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Abstract

Human-induced changes to the climate system have brought about unprecedented impacts on the
hydrologic cycle, which are expected to intensify in the coming future. External forcings act upon the
various components of this complex system through non-linear interactions with the land surface at
different spatio-temporal scales. The task of fully understanding these processes in order to better
predict, and prepare for, the current and future development of the water cycle is challenging, given the
constraints of a comprehensive assessment of its physical behaviour. Many advances have been made
in the detection, characterization, and ability to predict the response of the water cycle as a result of
changes to atmospheric forcings, but large uncertainties still remain. The study of land hydrology using
current state-of the-art land surface models can provide valuable insights toward the understanding of
the involved biophysical processes, and help elucidate the ways in which forcing trends can affect the
relevant components of the water cycle. This thesis uses land-surface modeling experiments and
comparisons with observations to assess some of the effects of atmospheric forcing trends on land
hydrologic processes, in addition to providing insights into the possible limitations of the datasets and

simulation methodology.

Chapter 1 provides an overview of the current knowledge in the related fields in climate science that
are relevant to, and provide the theoretical basis for, the research presented in this thesis. It includes a
description of some recent findings with respect to the components of the global water and energy
cycles and their interactions within the climate system. It also introduces the modeling tools and

methodologies on which the subsequent chapters rely.

In Chapter 2, the sensitivity of the CLM land-surface model and of its output hydrologic variables to
changes in global radiation is investigated in detail. Simulated trends in evapotranspiration and runoff
in the second half of the 20™ century are derived, and the potential direct and indirect effects of
radiation trends, and their relative importance, are ascertained. Close attention is also paid to how
changes to the partitioning of incoming solar radiation between its direct and diffuse fractions may
affect the components of the water cycle. There, it is shown that the modeled hydrologic cycle response

to the imposed radiation changes is relatively strong globally, and particularly in the tropics, but weak
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in regions with soil moisture-limited evapotranspiration regime. In Europe and the Eastern U.S. the
imposed solar dimming signal leads to an evapotranspiration reduction of 5% of the mean, and an
enhancement of runoff by equal percentage, while the imposed brightening elicits a proportional
response. The simulated impact of higher diffuse radiation fraction suggests mostly an increase of
evapotranspiration in the tropics of 3% of mean due to increased photosynthesis from shaded leaves,
but smaller opposite effects elsewhere due to the compensatory effect from lower ground evaporation.
The runoff trend resulting from the imposed radiation/aerosols effect is of the same sign and
approximate relative magnitude as those from other studies for other potential drivers of runoff change

such as climate, CO,, and land use.

In Chapter 3, recent hydrological variability and trends for annual time series of streamflow in Europe
are investigated for several datasets: 1) near-natural small catchment streamflow observations
integrated over large river basins; 2) river basin streamflow measurements at downmost stations from
the GRDC dataset; 3) and simulations with the CLM land-surface model driven with state-of-the-art
forcing datasets. In addition, the mean of a multi-model hydrologic study featuring the most commonly
used latest-generation models is used for the evaluation of variability of runoff in the investigated
basins. The CLM simulations agree with the observations reasonably well, especially in terms of runoff
variability, although regional discrepancies exist mostly in the drier Southwestern European basins.
Runoff from integrated near-natural catchments can be valuable for the validation of model-simulated
runoff, as it is a good proxy for continental-scale basin behaviour and is sensitive to radiation forcing
trends, especially in Western and East-central European river basins. The poorer performance of the
simulations driven with one of the forcing datasets highlights the importance of atmospheric forcing to
accurately simulate terrestrial hydrology. Despite the differences in scale and the large uncertainty
expressed by an overall poor statistical significance level, near-natural streamflow trend behaviour and
changes mostly show good agreement with GRDC observations and simulated data. The overall
consistency between the integrated near-natural catchment and whole-basin GRDC data relativizes the

possible impacts of scale, altitude or human water use on runoff in the investigated river basins.
Chapter 4 analyses the impacts of model resolution, atmospheric forcing, and the choice of land-surface

model on the means, variability, and trends in land hydrology, globally and regionally. Offline land-

surface model simulations with the CLM land-surface model are performed at two different resolutions
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and driven with two different forcing datasets, including a recently developed product from the
WATCH project. The results are compared to WATCH simulations computed with six different land-
surface and global hydrologic models. The results reveal that the WATCH-driven CLM simulation
generally lies within the WATCH multi-model spread and that the choice of forcing dataset can
substantially affect the simulations, at least to the same order of magnitude as the model choice.
Overall mean patterns in runoff and evapotranspiration reflect the distribution of precipitation from the
forcing. Simulations driven with the same forcing exhibit similar trend patterns and magnitude,
suggesting that the decadal variability of the water cycle components is more sensitive to differences in
the forcing datasets than to differences in model parameterizations. For the inter-annual variability of
the simulated processes, however, both the applied forcings and model parameterizations appear
relevant. The means and trends in radiation forcing are well correlated with the multi-model ensemble
runoff, but neither of the forcing datasets incorporate observed radiation brightening trends, and thus
some of the simulated trends may be erroneous. Lastly, it is observed that in relative terms model
resolution plays a modest role for simulation uncertainty, at least in the absence of higher forcing

resolution.

Chapter 5 summarizes the main conclusions of this thesis, namely that land surface processes and their
impacts on the water cycle are substantially affected by atmospheric forcing trends. Solar radiation
impacts evapotranspiration and runoff in significant ways, and its partitioning between direct and
diffuse fractions must also be taken into account. It is additionally identified that runoff observations
from near-natural catchments can prove valuable for the validation of simulated runoff, as they are
found to be good proxies for continental-scale basin behaviour and are sensitive to forcing trends.
Lastly, the adequate simulation of land-surface hydrology depends on the choice of atmospheric forcing
and land-surface model, which may bias the means, variability, and trends at the global and regional
levels. Hence, this study shows both the potential and limitations of land surface models for assessing
land hydrological trends, and especially highlights the necessity for the improvement of atmospheric
forcing datasets to assess long-term changes in the land water cycle. It additionally shows the strong
regional variations in the importance of respective atmospheric drivers, which can generally be related

to variations in hydrological regime.



Résumé

Les activités humaines ont entrainé¢ des impacts sans précédents sur le systéme climatique, et en
particulier sur le cycle hydrologique, qui devraient s'intensifier a l'avenir. Les forcages externes
agissent sur les différentes composantes de ce systétme complexe a travers d'interactions non-linéaires
avec la surface du sol a différentes échelles spatio-temporelles. La tache consistant a améliorer notre
comprehension des processus dans le but de mieux prévoir et se préparer a 1'évolution actuelle et future
du cycle de l'eau est difficile, étant donné les contraintes d'une évaluation exhaustive de son
comportement physique. De nombreux progrés ont été réalisés dans la détection, la caractérisation et la
capacité a prédire la réponse du cycle de I'eau résultant de changements de forcages atmosphériques,
mais de grandes incertitudes existent encore. L'étude de I'hydrologie terrestre a l'aide de modéles de
surface les plus récents permet d'obtenir des indications précieuses pour la compréhension des
processus biophysiques impliqués, et d'aider a ¢élucider la maniére dont les tendances dans le forcage
peuvent affecter les composants principaux du cycle de I'eau. Cette thése se base sur des expériences de
modélisation de la surface terrestre et sur des comparaisons avec les observations pour évaluer certains
effets des tendences dans les forgages atmosphériques sur les processus hydrologiques terrestres, a plus
de donner des apergus sur les limites possibles des ensembles de données et de la méthodologie des

simulations.

Le chapitre 1 propose une vue d'ensemble des connaissances actuelles dans les domaines des sciences
du climat pertinentes et qui fournissent la base théorique pour la recherche présentée dans cette these. 11
comprend une description de résultats récents concernant les composants du cycle de I'eau et de
I'énergie mondiale et leurs interactions au sein du systéme climatique. Les outils de modélisation et les

méthodologies sur lesquelles reposent les chapitres suivants son introduits.

Dans le chapitre 2, la sensibilité aux changements de rayonnement global du modéle de la surface
terrestre CLM et de ses variables hydrologiques est étudiée en détail. Les tendances simulées de
I'évapotranspiration et I'écoulement durant la seconde moiti¢ du 20¢me si¢cle sont calculées et les effets
potentiels directs et indirects des tendances de rayonnement, ainsi que leur importance relative, sont

¢évaluées. Une attention particuliere est également accordée a la fagcon dont les modifications du
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partitionnement du rayonnement solaire incident entre la fraction directe et la fraction diffuse peut
affecter les composants du cycle de l'eau. Il est démontré que la réponse du cycle hydrologique
modélisé suivant les changements de rayonnement solaire imposés est relativement forte au niveau
global et en particulier dans les tropiques, mais faible dans les régions ou le régime
d'évapotranspiration du sol est limité par I'humidité. En Europe et dans I'Est des Etats-Unis, le signal
d'atténuation solaire imposé conduit a une réduction de 1'évapotranspiration de 5% de la moyenne et a
une croissance de 1'écoulement en pourcentage égal, tandis que 1'éclaircissement imposé suscite une
réponse proportionnelle au signal du forcage. L'impact de la simulation d'une fraction plus grande de
rayonnement diffus suggére surtout une augmentation de I'évapotranspiration dans les tropiques de 3%
de la moyenne en raison de la photosynthése accrue provenant des feuilles ombragées, mais les effets
opposés sont plus limités ailleurs a cause de I'effet compensatoire de 1'évaporation du sol. La tendance
de I'écoulement résultant de I'effet du rayonnement et des aérosols imposés est du méme signe et de
méme magnitude relative approximativement que celle trouvée dans autres études sur d'autres facteurs

potentiels de changement d'écoulement, comme le climat, le CO, et l'occupation des sols.

