decreased precipitation in other regions. Most severe here

are the increasing risks of persistent periods of droughts, preferentially in the subtropics of

both hemispheres (IPCC 2013).

In summary, society will have to cope with a multitude of disruptive events related to

the water cycle due both to natural and anthropogenic effects such as (1) extreme events of

heavy and persistent precipitation as well as extended periods of drought, which are all

possible within the present climate, (2) anthropogenic actions unrelated to weather and

climate, such as large-scale environmental changes caused by changing practices in large-

scale agriculture and forestry, and (3) changes in the water cycle as a consequence of

climate change. Presently the first two are dominant but gradually, as the climate system is

getting warmer, the third factor is expected to be of increasing importance.

A scientific assessment of the Earth’s hydrological cycle is a complex task which covers

a multitude of areas and applications. The scientific papers in the present volume address a

broad area of research related to the Earth’s Hydrological Cycle. They represent the

outcome of the third workshop within the ISSI Earth’s Science Programme. The workshop

took place from 6 to 10 February, 2012, in Bern, Switzerland, with the objective of

providing an in-depth overview of the Earth’s hydrological cycle. The participants in the

workshop were experts in a wide range of disciplines; they included geophysicists,

meteorologists, hydrologists, oceanographers and climate modelers.

The increase in the world’s population and the increasing need for food, energy and

natural resources have put increasing stress on the water requirements.

Reprinted from the journal
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Perhaps the most extreme effect of such a water stress is the almost complete

destruction of the world’s previously fourth largest lake, the Aral Sea. This is one of the

planet’s worst environmental disasters. Over a period of some 40 years, the lake has lost

more than 90 % of its area. The most likely reason for this is the massive agricultural

developments that have used more and more of the water in the catchment areas of the

Amu Darya and Syr Darya (Asokan and Destouni 2014).

As the extreme opposite effect, excessive flooding in rivers and in coastal areas is

causing significant economic costs and hardship to their populations. Two kinds of events

stand out. The first is mostly coupled to excessive precipitation in river catchments. This

occurs over all continents during the rainy season, often with devastating consequences.

The main cause is not necessarily higher precipitation but enhanced exposure to heavy

precipitation mainly due to increased population and increased occupation in exposed

areas. The second most important cause is related to coastal flooding that occurs in relation

to intense weather systems, in particular tropical cyclones. The coastal flooding in New

Orleans in 2005 and in New York in 2012 are prime examples of such events. Fortunately

due to the advances made in weather prediction in recent decades, the public was warned

several days in advance and evacuated the areas most at risk.

There is overwhelming evidence from theory (Held and Soden 2006, Stevens and Bony

2013) and from empirical and model studies (e.g., Allan 2014) that the atmospheric water

vapor content increases with increasing temperature since it varies according to the CC

relation. It also follows from theory that the horizontal transport of water vapor also scales

with the CC. This is a serious consequence, as it will affect regional precipitation; in areas

of convergence (such as the tropical convergence zone and at high latitudes), there will be

increased precipitation. Alternatively, it will also affect areas of divergence (such as the

subtropical regions), with the consequence of reduced precipitation. This response of the

water cycle to climate warming is probably one of the most severe consequences of climate

change, as it will amplify the extremes of the hydrological cycle. So far, because of the

large variability of precipitation in time and space, we are not yet able to show this from

observations but model results demonstrate this response clearly (e.g., Bengtsson 2011).

Even ocean circulation is affected as heavy precipitation will reduce salinity and thus

diminish ocean convection. And, in an analogous way, reduced precipitation over ocean

areas will increase salinity and increase ocean convection. Observations from ESA’s Soil

Moisture and Ocean Salinity satellite (SMOS) are providing new and exciting knowledge

(Reul et al. 2014) in this area. There is a wide range of methodological studies, mainly

related to the handling of the water cycle in climate models due to the fine structure of

precipitation processes in the atmosphere that present climate models cannot handle very

well (Foufola-Giorgiou 2014). Both satellite and ground-based radar information are of

special importance here and highlight the need for higher resolution in weather and climate

models.
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Review of Understanding of Earth’s Hydrological Cycle:
Observations, Theory and Modelling

Michael Rast • Johnny Johannessen • Wolfram Mauser

Received: 20 January 2014 / Accepted: 22 January 2014 / Published online: 11 March 2014
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Abstract Water is our most precious and arguably most undervalued natural resource. It

is essential for life on our planet, for food production and economic development.

Moreover, water plays a fundamental role in shaping weather and climate. However, with

the growing global population, the planet’s water resources are constantly under threat

from overuse and pollution. In addition, the effects of a changing climate are thought to be

leading to an increased frequency of extreme weather causing floods, landslides and

drought. The need to understand and monitor our environment and its resources, including

advancing our knowledge of the hydrological cycle, has never been more important and

apparent. The best approach to do so on a global scale is from space. This paper provides

an overview of the major components of the hydrological cycle, the status of their

observations from space and related data products and models for hydrological variable

retrievals. It also lists the current and planned satellite missions contributing to advancing

our understanding of the hydrological cycle on a global scale. Further details of the

hydrological cycle are substantiated in several of the other papers in this Special Issue.

Keywords Earth observation � Satellite remote sensing � Water cycle �
Hydrological cycle

1 Introduction

The water cycle of the Earth system and its variability at global, regional and local scales

are influenced by a range of processes and mutual interactions, feedback mechanisms and
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as well as affected by anthropogenic processes. The scales at which processes interact both

spatially and temporally vary across the atmosphere, the hydrosphere, the cryosphere and the

biosphere in a complex manner. The hydrological cycle is composed of different compo-

nents, which include evaporation from water surfaces and bare soil, evapotranspiration from

vegetated land, transport of water vapour in the atmosphere, cloud droplet formation and

cloud dynamics, the mechanisms leading to liquid and solid precipitation, the movement of

water and change in soil moisture in the unsaturated soil, including root dynamics, surface

and river run-off, and groundwater flow as schematically illustrated in Fig. 1. Oki and Kanae

(2006) give an overview of current knowledge on the world water resources.

The hydrological cycle is the basic purification mechanism for water on Earth as any

water constituents are left behind during the phase change from liquid water to water

vapour. For billions of years, this process supplied the land surface with freshwater, which

was and is the basis for life. The precipitated water dissolved minerals on its way through

the hydrological compartments to the oceans and thereby gradually increased ocean

salinity. Reliable and adequate supply of clean freshwater is essential to the survival of

humankind as well as to the maintenance of terrestrial biotic systems worldwide. However,

the rapidly growing human population increasingly stresses available water resources

(Ferguson and Maxwell 2012). Human water demand consists of (1) drinking water, (2)

sanitation and (3) industrial water and agricultural water to produce biomass for food, fibre,

energy and industrial materials. On the global average, the ratio between these three

sources of human water demand is approximately 3:4:92 (Turner et al. 2004). Human-

induced stresses on available water resources therefore are mainly connected to biomass

production through agriculture. Human biomass demand as well as the closely linked

agricultural water demand is expected to double by 2050 in order to supply a growing and

more prosperous global population with food, fibre, energy and industrial materials (Al-

exandratos and Bruinsma 2012; Mauser 2009). At this point, it becomes clear that agri-

cultural activities modify the closely coupled global hydrological and carbon cycle through

land-use changes, optimization of rainwater use by plants, irrigation, emission of green-

house gases, changing seasonal albedo and changing plant physiology caused by fertilizers.

Fig. 1 Schematic illustration of the hydrological cycle (courtesy of European Space Agency, Earth
Observation Graphic Bureau)

492 Surv Geophys (2014) 35:491–513
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Importantly, the expected increase in human water demand and the related change in land

use seem to occur faster than any anticipated effect of a changing climate on the avail-

ability of freshwater (Piao et al. 2007). To comprehend the combined effect of (and

interactions between) increasing human stresses on water supplies, land use and climate

change, the understanding of the hydrological cycle needs to be advanced on all inter-

connected scales from local to global.

Many regional and local studies already exist on how climate change is expected to

impact the different compartments of the hydrological cycle and how societies may best

adapt to these changes by changing land use, water storage or even water use itself

(Ludwig et al. 2008; Christensen et al. 2004; Fowler et al. 2007; Ludwig et al. 2008; Prasch

et al. 2013). The majority of these hydrological cycle studies, with few exceptions (e.g.,

Strengers et al. 2010; Zabel and Mauser 2013), treat this issue as a unidirectional cause–

effect chain, where a changing climate influences the regional and local hydrological cycle

and thereby affects water availability. Possible effects of dynamic, human-induced land

surface changes on the carbon cycle and regional and global water cycle, which in turn

may result in a changing climate, are, however, neglected here.

All components of the hydrological cycle are involved in different ways in climate

change, either by causing it or by reacting to it, sometimes amplifying each other’s action,

sometimes giving rise to negative feedbacks such as atmospheric cooling through larger

Sun shielding cloud formations from increased evaporation. Variations in the hydrological

cycle often take place at regional or even local scale (such as orographic variations in

precipitation, small-scale variations of soil physical properties, ecosystem composition or

run-off processes), but can still trigger modifications that have an upscale effect possibly

leading to global changes in the hydrological cycle. The mechanisms and magnitudes of

the feedbacks of local interferences with the hydrological cycle with the regional and

global hydrological cycle are complex, largely unknown and cannot satisfactorily be

explored with current Earth system models. The feedbacks, e.g., between precipitation,

land use, soil moisture and the resulting evapotranspiration, are especially challenging and

exhibit strong intermittency and interactions at all scales, which makes them often hard to

model with contemporary Earth system models. The strong, small-scale and nonlinear

dependency of the participating processes on topography, soil physical properties and plant

physiology makes it also hard to estimate their magnitudes from sparse rain gauge, sparser

soil moisture and even sparser evapotranspiration measurement networks.

Nevertheless, there are important research issues waiting to be addressed, which are

related to the hydrological cycle and its relation both to the carbon cycle and the global

climate system. They centre on the feedbacks between the accumulated effects of

increasing local human interferences with the hydrological cycle through more intense

agricultural use and the global climate system. Most relevant and probably most difficult to

understand and model is a possible change in precipitation patterns, which results from

land use and evapotranspiration changes in one region and which affects the local and

regional hydrological cycle as well as the water availability elsewhere through telecon-

nections in the global circulation. The described mechanism may be of extreme relevance

to the affected region in cases when rainfall is reduced below a critical value, where

agriculture becomes impossible. Besides the global climate, a substantial part of the global

population may thereby indirectly be affected by collective land-use activities in another

part of the globe. Current understanding of the hydrological cycle, its components and the

feedbacks with the carbon cycle and the climate system is not sufficient to approach this

and similar research questions related to the multi-scale hydrological cycle. Currently

available Earth system models both lack spatial resolution to be able to accumulate the

Surv Geophys (2014) 35:491–513 493

123Reprinted from the journal 7



nonlinear effects of the local human interferences with the hydrological cycle through land-

use changes and do not contain a detailed and realistic representation especially of the

terrestrial hydrological cycle and the strongly nonlinear response mainly of its components

soil and vegetation during times of water shortage. These important research issues can

hardly be addressed by most present hydrological models, which are often conceptual in

nature, calibrated to measured data to various degrees and often data poor in design. This is

the underlying reason why several authors recently suggest developing new hyper-resolu-

tion hydrological land surface models, which can be fully coupled to regional and global

climate models to combine global with regional hydrology. These models should be based

on first-order principles, close the terrestrial energy, water and carbon balance at all scales,

should be able to overcome these scale issues by coupling the very small with the very large

processes and should be able to tap the rich global data archives available through remote

sensing (Hibbard et al. 2010; Wood et al. 2011; Mauser and Bach 2009; Su et al. 2010).