Dans le chapitre 3, les tendances et la variabilité¢ hydrologique récentes des séries temporelles annuelles
d'écoulement en Europe sont étudiées pour plusieurs ensembles de données: 1) des observations des
bassins a petite échelle non-perturbés, intégrés a 1'échelle des bassins continentaux; 2) des mesures
d'écoulement au niveau des bassins continentaux des stations les plus en aval de I'ensemble de données
de GRDC; 3) et des simulations avec le modele de surface terrestre CLM forcées par des ensembles de
données de forgage atmospherique les plus récents. De plus, la moyenne d'une étude hydrologique
multi-modéles avec les modeles de derniére génération les plus courants est utilisée pour I'évaluation
de la variabilit¢ de I'écoulement dans les bassins analysés. Les simulations avec CLM sont en
raisonnablement bon accord avec les observations, en particulier en terme de variabilit¢ de I'
¢coulement, méme si des disparités régionales existent plutot dans les bassins secs du sud-ouest
européen. L'écoulement des petits bassins non-perturbés intégrés a 1'échelle des bassins continentaux
peut étre précieux pour la validation de 1'écoulement simulé par le modele, car il est un bon indicateur
du comportement du bassin a I'échelle continentale, et est sensible aux tendances du forcage radiatif, en
particulier dans les bassins hydrographiques de I'Europe de 1'ouest, ainsi que de I'Europe Centrale et de
l'est. La performance plus faible des simulations forcées avec un des ensembles de données de forgage

atmospherique met en évidence l'importance du forgage atmosphérique pour la simulation des
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processus hydrologiques terrestres. Malgré les différences d'échelle et la grande incertitude révélée par
des faibles niveaux de significance statistique, le comportement et le changement des tendances de
I'écoulement des petits bassins non-perturbés montrent pour la plupart un bon accord avec les
observations de GRDC et les données simulées. La cohérence globale entre les observations des petits
bassins non-perturbés intégrés et les données de GRDC a I'échelle des bassins continentaux relativise

les effets possibles des variations d'échelle, d'altitude ou d'utilisation de I'eau dans les bassins étudiés.

Le chapitre 4 analyse les impacts de la résolution du modele, du forcage atmosphérique, et du choix de
modele de surface terrestre sur les moyennes, la variabilité et les tendances en mati¢re d'hydrologie
terrestre, globalement et régionalement. Les simulations avec le modele de surface terrestre
Community Land Model (CLM) sont effectuées a deux résolutions différentes et conduites avec deux
différents ensembles de données de forcage, y compris un produit développé récemment par le projet
WATCH. Les résultats sont comparés aux simulations de WATCH calculées avec six modeles de
surface terrestre et hydrologiques differents. Les résultats révelent que la simulation de CLM forcée par
WATCH se trouve en général dans la marge de fluctuation de ceux de l'ensemble multi-modele
WATCH et que le choix de forcage atmospherique peut affecter significativement les simulations, au
moins dans le méme ordre de grandeur que le choix du modéle. En général, les comportements moyens
de 1'écoulement et de 1'évapotranspiration reflétent la répartition des précipitations due au forcage. Les
simulations conduites avec la méme forgage manifestent les mémes modes de comportement dans les
tendances et I'ampleur, ce qui suggere que la variabilité décennale des composantes du cycle de 1'eau
est plus sensible aux différences dans les ensembles de données forgantes qu'aux différences dans les
paramétrisations du modele. Pour la variabilité inter-annuelle des processus simulés, toutefois, a la fois
les forcages appliqués et les paramétrisations du modele semblent importants. Les moyennes et les
tendances de forgage radiatif sont bien corrélés avec I'écoulement de 1'ensemble multi-modeles, mais
aucun des ensembles de données incorpore les tendances d'éclaircissement de rayonnement observés, et
donc quelques-unes des tendances simulées peuvent étre potentiellement erronées. Enfin, il est observé
qu'en termes relatifs, la résolution du modéle joue un role modeste dans l'incertitude des simulations,

du moins en l'absence de résolutions de forgage plus hautes.

Le chapitre 5 résume les principales conclusions de cette thése, a savoir que les processus de surface

des terres et leurs impacts sur le cycle de I'eau sont sensiblement affectés par les tendances du forgage
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atmospherique. De plus, le rayonnement solaire affecte 1'évapotranspiration et I'écoulement de fagon
significative et sa répartition entre les fractions directe et diffuse doit également étre prise en compte.
Les résultats montrent par ailleurs que les observations de 1'écoulement provenant des bassins non-
perturbés peuvent se révéler précieuses pour la validation de I'écoulement simulé, car elles se trouvent
étre de bons indicateurs pour le comportement du bassin a 1'échelle continentale et sont sensibles aux
tendances du forcage. Enfin, la simulation adéquate de I'hydrologie de la surface terrestre dépend du
choix de forcage atmosphérique et du modele de surface terrestre, ce qui peut biaiser les moyennes, la
variabilité et les tendances aux niveaux global et régional. Ainsi, cette étude montre a la fois le
potentiel et les limites des modeles de surface terrestre pour évaluer les tendances hydrologiques
terrestres et souligne en particulier la nécessité pour l'amélioration des ensembles de données de
forcage atmosphériques pour évaluer a long terme les changements dans le cycle de 1'eau sur terre. Il
est aussi démontré que les variations régionales dans I'importance des drivers atmosphériques

respectifs, qui peuvent généralement étre liées aux variations de régime hydrologique, sont fortes.
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CHAPTER 1: INTRODUCTION

Introduction

“... il y a plufieurs petites ifles enuironnees & entourees d'eau de la mer, mefme quelques vnes qui ne
contiennent pas vn arpent de terre ferme, efquelles il y a des puits d'eau douce; ce qui donne
clairement a conoiftre que lefdites eaux douces ne prouiennent n'y de fource ny de la mer, ains des
efgouts des pluyes, trauerfant les terres iufques a ce qu'elles ayent trouué fond...”

(Bernard Palissy)'

Securing reliable sources of freshwater has been a constant preoccupation of human societies. A vital
element for subsistence, water has been since ancient times a main subject of people's interest, as they
have struggled to better understand its cycles and the past, present and future trends in availability, in
order to adapt to its changes. Yet, the scale of recent human-induced alterations to the climate system
will pose perhaps one of humanity's greatest challenges, as we strive to adequately predict, and adapt
to, likely unprecedented impacts on the water cycle. The climate system is a complex, non-linear entity
influenced by external forcing, and interacts with the land surface at various spatio-temporal scales,
whose workings are impossible to fully capture from observations alone. Modeling the water and
energy cycles at the land-atmosphere interface can help understand these complex processes and
interactions, separate the effects of the different forces at play, and ultimately improve society's ability
to manage water resources. This thesis, based on land-surface modeling and comparisons with
observations, aims at improving the understanding of the effects of observed trends in atmospheric

forcing on the components of the terrestrial hydrologic cycle.

1 Bernard Palissy (1580) is credited with the first clear formulation of the modern concept of the water cycle. In his
“Admirable speeches on the nature of the waters and fountains...” he wrote: “... there are several small islands encircled
and surrounded by sea water, even some which do not contain an acre of dry land, where one can find freshwater wells;
this clearly lends itself to the understanding that the said fresh waters do not originate neither from spring nor from the
sea; the same can be said for the runoff from the rains, traversing the lands until it finds a bottom...”
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CHAPTER 1: INTRODUCTION

1.1 The water and energy balances

Climate on Earth is determined by the amount of incoming radiation from the sun. To achieve
equilibrium, the outgoing longwave radiation has to balance the incoming shortwave radiation, a
relationship coupled by a plethora of atmosphere and surface phenomena. Incoming radiation may be
scattered and reflected by clouds and aerosols or absorbed in the atmosphere, and then further absorbed
or reflected at the surface (Trenberth ez al., 2009). This radiation provides the energy necessary for the
evaporation of water to form clouds, which in turn further dictate how much radiation is let through,
reflected or absorbed, in an interaction that closely binds the water and energy cycles. The
quantification of the global energy budget is challenging, and major improvements in its estimation
were only possible after satellite observations which narrowed the theretofore large uncertainty in
planetary albedo and outgoing longwave radiation became available (Kiehl and Trenberth, 1997). An
estimation of the global energy flows is illustrated in Fig. 1.1 (Trenberth ef al., 2009). Satellite-derived

estimates of precipitation also help in determining global surface latent heat fluxes, nonetheless large
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Figure 1.1: Earth's annual mean energy budget, in W m”, with broad arrows indicating the schematic
flow of energy in proportion to their importance (from Trenberth et al., 2009).
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uncertainties in the energy and water budgets remain. Due to Earth's geometry causing differential
heating, the atmosphere acts as a vehicle for the transport of energy from the tropics poleward, with
variations to the top of atmosphere net radiation exhibiting an annual cycle due to fluctuations in
Earth’s albedo and solar irradiance (Fasullo and Trenberth, 2008). The top of atmosphere budgets are
closed by the net upward surface energy flux consisting of shortwave and longwave radiative fluxes,
and turbulent fluxes of latent and sensible heat (Mitchell, 1989). The global annual cycle of the net
radiation has a range of about 8% of the net flow through the system, so a 5% error in the annual cycle
is comparable to the climate change signal. The annual cycle in land energy storage on the order of 2%
of the net flow is associated with moisture flows onto land, return river flows, and changes in solid and
liquid water storage (Fasullo and Trenberth, 2008). It is thus important for models to be able to capture

changes in land albedo, snow cover, vegetation, and hydrology.