However, research on these multi-scale issues is currently also severely hampered by

the lack of observations of key variables with adequate resolution related to hydrological

cycle change in space and time. The measurement of precipitation, for instance, either by

ground stations, radars or satellites, is still a challenging task at all spatial and temporal

scales that could hamper efforts devoted to understanding and modelling the hydrological

cycle and its variability. Surface soil moisture is one of the least observed variables and

only recently, with the advent of ESA’s Soil Moisture and Ocean Salinity (SMOS) mission,

became accessible to global spatio-temporal measurements with a very coarse spatial but

almost adequate temporal resolution.

Vegetation response to water stress and its effect on water release to the atmosphere has

to be inferred from models, which simulate evapotranspiration and vegetation surface

temperature, which can then be compared to remote sensing measurements under cloud-

free conditions. Moreover, the terrestrial snow and ice masses are important components of

the global climate system. Snow and ice influence the radiation and surface energy budget,

the moisture balance, gas and particle fluxes, precipitation, hydrology, and atmospheric

and oceanic circulation. These processes are coupled with the global climate system

through complex feedbacks that are not yet well understood. Improved observational data

are therefore needed for a better understanding and accurate quantification of the main

cryospheric processes and the corresponding representation of the cryosphere in climate

models (Lemke et al. 2007).

Remote sensing offers the possibility of delivering the kind of data that allows

observing with adequate resolution how key variables related to hydrological cycle change

in space and time. Most remote sensing measurements indirectly observe the hydrological

cycle and can only be utilized to their full potential when assimilated into appropriate

hydrological models. Some recent hydrological model developments have taken up this

task (Mauser and Bach 2009) and have shown how to assimilate remote sensing data

streams into hydrological models (Bach 2003). Nevertheless, hydrological land surface

models face the challenge of a future data-rich environment. They have to learn how to

assimilate on all scales globally available, high spatial resolution, frequent coverage

remote sensing data, e.g., from the operational Sentinel satellites of the European Com-

mission - European Space Agency (EC-ESA) Copernicus program. This is expected to

generate the necessary knowledge to successfully approach issues of the local to global

hydrological cycle as outlined above. Critical elements to accomplish this are related to (1)

the quality of the observing system, jointly combining the ground-based network and the

Earth observation (EO); (2) removal of major knowledge gaps; and (3) development and

implementation of high-quality hydrological models with the ability to assimilate EO data.

494 Surv Geophys (2014) 35:491–513
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The usefulness of remote sensing for assessing products beneficial for hydrological

monitoring dates back to the 1970s, when the potential of the infrared geostationary data

for rainfall and vegetation monitoring was first demonstrated as an important technology

for complementing and enhancing information from in situ observational systems. Over the

last three decades, the amount of relevant hydrological products derived from satellites has

increased, and they have been implemented in derivation of the majority of the Global

Climate Observing System’s (GCOS) and the Global Terrestrial Observing System’s

(GTOS) terrestrial and atmospheric Essential Climate Variables (ECVs) (see Table 1).

These include, in accordance with GCOS recommendations, precipitation, water vapour,

cloud properties, soil moisture, leaf area index, water level and estimates of ground water,

evapotranspiration, river discharge, ocean salinity, snow cover, albedo, glaciers and ice

caps, ice sheets, permafrost extent and seasonally frozen ground (GCOS 2003).

Each of these variables shown in italics can currently be estimated with the use of at

least one Earth observation system although possibly not in all cases with the requisite

spatial and temporal resolution for advancing the understanding of local to global feed-

backs in the hydrological cycle. However, adequate validation of the satellite data is

challenging and often limited implying retrievals lacking satisfactory uncertainty esti-

mates. Commonly, several systems have capabilities to derive identical parameters, and

implementation techniques for their merging and blending were suggested. As a result,

new integrated, multi-year data sets are being generated, taking advantage of the oppor-

tunity presented by the simultaneous operation of key satellites by Europe, Japan and the

USA. For instance, the ESA Climate Change Initiative (CCI) aims to demonstrate the full

potential of the long-term global Earth Observation archives as a significant and timely

contribution to the GCOS Essential Climate Variables (ECVs) databases required by

UNFCCC (United Nations Framework for Combating Climate Change). In its first phase,

the initiative is targeting the following hydrology-related variables: sea level, sea ice,

glaciers and ice caps, ice sheets and clouds. The ongoing discussion on possible operations

Table 1 GCOS essential climate variables, variables directly related to the hydrological cycle are marked
in italics

Atmosphere

Surface Air temperature; precipitation
Air pressure;
Surface radiation budget;
Wind speed and direction; water vapour

Upper air Earth radiation budget;
Upper air temperature;
Water vapour;
Cloud properties; Wind speed and direction

Composition Carbon dioxide, methane and other greenhouse gases (GHGs);
Ozone; Aerosol properties

Ocean

Surface Sea-surface temperature, sea-surface salinity, sea level, sea state, sea ice, ocean colour;
Carbon dioxide partial pressure

Sub-surface Temperature, salinity; current; nutrients; carbon; ocean tracer; phytoplankton

Terrestrial Lake level; snow cover; glacier and ice caps; albedo; land-cover fraction of absorbed
photo-synthetically active radiation; Leaf Area Index (LAI) biomass, fire disturbance; soil
moisture

Water use, ground water, river discharge
Permafrost and seasonally frozen ground

Surv Geophys (2014) 35:491–513 495

123Reprinted from the journal 9



of convoys and constellations is also expected to strengthen the value and use of the

satellite data for understanding and monitoring of the hydrological cycle.

The state-of-the-art overview of currently available EO products for hydrological

monitoring and modelling is provided in the following. Importantly, it is not aimed for

listing methodologies on how to implement such products in models, as this have been

extensively summarized elsewhere (Van Dijk and Renzullo 2011), but it clearly empha-

sizes the multidisciplinary aspects and complexity that jointly with the wide range of

spatial and temporal scales establish a significant demand on the observing system. The

individual papers presented in this issue provide further quantitative evidence of the

capability and limitation of the observing system.

2 Clouds and Precipitation

Cloud and precipitation systems tend to be somewhat random in character, and they are

usually small scale and also evolve very rapidly, especially during the summer in con-

vection regimes. These factors make clouds and precipitation difficult to quantify. Reliable

ground-based precipitation measurements are difficult to obtain over regional and global

scales because more than 70 % of the Earth’s surface is covered by ocean and lakes, and

additionally many countries are not equipped with precise rain measuring sensors (i.e., rain

gauges and/or radars). In such regions, regional and global scale precipitation measure-

ments from Earth Observation satellite systems are extremely valuable.

Over its lifetime of more than 15 years, the Tropical Rain Monitoring Mission (TRMM)

satellite has provided a wealth of information on tropical cyclones and short-duration

climate shifts such as El Niño (Curtis et al. 2007) and has proved to be an essential tool for

the measurement of precipitation. Current operational and research platforms form a

constellation that can be used for the routine generation of precipitation with nominal 3-h

temporal and 0.25-degree spatial resolution. Estimates derived at full resolution (4 km) are

available up to instantaneously, albeit more sporadically. However, TRMM misses low-

rate precipitation, e.g., drizzle, which is expected to contribute significantly to the total

precipitation in regions with low rainfall amounts. The upcoming Global Precipitation

Measurement (GPM) mission [e.g., http://pmm.nasa.gov/GPM] is a network of satellites

and will provide solid and liquid precipitation, including light precipitation. Full vertical

profiles of clouds and light and solid precipitation are being observed by CloudSat [http://

cloudsat.atmos.colostate.edu/] and will be further improved by EarthCARE (see, e.g.,

http://www.esa.int/Our_Activities/Observing_the_Earth/The_Living_Planet_Programme/Earth_

Explorers/EarthCARE/ESA_s_cloud_aerosol_and_radiation_mission). EarthCARE will provide

extended vertical cloud profiles with significantly higher sensitivity compared to CloudSat and

added Doppler capability for observation of vertical motion within clouds. Solid precipitation

and light precipitation will be measured together with full cloud profiles, and heavy precipitation

will be detected. In contrast to TRMM and GPM radar satellites, CloudSat and EarthCARE

which travel on polar orbits provide full global coverage.

The usefulness of radar systems capable of measuring precipitation (e.g., TRMM

Precipitation Radar and CloudSat Cloud Profiling Radar) has been demonstrated (Lonfat

et al. 2004). They provide a unique and crucial addition to our observational capabilities

for precipitation. The retrieval of precipitation at higher latitudes remains an open chal-

lenge. Problems include contamination by the surface background and low-level, frozen

precipitation.
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In the tropical oceans, large vertical salinity gradients can develop in the upper few

metres of the ocean after heavy rainfall as evidenced by Soloviev and Lukas (1996);

Schlüssel et al. (1997); and Wijesekera et al. (1999). Signatures of these intense precipi-

tation regimes can be detected in the SMOS Sea-Surface Salinity (SSS) data in the form of

freshwater patches, as clearly shown by Reul et al. (2013).

3 Soil Moisture

Numerous soil moisture products are available from active experiments (ERS, ASCAT)

(Naeimi et al. 2009; Wagner et al. 1999; Loew et al. 2006), or from passive sensors (AMSR-E,

SMOS) (Kerr et al. 2010; Njoku et al. 2003; Loew et al. 2013) and will be available as well

from combined passive/active microwave remote sensors (e.g., the planned Soil Moisture

Active Passive (SMAP) mission). These operate at coarser ([25 km) resolutions and span

altogether more than three decades of data. Recently, a multi-decadal blended dataset was

developed that is expected to further enhance the understanding of the water balance in

hydrological models (Dorigo et al. 2012; Liu et al. 2011).

The application of coarse resolution soil moisture data in hydrological models is con-

troversial. There seems to be no obvious approach in river run-off studies that would

explain under which conditions an improvement could be achieved. Recently, however,

several studies demonstrated positive impact when Soil Water Index (SWI) was assimi-

lated (Brocca et al. 2010a, b; Matgen et al. 2011; Meier et al. 2011; Wagner et al. 1999).

SWI represents the profile of soil moisture in the root zone which is the hydrological most

important zone in terms of run-off generation (Parajka et al. 2006).

Semi-operational products are also available at medium-resolution scale ([1 km) (Pathe

et al. 2009). Nevertheless, assimilation of such data into models was restricted by poor

radiometric resolution and revisit period. A soil moisture product from Sentinel-1 has been

foreseen with coverage every 6 days globally, nearly daily over Europe and Canada

(depending on latitude) (Hornacek et al. 2012). With its remarkably improved radiometric

accuracy, it has the potential to be of great benefit for data assimilation, anomaly and

threshold detection as well as direct input into models operating at medium-resolution

scales (Doubková et al. 2012).