1.2 The water cycle and climate change

Water vapour sensitivity to temperature suggests that the warming of the planet due to the greenhouse
effect will impact the global water balance (Allen and Ingram, 2002). Multi-model analyses show that
anthropogenic forcings would have already been responsible for increases in precipitation and changes
to its latitudinal distribution (Zhang et al., 2007), and combined satellite observations and model
simulations reveal a link between rainfall extremes and temperature, additionally noting that the
observed amplification of extremes is larger than predicted, implying that future change projections
may be underestimated (Allan and Soden, 2008). Indeed, model-observation comparisons indicate that
global land precipitation is controlled by external forcings (Fig. 1.2), but the quantification of possible
future changes in the hydrologic cycle is difficult because observations are scarce and the physical
constraints on this complex system are weak (Allen and Ingram, 2002). It is thus important to
investigate trends in measurable hydrological variables such as evapotranspiration (hereafter referred to
as “ET”) and runoff, and study how climate change affects related surface processes and exchanges.
Although available ET observations are insufficient to detect robust, long-term trends (e.g. Seneviratne
et al., 2010), studies of pan evaporation observations (e.g. Roderick and Farquhar, 2002), modeling of
land-atmosphere interactions (e.g. Seneviratne et al., 2006), and combined modeling and observation
studies (e.g. Teuling et al., 2009) concur that external drivers impact the land water cycle through

changes in ET. In addition, runoff, the difference between precipitation and ET on long time scales,
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Temperature (K}

Precipitation {mm d™7)

Figure 1.2: Changes in observed global-mean temperature (a, in red) and land precipitation (b, in
blue) over the past 55 years compared with HadCM3 climate model run from a four-member initial-

condition ensemble with estimates of anthropogenic, solar and volcanic forcing. Dashed line shows
ensemble mean (from Allen and Ingram, 2002).

plays a key role in the water cycle as it returns the net fluxes from land-atmosphere interactions to the
oceans, also affecting soil moisture and ET. An estimation of the global water storage reservoirs and
fluxes is illustrated in Fig. 1.3 (Trenberth et al., 2007). A measure of water availability so critical for
human health, economic activity and ecosystem function, runoff has also been changing in the 20th
century, but large-scale runoff studies have often reached conflicting outcomes regarding the magnitude
and even sign of modeled and observed trends (e.g. Labat ef al., 2004, Legates et al., 2005; Milly et al.,
2005; Krakauer and Fung, 2008; Dai et al., 2009). In fact, the study of trends in runoff is marred with
obstacles, as long-term measurements are scarce and expensive to maintain, methodological issues and
errors in measurements and data processing are not uncommon, and data are often not made available

(Hannah et al., 2010). Nonetheless, runoff observations agree that changes have occurred, some as a
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Figure 1.3: The hydrological cycle, with estimates of the main water reservoirs given in plain font in
10° km’, and the moisture flows in italic font in 10° km’ yr™'(from Trenberth et al., 2007).

result of such human-induced, non-climate effects as land cover alteration (Vordsmarty and Sahagian,
2000) or water diversion for human use (D61l et al., 2009), while much has also been attributed to
external forcings in the form of precipitation and temperature trends (McCabe and Wolock, 2002;
Peterson et al., 2002; Milliman ef al., 2008). Runoff is also influenced by vegetation, itself sensitive to
atmospheric CO,-induced climate change: this includes alterations to land-use/land-cover (Piao ef al.,
2007; Gerten et al., 2008) and the effects of increased atmospheric CO, through plant transpiration

(Gedney et al., 2006; Betts et al., 2007; Gerten et al., 2008) and plant fertilization (Piao et al., 2007;
Alkama et al., 2010), or changes to radiation from different aerosol load or direct/diffuse radiation
partitioning (Gedney et al., 2006; Oliveira et al., 2011) affecting photosynthesis. Table 1.1 gives an
overview from land-surface modeling studies of the magnitude of some drivers of runoff change with

respect to the climate impact (Oliveira et al., 2011). Model simulations for the elaboration of
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Table 1. Comparison of modeled runoff trends from climate [mm/yr?] and other drivers [as % of climate trend] from various studies.

Other drivers
rl_nac?éie-lsurface Forcing data Publication Time period Domain Climate Radiation/ Diffuse co Land use
Aerosols radiation 2
Europe -1.82 -23% 5% - -
19001990 iobal -0.40 108%
oba -0. - b 18% - -
CLM3.5 NCEP/NCAR [Oliveira et al., 2011]
Reanalysis Europe  -0.30 - - - -
1951-2002
Global -0.30 - - - _
ORCHIDEE  [IPSL CM4 outpuf] [Alkama et al., 2010] 1900-1999  Global +0.18 - - 6% -
1951-2002  Global -0.12 - - -23% -14%
LPJml CRUTS 2.1 [Gerten et al., 2008]
1901-2002  Global +0.16 - - 21% 28%
Global +0.15 - - -27% 53%
ORCHIDEE CRUTS 241 [Piao et al., 2007] 1901-1999
Europe +0.19 - - -5% 53%
Europe -0.19 -21% - -132% 1%
HadCM3 CRUO05 [Gedney etal., 2006] 1960-1994
Global -0.14 -93% - -179% 0%

aIncludes trends intrinsic to atmospheric forcing datasets: precipitation, temperature, humidity, wind.

projections into the 21* century suggest that larger changes to mean and extreme runoff conditions are

expected (e.g. Milly et al., 2005; Hirabayashi et al., 2008), although there are still large uncertainties
regarding flood projections, because the involved processes are complex (IPCC, 2012). A substantial
portion of 20" century hydrologic change was externally forced, making models essential to helping

characterize future changes to the components of the water cycle.

1.3 Global dimming and global brightening

Volcanic signals have been detected in changes to global precipitation in the second half of the 20™
century, confirming that shortwave forcings may exert a large influence on the water cycle (Gilett ez al.,
2004). Similarly, incident solar radiation at the surface has changed in the last half-century, as an initial
dimming trend from approximately 1960 to 1990 preceded an ongoing period of widespread
brightening (Wild et al., 2005; Streets et al., 2006). Observations reveal a large, widespread “dimming”
of incoming radiation amounting to a global period average of 9 W m (Stanhill and Moreshet, 1992),
observable from ground stations (Stanhill and Cohen, 2001) and satellites (Pinker et al, 2005).
Dimming likely has anthropogenic causes due to an increase in atmospheric aerosol loading from fossil

fuel emissions and associated increase in cloud formation (e.g. Lohmann and Feichter 2005). Since
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Figure 1.4: Distribution of solar radiation observations: sites measuring an increase in surface
radiation after 1990 are marked in yellow, sites measuring a decrease are shown in brown. High-
quality observations are triangles, other sites are crosses (from Wild et al., 2005).

approximately 1990, more effective clean-air regulations, added to the decline in heavy-polluting
eastern European economies, have probably led to a reversal from dimming to brightening, as noted in
global-wide observations (Wild et al., 2005). A map of the stations measuring this recent increase in
solar radiation is included in Fig. 1.4 (Wild et al., 2005). Some of this radiative energy surplus (in the
case of the brightening) at the surface is consumed by evaporation and moist convection, and later
released in the atmosphere through condensation (Richter and Xie, 2008), implying that any alterations
in the available energy will induce changes in the water fluxes (Wild and Liepert, 2010). However, the
current generation of climate models does not capture most of the 20th century variability in the
hydrologic cycle, likely due to the inadequate representation of surface solar dimming and brightening
(Wild and Liepert, 2010). Changes in shortwave downward radiation have been shown to impact land

hydrology, from regional observational studies, e.g., based on soil moisture measurements and surface
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flux and runoft observations (Robock and Li, 2006; Teuling et al., 2009), but global analyses cannot be
conducted solely based on observations. An improved knowledge of variations of the surface radiation
balance and their forcing factors are key to our understanding of past, present and future changes in the
hydrological cycle, and their use in a modeling framework should allow for more realistic simulations

and predictions of the hydrological cycle in the future.