4 Evapotranspiration

Neither evapotranspiration (ET) nor any of its components can be directly sensed from

satellites, as heat fluxes do not absorb nor emit electromagnetic signals directly. None-

theless, the last three decades have seen substantial progress in the combined field of

evaporation and remote sensing. Current methodologies concentrate on the derivation of

ET by combining some of the satellite-observable physical variables that are linked to the

evaporation process. Some of the existing algorithms differ in their purpose of application,

which to a certain extent defines the type of remote sensing data used and the amount of

required ancillary data. The majority use some form of thermal and visible data, with only

a few applying microwave observations. Some of these methodologies are fully empirical,

and others are based on more physically based calculations of ET via formulations like the

ones of Penman (1948), Monteith (1965), and Priestley and Taylor (1972), or focus on

solving the surface energy balance targeting the accurate determination of the sensible heat

flux (H). Most of the early methods were designed for local-scale studies and agricultural
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and water management practices, while more recent methodologies have started to pursue

the coverage of the entire globe. A general review of these methodologies can be found in

Courault et al. (2005); Kalma et al. (2008); Wang and Dickinson (2012) and Su et al.

(2010). Notice also that other methodologies based on relatively complex land surface

models are also producing global ET estimates for climatological applications (Strengers

et al. 2010; Zabel and Mauser 2013). Currently, they use remote sensing-derived parameter

fields in a rudimentary way, usually as temporally irregular medium spatial resolution land

use, the fraction of Absorbed Photosynthetically Active Radiation (fAPAR) or LAI fields

from the MODIS or MERIS instruments. With the advent of higher spatial resolution

imaging spectrometers like the German Environmental Mapping and Analysis Program

(EnMAP), the assimilation of higher accuracy and more physiological parameters like,

e.g., chlorophyll content from remote sensing sources will potentially improve vegetation

parameterization (Rodriguez et al. 2011).

In the framework of the Global Energy and Water Cycle Experiment (GEWEX) Data

Assimilation Panel (GDAP) LandFlux-Eval initiative, the first satellite-based ET products

(reported as latent heat fluxes) and these other estimates have been inter-compared

(Jiménez et al. 2011; Mueller et al. 2013). As a contribution to LandFlux, the ESA

WACMOS-ET (WAter Cycle Multi-mission Observation Strategy-EvapoTranspiration)

project aims at advancing the improvement and characterization of ET estimates from

satellite observations, both at continental and regional scales. To this end, a cross-com-

parison, error assessment and validation exercise of a selection of state-of-art algorithms

will be undertaken at different spatial domains and resolutions (Mueller et al. 2013).

Over the ocean, changes in the evaporation can be indirectly inferred from observed

changes in sea-surface salinity derived from SMOS and Aquarius in areas of strong pre-

cipitation. Further details on this are found in Reul et al. (2013).

5 Ground Water Observations

An emerging application area is the use of the GRACE satellite mission, and its gravi-

metric measurements of mass changes, which are being used to quantify changes in

groundwater storages (Rodell and Famiglietti 2002) as well as melting of ice sheets and

glaciers. Plans are currently being formulated for GRACE Follow On and GRACE-II

missions, and it is expected that this area of research will continue to expand. The multiple

applications of GRACE data were summarized by Cazenave and Chen (2010).

6 Water Extent and Levels

Optical (MERIS, MODIS and AVHRR), active (ERS and Envisat) as well as passive

(SSM/I) microwave data were employed to estimate the extent of water bodies, floods and

volumes (Prigent et al. 2007), and the first global estimate of wetland extent and dynamics

over almost a decade was presented. Importantly, it was the combination of several

observation techniques and capitalizing on the strength of each of them that allowed

extracting the most from inundation characteristics.

Several semi-operational products exist at local to regional scales (*100 m–5 km)

mostly derived from synthetic aperture radar (SAR) sensors (ESA 2013). SAR sensors

demonstrated a great potential for the monitoring of open water bodies at medium-reso-

lution scale (Bartsch et al. 2007). Nevertheless, there is no operational product providing
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water body extent. In addition, the potential of monitoring inland water levels by using

radar altimeters mainly from ERS and Envisat became apparent to the extent that river and

lake heights have been produced on a global scale (ESA 2013).

Given the high revisit period, the Sentinel-1 sensor, which is planned to be launched

towards the end of 2014, holds a great potential for high-resolution water extent mapping

(http://www.esa.int/Our_Activities/Observing_the_Earth/GMES/Sentinel-1).

As for the oceans, areas of interest including the use of optical wavelengths to assess

ocean colour, i.e., phyto-plankton and other water borne materials (e.g., MERIS, MODIS,

SeaWIFS), and the exploration of radar altimetry to measure water levels in lakes and

rivers are aimed to be continued into the future. Regarding the latter, our knowledge of the

global dynamics of terrestrial surface waters and their interactions with coastal oceans in

estuaries is expected to significantly advance with the planned launch of the joint NASA–

CNES–CSA Surface Water Topography Mission (SWOT) in 2020 (http://swot.jpl.nasa.

gov/). By measuring water storage changes in all wetlands, lakes and reservoirs and

making it possible to estimate discharge in rivers more accurately, SWOT will contribute

to a fundamental understanding of the terrestrial branch of the global water cycle. SWOT

will also map wetlands and non-channelized flow.

7 Vegetation Stage

Optical vegetation indices and land-cover classifications, as well as passive and active

microwave derived estimates of vegetation water content, biomass and vegetation structure

can be used to initialize hydrological models. There seems to be a good understanding and

variety of independent algorithms that estimate vegetation stage by using data acquired in

optical, near-infrared and thermal-infrared spectrum or derived products such as fPAR or

LAI. Also, a variety of land-cover classification approaches have been employed in land

surface models that implement Normalized Difference Vegetation Index (NDVI) data from

AVHRR or SPOT/Vegetation. (DeFries 2008) gives an excellent review of the current

status and role of remote sensing on observing the terrestrial vegetation.

Synthetic data experiments undertaken with simulated Sentinel-2 data showed a

reduction in the uncertainty in Leaf Area Index (LAI) (Richter et al. 2012; Bach et al.