1.4 Land-surface modeling

Land-surface modeling applies numerical models that integrate complex hydrologic and physical
processes occurring at the land surface, between the surface and the atmosphere, and within the soil
column (Liang, 2005). There is strong evidence that land-surface perturbations cause changes in
climate, and climate models are sensitive to the land surface as these changes affect the water and
energy cycles at different spatial and temporal scales (Pitman, 2003). A land-surface model includes
physical processes related to the energy and water budgets, and operates over large spatial domains
with short temporal scales. Processes are interconnected and limited by the available water and energy
(e.g., ET links the energy and water cycles; soil moisture connects different physical and hydrological
aspects). Land-surface models can be coupled to atmospheric models to study the interconnections
between the atmosphere and the land surface, which can improve the accuracy of numerical weather
forecasts and climate predictions that play a dominant role in hydrologic forecasting (Liang, 2005).
They require as input meteorological, soil, and vegetation data of increasing quality and resolution. The
recent representation of the vegetation as dynamic is changing our understanding of the interactions
between vegetation and a changing climate (Tang and Bartlein, 2008). Manabe's “Bucket” model was
the first to represent land-surface impacts within the context of climate simulations, and included
simplified hydrologic processes, a simple energy balance equation, and no vegetation (Manabe, 1969).
A second generation of such models, or “biophysical” models such as the Biosphere-Atmosphere
Transfer Scheme (BATS) and the Simple Biosphere (SiB) model, already represented plant stomatal
conductance, although they calculated it only empirically (Dickinson et al., 1986; Sellers et al., 1986).
These models also included a more complex energy budget to realistically represent energy exchanges
between the land surface and the atmosphere, and ET was related to soil moisture through a simple

linear “beta” factor. Additionally, they also incorporated a soil resistance component to soil evaporation
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(Jarvis, 1976). The third and current generation, or “physiological” land-surface models, has stomatal
conductance explicitly related to photosynthetic assimilation (Ball et al., 1987). Despite the complexity
of current land-surface schemes, there are large discrepancies among models in the magnitude, regional
and land type-specific behaviour, with respect to such important issues as the dependency of ET on soil
moisture, often resulting in divergent outcomes for similar scenarios (Seneviratne et al., 2010).
Therefore, relevant biophysical processes related to soil moisture-vegetation interactions, and their

impacts on hydrology, need to be further ameliorated and complemented with adequate validation.

1.5 The Community Land Model v3.5

The Community Land Model version 3.5 (hereafter referred to as “CLM”) is a numerical model that
simulates land-surface processes within the context of global climate simulations (Oleson et al., 2004,
2008; Stockli et al., 2008). Among the various biophysical processes represented in the model, the most
relevant to this thesis include:
* solar and longwave radiation interactions with vegetation and soil;
* latent heat (ground evaporation, canopy transpiration, and canopy interception) and sensible
heat (ground and canopy) fluxes;
* stomatal control on transpiration and plant photosynthesis;
* soil hydrology, including surface and sub-surface runoff, infiltration, and groundwater;
» vertical profiles of water and temperature calculated for 10 soil layers and up to five snow
layers;

* ariver routing scheme.

Spatial heterogeneity is represented as a nested sub-grid hierarchy in which each grid cell is composed
of various land units (glacier, wetland, vegetated, lake and urban), and the vegetated land unit features
up to 17 plant functional types (hereafter referred to as "PFTs"). There PFTs differ by their radiative
properties, root distribution, aerodynamic parameters and physiological properties. Biophysical
processes are simulated for each sub-grid unit, and grid-scale surface variables and fluxes are derived
by aggregating the sub-grid fluxes. CLM divides the canopy into sunlit (receiving both direct and
diffuse light) and shaded (receiving only diffuse light) fractions (Oleson ef al., 2004; Thornton &

11
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Figure 1.5: Configuration of the CLM subgrid hierarchy (from Oleson et al., 2004).

Zimmermann, 2007), taking into account the connection between stomatal conductance and
photosynthesis. The direct (Is) and diffuse (Isr) radiation fluxes absorbed by the vegetation are

computed using a two-stream canopy radiative scheme, respectively:

Lo =1 = Tairt — (1 — Ogair) Tair; — (1 — otgar) € (1)

Lar=1- IdifT - (1 — Og dif) Idifl (2)

where lair 1 and lges are the upward diffuse fluxes per unit incident direct and diffuse flux, respectively.
Lsir; and lar are the downward diffuse fluxes below the vegetation per unit incident direct and diffuse
radiation, and o, ¢ and o, qir the direct and diffuse ground albedos, while L and S are the exposed leaf
area index and stem area index, and K the optical depth of the direct beam (Oleson et al., 2004). The

stomatal conductance and photosynthesis are calculated separately for sunlit and shaded leaves, as

12
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Figure 1.6: Schematic diagram of photosynthesis (from Oleson et al., 2004).

illustrated in Fig. 1.6. Photosynthesis varies non-linearly with solar radiation depending on the light
response from stomata, which also depend on air humidity, CO, concentration, leaf temperature, and
soil moisture stress (Collatz et al., 1991; Oleson et al., 2004), taking into account the CO, concentration
of the atmosphere, c,, at the leaf surface, c,, and inside the leaf, c;, as well as the leaf boundary layer
resistance, 1,. Leaf stomatal resistance, 15, and photosynthesis, A, both for the sunlit and shaded portions
(Asn and Aqn, respectively), are then integrated at the canopy level scaled by their respective leaf are
indices, Lgn and L., ylelding the following relationships for total canopy photosynthesis, Aca

(equation 3) and canopy conductance Gscn (€quation 4):

Acan = Asun Lsun + Asha Lsha (3)
Gs can — (l/rs sun) Lsun + (l/rs sha) Lsha (4)
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Figure 1.7: Hydrologic processes simulated by CLM (from Oleson et al., 2004).

The CLM hydrology represents such processes as interception, throughfall, canopy drip, snow
accumulation, infiltration, surface and subsurface runoff, soil moisture, and the partitioning of ET
between canopy evaporation, plant transpiration, and bare soil evaporation (Oleson et al., 2004, 2008).
The soil hydrology is based on a TOPMODEL runoff model, which parametrizes surface runoft as
consisting of overland flow and infiltration excess, and includes an unconfined aquifer added to the
bottom of the soil column (see illustration in Fig. 1.7). CLM has been thoroughly tested and compared
with FLUXNET and GRDC data for the simulation of hydrology and other fluxes of energy and

nutrients, and performs well for a wide range of land biomes (Oleson et al., 2008; Stockli et al., 2008).
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1.6 Aims and outlines

The following main objectives are addressed in this thesis:

* Verify the sensitivity of CLM and its output hydrologic variables to changes in global radiation

* Investigate modeled ET and runoff trends in the second half of the 20th century, the potential
direct and indirect effects of radiation trends, and their relative importance

* Study how changes to the partitioning of solar radiation between its direct and diffuse fractions
can have a detectable effect on the water cycle

* Analyse variability and trends in observed runoff from small-scale, undisturbed European
catchments, and compare them to other observations and model-derived runoff at the
continental basin level

» Investigate the effects of solar radiation and precipitation as potential causes for the identified
streamflow trend differences

* Analyse, through an inter-model comparison, the impacts of the chosen land-surface model,
model resolution, and atmospheric forcing on the means, inter-annual variability, and trends in

total evapotranspiration and surface runoff, at the global and regional levels

This thesis is sub-divided into five chapters with the following contents:

Chapter 1: Introduction and motivation

Chapter 2: Vegetation-mediated impacts of trends in global radiation on land hydrology: a global
sensitivity study (Oliveira et al., 2011)

Chapter 3: Simulated and observed inter-annual variability and trends in European runoff (Oliveira et
al., submitted to J. Hydrol.)

Chapter 4: Model and forcing uncertainties affecting the simulation of terrestrial hydrology: an
analysis based on CLM3.5 and WATCH simulated data

Chapter 5: Conclusions and outlook
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Modeling radiation impacts on the water cycle

Vegetation-mediated impacts of trends in global
radiation on land hydrology: A global sensitivity study

Paulo J. C. Oliveira', Edouard L. Davin', Samuel Levis* and Sonia I. Seneviratne'

! Institute for Atmospheric and Climate Science, ETH Zurich, 8092 Zurich, Switzerland
? National Center for Atmospheric Research, Boulder, Colorado, U.S.A.

(published online in Glob. Chang. Biol., doi: 10.1111/j.1365-2486.2011.02506.x., 2011)

Abstract

Incident solar radiation has changed in the last 50 years, as an initial dimming trend from 1960 to ap-
proximately 1990 was followed by an ongoing brightening period, with concomitant changes in the
partitioning between direct and diffuse fractions. Such radiation changes are expected to affect the
global water cycle. In this study, we use the Community Land Model (CLM) to perform global offline
simulations for the 1948-2004 period and study the effects of solar forcing changes on trends in evapo-

transpiration and runoff.

The modeled components of the hydrologic cycle respond strongly to the imposed radiation changes in
several regions, especially in the tropics. Exceptions are regions with soil moisture-limited evapotran-
spiration regime, such as the U.S. Great Plains. In Europe and the Eastern U.S. the imposed 7 W/m?

solar dimming for 1960-1990 leads to an evapotranspiration reduction of 1.5 W/m? or approximately
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5% of the mean, and an enhancement of runoff by equal percentage. In these regions the imposed 6
W/m? solar brightening leads to a 3 W/m? increase of evapotranspiration in 1990-2004, and a runoff re-
duction of between 7 and 10% of the mean. Additional simulations investigating the impact of higher
diffuse radiation fraction during 1960-1990 suggest mostly an increase of evapotranspiration in the
tropics of 2.5 W/m?* (3% of mean) due to increased photosynthesis from shaded leaves, but with smaller

opposite effects elsewhere due to lower ground evaporation.

The runoff trend resulting from the imposed radiation/aerosols effect is of the same sign and approxim-
ate relative magnitude as those calculated, in various studies, for other potential drivers of runoff
change such as climate, CO, or land use, thus strengthening the claim that radiation effects on runoff
are not to be neglected. Understanding the impacts of radiation on the water cycle will affect projec-

tions of river flow and freshwater availability for human consumption.