2012). Severe improvements are expected also in the land-cover classification in the future.

A variety of products is also derived from passive and active microwave observations that

include estimates of vegetation water content, biomass, or vegetation height and structure.

The latter can be used to estimate variables such as emissivity, canopy conductance and

vegetation roughness, which affect the partitioning of radiation into ET and other terms (Van

Dijk and Renzullo 2011). Further potentials for greater use of satellite microwave obser-

vations include parameterization of biomass, height or aerodynamic roughness. The possi-

bility to observe forest biomass has been proposed by the new Earth Explorer Mission

Biomass that uses P-band synthetic aperture polarimetric radar (ESA 2012).

Lastly, to gain a detailed knowledge about the observed medium and to improve

understanding of upcoming high-resolution Sentinel and potential Biomass mission, a

combination of airborne and terrestrial LiDAR observations is investigated (ESA 2012).

8 Water Vapour

A large variety of space-borne sensors are used to retrieve atmospheric profiles of humidity

or the water vapour column amount (microwave, infrared, optical, UV). SSM/I total
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column water vapour over ocean is mature for climate analysis. In addition, MERIS

observations have shown over time a significant potential for high spatial resolution total

column water vapour over land during daytime in clear sky, e.g., ESA DUE (Data User

Element) GlobVapour.

UV/VIS instruments provide independent means for total column water vapour retri-

evals, but these measurements are biased towards clear sky. Upper tropospheric humidity

(UTH) data sets provide a data source with high value for climate research.

Microwave sounding data sets from AMSU-B, MHS and SSM/T2 hold a great potential

to improve our knowledge on UTH—also allowing estimates of absolute humidity. The

availability of atmospheric temperature and humidity profiles for more than 30 years has

been identified as a critical issue (see, e.g., WMO, 2012 [http://www.wmo.int/pages/prog/

www/OSY/Meetings/Wshop-Impact-NWP-5/index.html).

9 Snow

Snow plays an important role in the regional and global hydrological system, since it acts as

temporary water storage. As a cause of large land surface albedo changes and because it is

highly variable both in time and space, dedicated measurements/monitoring systems are

needed. Satellite products have advantage over point-based measurements of the snow-related

parameters, especially due to their spatial coverage. The mass of seasonal snow (the snow

water equivalent, SWE) accumulated on land surfaces and the extent of the snow-covered area

are the principal variables in hydrology and for water resources applications (Rott 2013). They

are also essential for determining and modelling surface/atmosphere exchange of mass and

energy, and therefore of great importance for numerical weather prediction. Satellite-based

snow sensing techniques use visible/infrared (optical), active microwave (SAR) and passive

microwave sensing techniques (Frei et al. 2012; Botteron et al. 2013).

Operational snow cover products are commonly related to the fractional snow cover

(percentages of the coverage) and snow albedo. They are derived from operational geo-

stationary and numerous polar-orbiting satellite sensors, e.g., AVHRR, MODIS and VIIRS.

The use of active microwave (SAR) on ENVISAT and RADARSAT enables the detection

of wet snow, indicating melting processes. This information can be integrated in regional

hydrological monitoring activities (Bach et al. 2010). Imaging microwave radiometry

(SSM/I, AMSR-E) allows the global snow mass to be mapped every day or two at a spatial

resolution of about 25 km. SWE retrieval exploits the scattering losses in the (dry) snow

pack of the microwave radiation emitted by the soil below snow. The accuracy of SWE

retrieval is impaired by uncertainty in snow morphology (grain size, stratification).

Satellite scatterometer measurements at Ku-band are also sensitive to morphology of the

snow volume (Nghiem and Tsai 2001), suggesting that the active microwave measure-

ments support the characterization of snow scattering properties and thus improve the

retrieval of SWE by means of microwave radiometry. The Ku-band scatterometer aboard

flying with the second generation MetOp satellite is also used to measure ice sheet snow

accumulation, for the measurement of land snow mass at medium/low spatial resolutions

and for the characterization of the soil freeze/thaw cycle.

In order to account for improve remote sensing capabilities to measure snow parameters, the

validation with ground-based measurements and regional optimized algorithms to account for

variable landscape and physical properties effects are still a scientific challenge (IGOS 2007). It

is expected that the Sentinels will be beneficial due to their increased temporal coverage,

accessibility and ability to monitor snow cover and snow melting process.
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10 Permafrost

In the Northern Hemisphere, permafrost regions extend over about 23 million km2 (Zhang

et al. 2001).

Permafrost is currently monitored mainly by means of ground-based point measure-

ments. Remote sensing systems are used as complementary tools, to map surface features

of permafrost terrain and monitor their changes driven by climate warming. Surface

indicators of permafrost terrains that can be identified by remote sensing images include

pingos, thaw lakes and basins, retrogressive thaw slumps, thermo-erosional valleys, ther-

mokarst mounds, ice wedge polygons, beaded drainage, palsa fields, slope failures, and

rock glaciers (IGOS 2007). Precise topographical data are required for accurate geocoding

of the remote sensing imagery (optical and SAR) so that changes in permafrost features can

be tracked accurately. High resolution Digital Elevation Models (DEMs) are also required

for modelling hydrology, permafrost distribution, erosion and matter fluxes resulting from

permafrost degradation (McNamara et al. 1999). DEMs derived from current satellite

systems (e.g., ASTER DEM) are lacking the accuracy needed for these tasks.

11 Glaciers and Ice Caps

Precise data on surface topography of mountain glaciers, ice caps and outlet glaciers of ice

sheets are needed as basic information for ice dynamic models, mass balance models, and

regional hydrological and climate models. Vertical accuracy on the order of 5 m is

acceptable for most of these applications, except for some special ice dynamic models. The

requirements in vertical accuracy are more stringent for measuring changes in surface

topography to infer glacier mass balance through annual (goal) or multi-annual volume

changes. The typical requirement in vertical accuracy for this application is B1 m (elevation

change). There is still high uncertainty in the mass balance of the world’s glaciers and ice

caps (Lemke et al. 2007). This is due to the fact that accurate mass balance measurements

are made only on few glaciers worldwide (Dyurgerov et al. 2005). The representativeness of

this small sample is rather questionable, as there is a strong bias towards small glaciers that

are easily accessible. Extrapolating from these glaciers to global numbers causes large

uncertainty. To overcome this deficit requires spatially detailed, precise repeat measure-

ments of temporal changes in glacier surface topography for a large sample of the glaciers

worldwide. For calving glaciers, these measurements need to be complemented by estimates

of the calving flux to obtain the mass balance. In this context, radar altimetry and SAR

interferometry are providing highly important observations. The sustainability of these

observations is also promising in view of the Sentinel-1 and Sentinel-3 missions. The

limiting factor for use of SAR interferometry is the temporal variability of the radar signals

due to snow fall, drift and melting (Rott and Siegel 1997) as well as due to signal de-

correlation in zones of strong sea ice deformation such as along glacier margins.

12 Ice Sheet

Radar altimetry (ERS-RA, Envisat-RA), IceSat-1 and CryoSat 2 have been the main

sensors for precise measurements of surface topography on the ice sheets for estimating

volume changes. Because the accumulation rate on the main accumulation zones of the ice

sheets is rather small, the requirements in vertical accuracy of the repeat measurements are
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rather high (B10 cm/year minimum, B5 cm/year goal). Uncertainty of radar signal pen-

etration in firn and temporal trends in firn properties are reasons for differences in surface

elevation measured by radar and lidar (Brenner et al. 2007). Further uncertainties in

computing mass changes of the ice sheets result from variability of firn layer thickness,

caused by regional variability of accumulation and temperature (Helsen et al. 2008). These

are reasons for the rather large error bars in the mass balance estimates for Antarctica and

Greenland in the IPCC report (Lemke et al. 2007). Significant reduction in the uncertainty

can be expected by applying different altimetric systems in synergy.

A combination of SAR interferometry and satellite altimetry strengthens the retrieval

method and reduces the uncertainties that in turn allows for more detailed studies of

topographical and mass changes as well as surface velocity and associated deformation as

reported by Rignot et al. (1998) and Shepherd and Wingham (2002) showing that

dynamically related thinning is penetrating deep into the interior of the West Antarctic, Pine

Island and Thwaites drainage basins. The temporal variability and corresponding signal

decorrelation time are again a limiting factor regarding appropriate use of interferometry.

CryoSat (Wingman et al. 2006) is a separate mission developed mainly for measuring

ice sheet elevation and sea ice thickness and their changes. By accurately measuring

thickness change in both types of ice, CryoSat-2 will provide information to complete the

picture and lead to a better understanding of the role ice plays in the Earth system.

The planned Sentinel-1 mission is expected to offer unique operational and scientific

capacity due to its increase revisit period. Also, by a synergistic use of Sentinel-1 and the

other space-borne SAR missions, often operating at different wavelengths and modes,

certain ice types can be easily identified.

13 Sea Ice

Microwave satellite observations are routinely providing essential data on large-scale ice

concentration, area, type and large-scale motion. Moreover, measurement of the vertical

dimension of sea ice (ridges, freeboard, thickness, snow thickness) and thermodynamic

properties (temperature, heat flux) is possible by use of altimeters (e.g., IceSAT, CryoSat 2

for sea ice thickness[0.5 m) and infrared/microwave radiometers (e.g., SMOS for sea ice

thickness\0.5 m), although at varying degree of maturity with respect to retrieval accura-

cies. Many small-scale processes and phenomena related to sea ice deformation and marginal

ice zone thermodynamics can also be observed by high-resolution SAR (coupled with

optical/infrared images under cloud-free conditions), but there are no systematic and long-

term observations because the data coverage is insufficient. Snow depth and snow water

equivalent are also important variables in the presence of sea ice that need to be retrieved

more reliably from satellites. Data on snow depth can be obtained from satellite sensors such

as by combined use of IceSAT and CryoSat, and from optical (snow cover) and passive

microwave data (snow depth), or higher frequency (Ka band) SAR data, but the methods are

not adequately validated and need to be further carefully examined and improved.

14 Sea Level

Sea levels are rising in several places around the world potentially impacting human

populations (e.g., those living in coastal regions and on islands) and the natural environ-

ment (e.g., marine ecosystems). Global average sea level rose at an average rate of around
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1.7 mm per year in the twentieth century and at a satellite-measured average rate of about

3.2 mm per year from 1993 to 2009 (Meyssignac and Cazenave 2012), but no acceleration

has been noted in the period 1993–2013. It is unclear whether the increased rate reflects an

increase in the underlying long-term trend. Two main factors contribute to the observed sea-

level rise, notably thermal expansion from general warming of the ocean and enhanced

freshwater run-off from land-based ice due to increased melting. As such, long-term

observations of the global mean and spatial sea-level change jointly with mass changes of

the ice sheets and glaciers become of paramount importance for monitoring of the hydro-

logical cycles and constraining of the water budget between the glaciers and the ocean.