20



CHAPTER 2: MODELING RADIATION IMPACTS ON THE WATER CYCLE

2.1 Introduction

Incident global solar radiation (i.e. shortwave downward radiation, hereafter also referred to as
“SWdown”) at the land surface has changed in the last 50 years, as an initial dimming trend approxim-
ately from 1960 to 1990 was followed by an ongoing period of widespread brightening (Wild et al.,
2005; Streets et al., 2006; Wild, 2009). Indeed, observations since 1958 have revealed large, significant
widespread reductions in incoming radiation, which, despite considerable spatial variation, amount to a
global average of 9 W/m? by 1985 (Stanhill and Moreshet, 1992). This phenomenon has been sugges-
ted to be limited to sites in urban areas and associated with human population density (Alpert and
Kishcha, 2008), but other studies claim it is widespread throughout the northern hemisphere (e.g. Liep-
ert, 2002). Nonetheless, this pre-1990 dimming was identified in observation records from ground sta-
tions (Stanhill and Cohen, 2001) as well as satellite measurements (Pinker et al., 2005). In theory,
causes for this dimming could include changes to orbital parameters or solar output, but these occur at
geological time scales and have been estimated at an order of magnitude smaller than the observed val-
ues (Wild, 2009). Likely, dimming has anthropogenic causes due to an increase in atmospheric aerosol
loading from fossil fuel emissions and associated increase in cloud formation, and is well correlated
with pollution sources and vehicle traffic at latitudes of higher industrialization and population (Alpert
and Kishcha, 2008; Wild, 2009). Since approximately 1990, more effective clean-air regulations, ad-
ded to the decline in heavy-polluting Eastern European economies, have likely contributed to a reversal
from dimming to brightening, as noted in most global-wide observations (Wild ef al., 2005). This has
been duly recognized by the research community and summarized in the latest IPCC report (2007),
whose accepted global average radiation change values we adopt in this study. Additionally, observa-
tions in recent decades from several locations across Europe, North America and China have hinted
also at changes in the partitioning of global solar radiation into its direct and diffuse components
(Abakumova et al., 1996; Li et al., 1998; Liepert, 2002; Che et al., 2005). Although aerosol loading
trends and radiation partitioning have been noted to vary regionally and temporally in some of the
above-mentioned regions during the dimming period (Liepert and Tegel, 2002), increased aerosol load-
ings can generally be assumed to contribute to a higher fraction of scattered light enhancing plant pho-
tosynthesis (e.g. Gu et al., 2003), a mechanism possibly responsible for a quarter of the accumulated

land carbon sink over the 20th century (Mercado et al., 2009). Such effects are important in the context
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of volcanic eruptions (e.g. Gu et al., 2003) as well as proposed geoengineering options (e.g. Crutzen,

2006).

The reported changes in the amount and partitioning of SWdown in past decades are likely to have had
important implications for trends in evapotranspiration (hereafter referred to as “ET”) and associated
water cycle components in many regions, since net radiation is one of the factors limiting ET (e.g. Rod-
erick and Farquhar, 2002; Teuling et al., 2009; Pieruschka et al., 2010; Seneviratne et al., 2010), and
the impact of the direct/diffuse partitioning on plant photosynthesis may be linked with impacts on ET.
Terrestrial ET is a key component of the climate system, linking the hydrologic, energy and carbon
cycles, amounting to up to 60% of the total land precipitation (Oki and Kanae, 2006), and using up
over half of the net radiation on land in the process (Trenberth et al., 2009), but observations are lack-
ing at the global scale (Jung et al., 2010, Seneviratne et al., 2010). Runoff, a measure of water availab-
ility so important for human health, economic activity, ecosystem function and geophysical processes,
has also been found to be significantly impacted by external forcing in the 20™ century, and larger

changes are expected in the coming decades (Milly et al., 2005).

Regarding the impact of changes in absolute SWdown on land hydrology, regional observational
studies, e.g., based on soil moisture measurements in Russia and Ukraine (Robock and Li, 2006) or
water-balance budgets and lysimeter data in Europe (Teuling et al., 2009), have indeed suggested some
effects. However, global analyses cannot be conducted based on observations alone. Indeed, available
ET observations are insufficient to detect robust, long-term, regional to continental trends given the
short record length at most sites from the FLUXNET network (Baldocchi et al., 2001) and the limited
number of sites with long-term lysimeter measurements (Seneviratne et al., 2010). Furthermore,
linking information from pan evaporation measurements with actual ET trends is not less difficult or
uncertain (e.g. Teuling et al., 2009). Also runoff observations are often lacking or affected by human
water use in many areas, and disagreements regarding the magnitude and even sign of trends in runoff
on the continental scale persist (Labat et al., 2004; Legates et al., 2005; Dai et al., 2009). Additionally,
the drivers for observed hydrologic changes cannot be easily attributed, as they are influenced by a
large number of physical and biological processes at the land surface.

Ultimately, the temporal and spatial coverage characteristics of hydrologic observations limit the ability

to adequately represent the biophysical environment and land-surface hydrology fluxes in global-wide,
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multi-decadal studies. More importantly, observations incorporate all potential driving effects, making
it more difficult to study specific mechanisms and separate causes. Thus, despite its documented
shortcomings and oversimplifications, land surface modeling is a suitable tool to investigate the
sensitivity of land hydrology to forcing variables, and in particular to the reported changes in global
radiation. Here, we use the Community Land Model version 3.5 (CLM) to perform global offline
simulations of land-surface processes, to study the effects of changes in amount and partitioning of
global solar radiation on the hydrologic cycle. Specifically, we set out to ascertain whether and how the
model and its output hydrological variables are sensitive to changes in global radiation. Additionally,
we investigate modeled trends for regions of the northern hemisphere in the second half of the 20"
century, the potential direct and indirect effects of radiation trends and their relative importance. Lastly,
we ask whether changes in the partitioning of solar radiation between direct and diffuse fractions can

have a detectable effect on the water cycle.

2.2 Methodology: Model and numerical experiment

2.2.1 The Community Land Model (CLM)

CLM is a numerical model that represents land surface processes within the scope of global climate
simulations (Oleson et al., 2008; Stockli et al., 2008; Oleson et al., 2004). Biophysical processes simu-
lated by CLM include: solar radiation interactions with vegetation and soil; energy and mass fluxes
between plant canopy, soil, and snow; plant photosynthesis; soil hydrology, including surface runoff,
infiltration, and groundwater discharge; and a river routing scheme. Spatial heterogeneity is represen-
ted as a nested sub-grid hierarchy in which each grid cell is composed of various land units and mul-
tiple plant functional types. Furthermore, vertical profiles of water and energy are calculated for ten
soil layers and up to five snow layers. Biophysical processes are simulated for each sub-grid unit inde-

pendently, and surface variables and fluxes are then averaged by area.

Photosynthesis varies non-linearly with solar radiation depending on the light response from stomata,
which also depend on air humidity, CO- concentration, leaf temperature, and soil moisture stress (Col-
latz et al., 1991; Oleson et al., 2004). Leaf optical properties determine reflection and absorption of ra-

diation, so sunlit leaves at the top of the canopy are easily light-saturated while those in lower, shaded
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areas are usually unsaturated (Sellers ef al., 1992). Thus, CLM3.5 divides the canopy into sunlit (re-
ceiving both direct and diffuse light) and shaded (receiving only diffuse light) fractions (Oleson et al.,
2004; Thornton and Zimmermann, 2007), taking into account the link between stomatal conductance
and photosynthetic activity through a formulation adapted from Collatz et al., (1991). Photosynthetic
assimilation is calculated after Farquhar et al., (1980) and Collatz et al., (1991) for C3 plants, and Col-
latz et al., (1992) and Dougherty et al., (1994) for C4 plants. As clouds and other atmospheric particles
can enhance the diffuse fraction of solar radiation, making photosynthetically active radiation more ac-
cessible throughout the canopy and rendering it more efficient (Roderick et al., 2001), CLM3.5 com-
putes, at each step, the direct and diffuse radiation fluxes absorbed by the vegetation using a two-
stream canopy radiative transfer scheme that takes into account the optical depth and zenith angle of
the direct beam, and scattering (Oleson et al., 2004). The default configuration of the model, used in
particular for all the control simulation, features a model standard 70% / 30 % global partitioning of

SWdown radiation into its respective direct and diffuse fractions.

CLM3.5 has been thoroughly tested and compared to FLUXNET and GRDC data with respect to its
simulation of hydrology and other fluxes of energy and nutrients, and was found to perform well for a
wide variety of land biomes (Oleson et al., 2008; Stockli et al., 2008). Known simulation limitations
include low runoff in the Amazon as well as overall low amplitude of the annual cycle in terrestrial wa-

ter storage throughout most tropical river basins (Oleson et al., 2008).

2.2.2 Forcing data and experimental setup

2.2.2.1 Forcing trends

The conducted simulations are performed at a resolution of 2.5° longitude by approximately 1.9° latit-
ude (except runoff at 0.5° by 0.5°) driven by a 57-year (1948-2004) atmospheric forcing dataset com-
posed of 6-hourly fields of meteorological data combining reanalysis and observational datasets (Qian
et al., 20006), after a previously spun equilibrium state and a subsequent run through a forcing data peri-
od of no less than five years to ensure negligible initialization drift. Atmospheric CO, concentration is
kept constant at the 280 ppm level. Additional land surface data for soil texture are derived from the

FAO/UNESCO dataset, and vegetation cover parameters for the 17 chosen plant functional types are
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based on MODIS satellite measurements and other sources (Lawrence and Chase, 2007). All land sur-

face data are kept constant.