15 Sea-surface Salinity

A total of 86 % of the total global evaporation and 78 % of the precipitation occur over the

ocean (Schmitt 1995). As such, the ocean surface salinities have proven to be a much more

reliable indicator of the water cycle than many of the land-based measurements. Salinity,

moreover, is a fundamental ocean state variable and a major determinant, along with Sea-

Surface Temperature (SST), of the density of seawater; hence it is a crucial factor in ocean

circulation, which in turn has a major impact on climate (Schmitt 2008). Salinity vari-

ability at the sea surface also modulates or is modulated by heat, momentum and CO2

exchange between the ocean and atmosphere. Salinity is an important constraint in ocean

models and an indicator of freshwater capping. Sea-surface salinity (SSS) is correlated

with differences between precipitation and evaporation (P–E), and improved knowledge of

P–E would provide a better estimation of latent heat flux and improve characterization of

stratification of the near-surface ocean layer. Besides, SSS variability is also related to the

freezing and melting of sea ice and to freshwater river run-off. A better understanding of

all these phenomena will be fostered by the recent availability of synoptic measurements of

SSS thanks to the ESA SMOS (Font 2010) and NASA/CONAE Aquarius (Le Vine et al.

2010) satellites. Concurrently with the continuous improvements in the accuracy and

reliability of these data, a routine monitoring of Sea Surface Salinity (SSS) is becoming

possible for the first time thus allowing a quantitative characterization of the above-

mentioned processes and their mutual relationships in the context of the hydrological

cycle.

16 Freshwater Discharge for Large Mid-Latitude and Tropical Rivers

Occurrences of low salinity surface patches in tropical regions are closely related to the

presence of the estuaries of the world’s largest rivers in terms of fresh-water discharge

(Amazon, Congo, Orinoco, Niger) and the subsequent spreading of freshwater by the sur-

face oceanic circulation. The largest tropical river discharge regions have been studied using

satellite altimetry, SST and ocean colour, but each technique has limits in these fresh pool

regions, since salinity is the main controller of surface density in those areas. Now the

satellite sea surface salinity (SSS) missions bring the unique capability to directly detect and

track freshwater spatial gradients and lateral advection across the tropical oceans. The

spatial extent of the buoyant plumes of freshwater that form in the tropical seas due to

discharges from these world largest rivers can thus be temporally traced by SMOS/Aquarius

imagery with an unprecedented resolution (Reul et al. 2013) In particular, river-influenced
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low salinity waters behave as excellent tracers of the local oceanic circulation and can be a

very interesting proxy of subsurface properties (stratification, ocean heat content).

17 Conclusions and Observational Needs for the Future

Since the first experiments performed on assimilating data products derived from EO data

into hydrological modelling for practical purposes of water resources management in the

early 1980s (Ramamoorthi 1983), there seemed to be a prolonged pause. It is only now,

more than 30 years later, that there are signs that application into operational hydrological

models progresses rapidly (Van Dijk and Renzullo 2011). This is due to the fact that

remote sensing data availability for the complex and interdisciplinary task of hydrology

has long remained subcritical to capture the key multidisciplinary variables and their

mutual interactions and feedback. EO data availability is now, especially with the prospect

of the high-frequency global coverage with high-resolution satellite data, such as the ones

from the Sentinels, approaching a point where monitoring of the hydrological variability in

the context of a balanced Earth system approach is gradually becoming feasible (see

Table 2). Also, hydrological models of operational character and spanning longer time

intervals are increasingly becoming available. These models are optimized more and more

for the use and assimilation of EO products.

Nevertheless, still today, the main shortcomings in many cases are that derived

hydrological indices from so-called black-box models or conceptual models are not based

on physical principles and relationships. These black-box models have to be calibrated to

unknown and unconsidered circumstances in local and regional watersheds. Because of

calibration with historical data, they more or less lack predictive power. This makes their

use for any kind of long-range forecast difficult and for the necessary formulation of a

global hydrology impossible. In addition, the climate system is governed by the global

water and energy cycle, which is constituted of many interdependent and complex pro-

cesses, interactions and mutual feedbacks in the atmosphere, hydrosphere, cryosphere and

biosphere. Only a sound understanding of these processes will allow a quantitative and

accurate determination of hydrological variables from satellites. The new wealth of data

relevant for hydrological land surface processes studies, which originates from remote

sensing sources in turn allows us to abandon conceptual model approaches and further

develop hydrological models, which are based on first-order principles in the representa-

tion of hydrological land surface processes both in the physical and physiological domain.

The understanding of the complex hydrology of the Earth and its linkage with the

carbon cycle and the atmosphere will drive our ability to realistically model the local,

regional and global water cycle with high predictive skill and to thereby further reduce

uncertainties in climate and Earth system models. Besides the general need for better and

longer-term global data coverage at higher temporal and spatial resolutions to constrain

model projections, observational needs and areas of continuing difficulties to obtain

consistent observations and measurements include

• Improved observations of precipitation as the basic driver both for numerical weather

prediction and hydrological land surface models to quantify global and regional trends,

• Increased and continuous precipitation observations over the oceans,

• Improved satellite-based global measurements of land surface parameters and their

assimilation into dedicated high spatial resolution hydrological land surface models to

better quantify stream flow, soil moisture and evapotranspiration and the carbon cycle,
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• Enhanced ground water monitoring from satellite gravity observations,

• Enhanced monitoring of water quality, not only in coastal zones, but also over inland

water bodies and large rivers,

• Improved inputs from higher resolution space data for land snow- and ice inventories as

important water storage and frozen soil/permafrost monitoring,

• Inventories of data needed to do broad assessments of socio-economic trends of water

use (e.g., agricultural water demands),

• Improved assessment of the insights offered by the recent satellite monitoring of sea-

surface salinity regarding the oceanic branch of the hydrological cycle,

• Improved quantitative observation of river discharge,

• Enhanced monitoring of the surface albedo (from changes in snow, cover, sea ice

extent) and its influence on evaporation, cloud formation and precipitation.

The new generation of operational satellites is expected through their increased cov-

erage and temporal repeat observation capability to augment data availability and as such

further our understanding of the hydrological cycle, also helping to move towards a

quantitative closure of the water budget. Here, increased international collaboration and the

use of observations from many satellites and/or satellite constellations will constitute

important assets.
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