The Qian et al. (2006) forcing has been used in numerous applications (e.g. Qian et al., (2007); Dai et
al., (2009); Randerson et al., (2009)), and shown to perform well with respect to the various compon-
ents of the water cycle (Oleson et al., 2008; Dai et al., 2009). The NCEP/NCAR reanalysis product, on
which the Qian et al. (2006) forcing is based, has been shown to match SWdown radiation observations
poorly, especially in higher latitude regions such as northern Eurasia (Troy and Wood, 2009). After ad-
justment with observation datasets, in particular with cloud data, the used SWdown forcing showed
reasonable performance (Qian et al., 2006), at least on a par with other forcing datasets with similar

temporal characteristics available at the time of the simulations.
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Fig. 1: Time series of shortwave downward radiation from the Qian et al. (2006) forcing dataset, averaged for
two regions: eastern US (left) and West-Central Europe (right). Decadal trends are shown for the dimming and
brightening periods, both in absolute value and as the percentage of the mean.

However, SWdown is still overestimated especially during the observed dimming period, as seen from
the absence of a dimming signal in either of the two regional averages shown for the control simulation
in Figure 1. Hence it is necessary to impose additional forcing signals to simulate realistic SWdown ra-
diation in Experiment 2 below. SWdown, as well as the other five forcing variables (precipitation, sur-
face air temperature, specific humidity, wind speed, and surface pressure), have been tested and noted
to perform reasonably well, in particular the components of the water cycle (Qian et al. 2006).

However, known issues such as daily precipitation frequency and intensity remain, leading to possible

25



CHAPTER 2: MODELING RADIATION IMPACTS ON THE WATER CYCLE

erroneous trends in ET and runoff. To minimize this problem, analyses performed on all experiments

focus only on anomalies after the subtraction of control.
2.2.2.2 Experimental setup

An overview of the conducted numerical experiments is provided hereafter and summarized in Table 1.

Three sets of experiments were performed:

Table 1. Summary of CLM global simulations.

Simulation Period
1948 1950 1960 1970 1990 2004
1. Control (CTL) Qian forcing *
2. Extreme sensitivity Extreme dimming /
(XDim / XBri) Extreme brightening **

3. Reallistic sensitivity Realistic dimming *** Realistic brightening ***

(RealRad)
4. Real direct / diffuse . e

(DirDif) Increased diffuse

* 1948-2004 forcing from Qian et al. [2006] dataset.

**Qian et al. [2006] forcing except SWdown: 1%/year is subtracted (added) globally to a repeated sequence of the 1948-2004 climatology in annual steps.

*** Qian et al. [2006] forcing except SWdown: 7 W/m 2 dimming followed by 6 W/m 2 brightening signals are imposed to equal published estimations [IPCC 2007]:
globally, 0.23 (W/m? )/year are subtracted for dimming 1960-1990 (0.43 (W/m 2 )/year added for brightening 1990-2004).

**** Qian et al. [2006] forcing except SWdown: 1960-1990 diffuse fraction increased to match reports from former Soviet Union 1955-1993 [Abakumova et al., 1996]: diffuse
fraction added by 1.5%/decade starting from 70% direct/30% diffuse default reaching 65.5% direct/34.5% diffuse at end of 30 years, globally .

1) Experiment 1 (“Extreme sensitivity”): Idealized “extreme” experiment over the 1950-1970 time

period investigating the impact of imposed extreme anomalies in incident global radiation
a) CTL: control simulation using Qian et al. (2006) forcing dataset for 1948-2004

b) XDim: “extreme dimming” simulation, using Qian et al. (2006) forcing for 1950-1970, except

for SWdown which includes an imposed (unrealistically large) decreasing trend of 1% per year

c) XBri: “extreme brightening” simulation, using Qian et al. (2006) forcing for 1950-1970, except

for SWdown which includes an imposed (unrealistically large) increasing trend of 1% per year

Note that the trends imposed in XDim and XBri are two to five times larger than some of the highest
estimates regarding trends in global radiation during the dimming and/or brightening phases (IPCC,

2007), amounting to a total global mean change of 32 W/m?* over the 20 years. The purpose of this first
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experiment is to provide an estimate of the absolute sensitivity of CLM to imposed extreme changes in

global radiation.

2) Experiment 2 (“Realistic sensitivity”): Experiments for the 1948-2004 time period investigating the

impact of imposed realistic forcing perturbations in incident global radiation
a) CTL: control simulation using Qian et al. (2006) forcing for 1948-2004

b) RealRad: “realistic radiation” simulation, using Qian et al. (2006) forcing for 1948-2004 for all
other variables except SWdown, which is modified to include “realistic” perturbations over the
dimming and brightening periods (superimposed on the Qian et al. (2006) 1948-2004 time series):
Decrease of 7 W/m? in total, i.e. 0.23 (W/m?)/yr, over the time period 1960-1990 globally (dimming
period), followed by an increase of 6 W/m? in total, i.e. 0.43 (W/m?)/yr, over time period 1990-
2004 globally (brightening period).

The imposed trends in the RealRad simulation are chosen to match published estimates (IPCC, 2007).
However, it should be noted that trends in global radiation likely have not been globally uniform, con-
trary to what is assumed in the RealRad experiment (in particular because the aerosol loading has var-
ied between regions). Due to lack of corresponding radiation observations in many regions (Wild et al.,
2005), exact trends cannot be inferred everywhere. Hence, in those regions without SWdown observa-
tions, the RealRad experiment simply provides a sensitivity analysis of the potential impact of global

radiation trends.

3) Experiment 3 (Real direct/diffuse partitioning): Experiments for the 1960-1990 time period investig-

ating the impact of imposed forcing perturbations in direct/diffuse global radiation partitioning
a) CTL: control simulation using Qian et al. (2006) forcing for 1948-2004

b) DirDif: increased diffuse fraction simulation, using Qian et al. (2006) forcing for 1960-1990 ex-
cept for SWdown, with modified SWdown partitioning changed globally at a rate of increased dif-
fuse of 1.5% of total global radiation per decade, reaching 65.5% direct / 34.5% diffuse at the end
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of the 30-year period (instead of model standard fixed 70% / 30% partitioning as in all previous

simulations).

DirDif simulates an extreme increase in the diffuse fraction of total radiation similar to that reported for

the Soviet Union and China in recent decades (Abakumova et al., 1996; Che et al., 2005).

This particular experimental setup, where we impose changes only to radiation keeping other factors
(atmospheric forcing fields including CO,, and land cover) constant, and then analyse the anomalies
after subtraction of the control values, allows for a better separation between possible concurring ef-

fects of existing forcing trends, while maintaining the temporal variability as close to reality as pos-

sible.

2.3 Results
2.3.1 Experiment 1: Extreme global radiation experiments

Analysis of the results of the CTL simulation (not shown) used in all three experiments shows some
differences in noted trends in hydrologic variables. In Europe and eastern U.S.A. the ET trend com-
pared to the half-century mean is either zero or slightly positive (~1%/decade) during the dimming
phase, and ~2-3%/decade during the brightening period. Runoff results show considerably larger re-
gional and temporal variation, as Europe sees a shift from a negative ~2-4%/decade during the dim-
ming period to a positive ~7-15%/decade, while in the eastern U.S.A. they go from a positive 7%/dec-

ade to a negative 18%/decade in the same periods.

We first present the results of the extreme global radiation experiments, i.e. extreme dimming (XDim)
and extreme brightening (XBri) compared with CTL. The analysis focuses on differences in simulated
ET (including transpiration and ground evaporation components) and runoff between the sensitivity

and control experiments.

Figure 2 reveals that Experiment 1 exhibits a strong simulated response of the analysed water cycle
components to the imposed solar radiation anomalies in large parts of the globe. Overall, trends are re-
gionally consistent, and dimming is shown to decrease ET and increase runoff, with the opposite beha-
viour observed for brightening. ET change is largest in tropical forests, where the imposed decadal

trend (hereby defined as ten times the annual trend obtained from the slope of the linear regression line)
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Fig. 2: Experiment 1: sensitivity to extreme dimming (brightening) signals, with global maps of the difference
between decadal trends of XDim, left column (XBri, right), and CTL simulations for: (a, b) total evapotranspira-

tion (W m?); (c, d) plant transpiration, and (e, f) ground evaporation (% of change in total evapotranspiration);
and (g, h) river runoff (m’ s7).
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Fig. 3: Sensitivity of decadal trends of total evapotranspiration (a, b) and sensible heat (c, d) for each W m~ of
shortwave downward radiation increase for XDim (left) and XBri (right), subtracted by CTL; (e—h): analysis of
evapotranspiration drivers in CLM3.5, i.e. correlation ET/SWdown and corr ET/P on yearly time scales (only

grid cells significant at 5% level are shown).
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is often in excess of 6 W/m? as the annually imposed 1%-change impacts radiation more strongly in
absolute terms in regions with already high SWdown (Fig. 2a-b). In these regions, most of the signal in
total ET comes from the impact of the imposed radiation changes on plant transpiration, responsible for
more than 70% of the total ET trend (Fig. 2c-d). Elsewhere, however, ground evaporation is found to
play an equally important role (Fig. 2e-f). Note that changes to canopy interception evaporation have a
negligible contribution to overall ET changes in all regions (not shown). Runoff is affected in similar
regions as ET, with decadal changes of approximately 10% of the half-century mean in the Amazon
basin trend, and other strong response areas throughout the tropics and extending to southeast South
America, southeast Asia and eastern U.S.A. (Fig. 2g-h). Further we assess the simulated sensitivity of
ET and sensible heat flux to radiation changes, expressed in W/m? for each W/m?* of imposed SWdown
radiation. The sensitivity of total ET to radiation changes in the model is found to be higher in Europe,
Eastern U.S.A., Eastern China and in the tropics (Fig. 3a,b). These regions are expected to have a radi-
ation or energy-limited ET regime according to several analyses of observational and modeling data
(Seneviratne et al., 2006; Teuling et al., 2009; Seneviratne ef al., 2010), which is consistent with this
outcome. Indeed, a wet regime characterized by high correlation with radiation but low correlation with
precipitation should show increased sensitivity to the imposed SWdown changes, as opposed to what
would be expected in arid, water-limited regions. Sensible heat flux appears to be particularly sensitive
to the imposition of extreme radiation trends (Fig. 3c-d), which is likely caused by limitations of this
offline setup, as radiation is made to change while surface temperature is unrealistically kept unaltered.
An analysis of the yearly correlation of simulated ET with the imposed SWdown and precipitation (P)
forcing in the XDim and XBri runs (Fig. 3e-h) reveals similar patterns of ET regimes as those identi-
fied in previous studies (see above), indicating that regions most sensitive to the imposed radiation an-
omalies are indeed characterized by humid climate regimes, while more arid regions are instead better
correlated with precipitation. It is noteworthy that the CLM ET regime distribution assessed from these
correlation analyses matches multi-model analyses and eddy-covariance observation results well (Teul-

ing et al., 2009), and thus appears to be realistic.

2.3.2 Experiment 2: Realistic global radiation experiments

Figure 4 displays the CLM response to the imposed “realistic” dimming and brightening signals in Ex-
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Fig. 4: Experiment 2: impact of 1960—1990 solar dimming, left column
(1990-2004 solar brightening, right) on the water cycle: global maps of
difference between decadal trends of RealRad and control (CTL) simula-
tions for: total evapotranspiration (a, b), plant transpiration (c, d), ground
evaporation (e, f), and river runoff (g, h), similarly for photosynthesis (i, j).
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periment 2 (for time period
1948-2004). The net impact on
the water cycle components is
smaller than that produced by
the extreme radiation experi-
ment but is nonetheless non-
negligible, especially in several
areas of the northern hemi-
sphere where solar radiation
changes have been observed.

West-central
55° N latitude,
10° E longitude), in

Anomalies in
Europe (35° —
10° W —
particular, show a decadal ET
reduction in excess of 0.5 W/m?
during the dimming period and
an increase of over 2 W/m?* per
decade during the brightening
(Fig. 4a-b). Conversely, runoff
rises in this region during the
dimming period by approxim-
ately 3 m’/s per decade, or
1.4% of the half-century mean,
while the brightening causes a
decadal drop equivalent to 7%
of the mean (Fig. 4g-h).
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Results of similar magnitude and
relative proportion are found for
ET in East-central Europe (45° —
65° N latitude, 10° E — 45° E
longitude), where decadal runoff
decreases by 18 m’/s during the
brightening period. For the Eastern
U.S. (25° — 50° N latitude, 90° —
60° W longitude), the “realistic”
simulation shows a decadal ET
decrease of 0.5 W/m® during the
dimming phase, or 1% of the half-
century mean value, and an
increase in excess of 2 W/m?, or
4% of the mean, during the
brightening phase. ET changes in
all above regions for either period
come mostly from  equal
contributions from plant
transpiration and ground
evaporation (Fig. 4c-f). Similarly
to Exp. 1, tropical forests exhibit a
strong response of the water cycle
to the imposed radiation signals,
coming mostly from  plant
transpiration changes that match

photosynthesis activity well, both
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spatially and quantitatively (Fig. 4i-j). The relative magnitudes of runoff decadal trends in RealRad
with respect to control are approximately the same, for either time period, as those for the above
European regions. Photosynthesis decadal trend behaviour follows that of plant transpiration for both
time periods in all regions, but its magnitude relative to its half-century mean was only approximately
1/3 the percentage of the latter. The sensitivity of the components of the hydrologic cycle to each W/m?
of radiation changes shows regional variations, but differs only slightly between dimming and
brightening periods (Fig. 5). ET sensitivity to radiation change is higher in the Amazon, at almost three
times the global average, with mid-latitude regions falling somewhere around 0.2 (W/m?)/(W/m?). With
the exception of the tropical Amazon basin, where vegetation mediated processes exert a substantial
impact on all components of the water cycle, river runoff sensitivity to radiation is modest everywhere
else. Sensible heat, however, shows a consistent 0.4-0.5 (W/m?)/(W/m?) sensitivity to radiation in all

regions, for both periods.

2.3.3 Experiment 3: Impact of direct / diffuse partitioning

Figures 6 and 7 display the impact of changes in direct / diffuse radiation partitioning in Experiment 3,
compared to CTL. These show significant effects on land hydrology. A relative increase in the diffuse
fraction, with total radiation remaining constant, produces increases in ET that reach 0.5 W/m? per
decade in some tropical regions (Figs. 6, 7). Smaller increases are also noted in other tropical regions,
in northern and eastern North America, and across northern Eurasia (Fig. 7). With the exception of the
latter region, ET rises almost exclusively due to plant transpiration, which more than offsets a faint
contrary signal from ground evaporation. Overall, ET changes coincide with increased photosynthesis
and decreased stomatal resistance from shaded leaves, both in terms of spatial distribution and relative

intensity. Reductions to river runoff are largely negligible.

2.3.4 Radiation effect comparison: dimming vs direct / diffuse partitioning

As radiation changes simulated in subchapters 3.2 and 3.3 above were both observed during the period
1960-1990, we set out to compare regional patterns of the relative contribution and magnitude of their
effects on biophysical and hydrologic variables. Thus, increased diffuse radiation fraction was found to
cause a rise in total ET in all regions, an effect of opposite sign but smaller absolute value than that res-

ulting from global dimming (Fig. 6). Decadal trend anomalies for increased diffuse radiation range
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from an approximate 0.2 W/m? rise in eastern U.S.A. and the Amazon basin (10.5° S — 3° N latitude,
72.5° — 50° W longitude), or about 25-30% the absolute magnitude of that from the dimming, to less
than 0.1 W/m? in Europe and eastern China (21.5° — 40.5° N latitude, 100° — 120° E longitude), equi-
valent to an effect four to eight times smaller than that from dimming. The drop in runoff as a result of
increased diffuse radiation is very modest compared to the increase from solar dimming, with the only

noticeable exception found in the Amazon region.

To investigate the potential role of soil moisture in the noted changes to the water cycle during the dim-
ming phase we calculate its anomalies for both the “realistic” dimming and the increased diffuse frac-
tion experiments. Results (not shown) indicate that decadal trends in soil moisture, both at the surface
(top 6 cm) and deeper (top 104 cm) soil columns, rarely reach 0.5% of the mean for non-arid regions,

and are therefore assumed to play a minor part in the noted radiation-induced hydrologic changes.

2.4 Discussion

The CLM land-surface model responds to incoming solar radiation rise with increased ET and de-
creased runoff in regions with energy-limited ET regime, and the opposite behaviour is found when ra-
diation decreases. In the case of extreme radiation change the water cycle response is strong, especially
in regions where the heat and water fluxes are higher, such as tropical forests. Areas where ET is
mostly water limited (Fig. 3g,h) show it is insignificantly or weakly correlated with SWdown, as radi-
ation-induced evaporation changes depend on moisture availability. While a coupled system may also
experience concomitant changes in atmospheric water availability and air temperature as a result of ET
variation, the offline nature of these experiments limits our ability to capture the behaviour of the entire
system in a more realistic fashion, in what constitutes one of the caveats of the study. Nonetheless, with
extreme brightening plant transpiration is enhanced to a point where it may return as much as half the
additional energy in the form of latent heat, leaving less water on the surface to flow into rivers, with
the opposite is true for extreme dimming. However, extreme radiation signals imposed offline on the
global scale are physically unrealistic and the response is only an indication of general model beha-
viour. Indeed, they are in particular large artificial radiation changes uncoupled from a possible re-

sponse of atmospheric temperature.
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The implementation of “realistic” solar radiation signals, observed in recent decades in regions such as
Europe and the eastern U.S.A. but missing in forcing datasets, produces substantial impacts on ET and
runoff. There, for the dimming period of 1960-1990 the modeled response is a decadal decrease in ET
of about 0.5 W/m? (mostly due to changes to its plant transpiration and ground evaporation components
in approximately equal proportions) and a concurrent decadal increase in runoff of nearly 1.5% of the
half-century mean. The runoff annual trends as a result of the radiation/aerosols effect (-23% and
-108% relative to the magnitude of the climate-induced trends for Europe and globally, respectively)

are similar to those from Gedney et al. (2006) obtained for an analogous experiment (-21% and -93%)),

Table 2. Comparison of modeled runoff trends [mm/yr?] from various studies.

Other drivers °

Land-surface ) - . . ) Climate ®
model Forcing data Publication Time period ~ Domain (P+T+Hu+wi) Radiation/ Diffuse co, Land use
Aerosols radiation
+041¢ -0.09 °
Europe -1.82 - 23%] [ 5%] _ _
1960-1990
+0.43¢ -0.07°
Global 0.40 [ 108%] [18%] _ _
CLM3.5 NCEP/NCAR Reanalysis This study ©
Europe -0.30 _ _ — —
1951-2002
Global -0.30 _ _ — -
ORCHIDEE [IPSL CM4 output] [Alkama et al., 2010]  1900-1999 Global +0.18 _ _ [;3']01 _
0]
19512002 Global -0.12 _ - [ ;3(3,/.?3 [ :2-;/()]2
- 0, - 0]
LPJmI CRUTS 21 [Gerten et al., 2008]
19012002 Global +0.16 ~ ~ [; 19,/'?3 [;8‘?,/“;4
0 0
-0.04 +0.08
Global +0.15 _ - [- 27%] [ 53%]
ORCHIDEE CRUTS 21 [Piao et al., 2007] 1901-1999
-0.01 +0.10
Europe +0.19 _ _ [- 5%] [53%]
+0.04 +0.25" -0.02
Europe -0.19 [-21%] - [-132%]  [11%]
HadCM3 CRUO5 [Gedney et al., 2006]  1960-1994
+0.13 +0.25" 0.00
Global -0.14 [-93%] - [-179%]  [0%]

? I ncludes trends intrinsic to atmospheric forcing datasets: precipitation, temperature, humidity, wind.

® Values in brackets show percentage relative to climate trend.

¢ Domains: Europe latitude 37N-72N, longitude 11W-30E; Global latitude 60S-90N.

@ 1960-1990 r unoff trend only from imposed additional shortwave radiation forcing trend equivalent to -2.94 mm/yrQ.

© 1960-1990 runoff trend only from increased diffuse fraction by 1.5%/decade starting from the 70%/30% direct/diffuse model default, reaching 65.5%/34.5% at end of 30 years, globally.
" Unlike other studies investigating sensitivity to co?, Gedney et al. (2006) does not take into account the CO? fertilization (LAI) effect.
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and are approximately of the same order of magnitude as those calculated, in various studies, for other
potential drivers of runoff change such as climate, CO, or land use (Table 2), thus strengthening the

claim that radiation effects on runoff trends are not to be neglected. Similarly, the 0.6% decrease in ET
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Fig. 6: Comparison of decadal trends of RealRad (dimming) and DirDif simulations are subtracted by control
trend, for runoff (Q), total evapotranspiration [ET(T)], and its three components [canopy interception (ET ci),
plant transpiration (ET pt), and ground evaporation (ET ge)], at the global and various regional scales (East-
Central Europe, West-Central Europe, eastern US, Amazon, and eastern China).
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obtained as a result of dimming radiation is of exactly the same magnitude as the effect of climate for-
cing alone (not shown), and larger than the 0.2% drop from a double-CO; effect on plant physiology
from a 50-year coupled simulation (Cao et al., 2009).
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Fig. 7: Experiment 3: sensitivity of land-surface processes to direct/diffuse radiation partitioning, with global
maps of difference between decadal trends of DirDif and CTL simulations for total evapotranspiration and its

plant transpiration and ground evaporation components (a, ¢, e); photosynthesis (b); shaded leaf stomatal res -
istance (d); and runoff (f).
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The application of a reverse signal of similar magnitude to a period twice as small such as the 1990-
2004 solar brightening elicits a qualitatively similar but proportionally stronger response, as ET rises
by 2 W/m?® per decade while runoff has a decadal drop of almost 7% of its mean value. Some noted dis-
crepancies between models in trends for the global domain shown in Table 2 are likely a result of docu-
mented differences in model performance forcing datasets and time periods used. Indeed, Gerten et al.
(2008) found a high decadal variability of simulated runoff trends with the LPJ model, suggesting that
assessed trends strongly depend on the considered period (with variations of up to one order of mag-
nitude on the global scale for 30-year periods), thus making relative effects of the investigated drivers
(indicated in percent in Table 2) more relevant than the absolute trends for the comparisons across stud-

ies.

Some of the analysed variables of the climate system behave differently with respect to sensitivity to
each W/m? of radiation change. In mid-latitude regions vegetation mediated processes respond more
strongly to radiation, while river runoff is less sensitive, both for dimming and brightening. Sensible
heat, however, shows a consistently high sensitivity to radiation changes, which may question some be-
liefs from previous accounts that stated the opposite (Wild et al., 2008). Part of this behaviour may

nonetheless be due to the uncoupled nature of the experiments (see above).

One caveat to this simulation might be that the observed dimming and brightening signals were limited
to locations of observation sites in developed regions in the northern hemisphere, while the “realistic”
signals were imposed globally. However, the fact that the experiment is offline ensures the removal of
teleconnection effects. In addition, the selection of 1990 as the break point between periods of inverse
radiation signal, although generally acceptable globally, might be inadequate for some regions, which
may impact the results. Also, changes in aerosol loadings affect variables other than radiation, such as
precipitation (Ramanathan et al., 2001) and temperature, which may also play important roles for res-
ulting hydrological trends. Some regions, in particular, are still undergoing significant aerosol loading
presently, e.g. India (Padma Kumari and Goswami, 2010). This problem is partly accounted for, since
most of the analysis is done based on the anomalies resulting from subtracting the control simulation
results. Nonetheless, further studies should attempt to validate the modeled runoff output with observed
data from anthropogenically-intact watersheds, in which case the break point selection issue should be

further addressed. Lastly, despite the model standard interpolation function, the employed 6-hourly for-
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cing data does not fully capture the daily and annual cycles for such important fields as incoming solar
radiation, which might lead to an underestimation of the variability. Future investigations should at-

tempt to quantify the effect of the temporal resolution of the forcing on similar simulation results.

The reported increase in the diffuse fraction of total radiation also impacts the hydrologic cycle by in-
creasing ET — over 0.5 W/m® per decade in tropical regions due to plant transpiration. A concomitant
increase in photosynthesis, mostly due to a rise in shaded leaf stomatal conductance, was noted, which
is consistent with the notion that as sunlit leaves are often light saturated, more incoming diffuse radi-
ation will have a positive net effect on shaded leaf photosynthesis (Mercado et al., 2009). Conversely,
the opposite, albeit smaller, effect on ground evaporation is a result from less total radiation reaching
the ground in vegetated areas, since a greater direct and diffuse total is now captured by the canopy.
Comparing the effects on ET of an increase in diffuse fraction to those resulting from global dimming
shows that, while the former tend to be almost one order of magnitude smaller and of opposite sign,
they can play relevant roles in the energy and water balances in such regions as the Eastern U.S. or the
tropics. Outside of arid regions, the effect of soil moisture does not seem to play a significant role in

either radiation-induced water cycle changes during the dimming period.

2.5 Conclusions

Observed changes into solar radiation in recent decades have been shown to affect photosynthesis and
the carbon balance, and should also impact key components of the hydrologic cycle such as ET and
runoff. To clearly understand the mechanisms driving global, multi-decadal hydrologic changes by re-
lying solely on hydrologic observation data is a challenging task, as such datasets often have large as-
sociated uncertainties and inadequate spatio-temporal coverage, and typically incorporate possible con-
founding effects. This makes land-surface modeling a useful tool to study the effects of modifications
in the solar forcing on land hydrology. Modeled components of the water cycle respond strongly to ex-
treme radiation change, especially in the tropics. A more realistic 1960-1990 solar dimming may have
caused, in regions of Europe and the Eastern U.S.A., a decadal decrease in ET of about 0.5 W/m?,
mostly as a result of equal changes to plant transpiration and ground evaporation, and a concurrent
decadal increase in runoff of nearly 1.5% of the half-century mean. Conversely, an imposed 1990-2004

solar brightening signal for those regions may have risen ET in 2 W/m? per decade, lowering decadal
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runoff by about 7% of its mean. Reported increases in the diffuse fraction of solar radiation may have
also impacted ET, raising it up to 1 W/m* per decade in the tropics. Higher plant transpiration, which
accompanies increases in photosynthesis from more shaded leaf stomatal conductance, appears to be
the responsible mechanism. Conversely, less direct radiation reduced ground evaporation, responsible
for a drop in ET of similar magnitude in some marginally arid regions. Additional studies should seek
to validate the modeled runoff output with observed streamflow data from non-impacted watersheds,
and further analyse the hydrologic impacts of direct / diffuse radiation by implementing better radiation
partitioning. Furthermore, global, two-dimensional data on the partitioning of solar radiation between
its direct and diffuse fractions is scarce, and further studies are necessary to implement appropriate ra-
diation forcing and analyse the impacts on the various components of the water cycle. Ultimately, a
more complete understanding of the mechanisms and processes driving the impacts of solar radiation
on the hydrologic system is fundamental for the development and parameterization of land-surface

schemes and the improvement of predictions of climate and water resources.
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Abstract

This study analyses decadal variability and changes in streamflow in Europe for the period 1960-2004
based on a network of measurements from near-natural small catchments, and compares these results
with analyses of large-basin observations from the Global Runoff Data Center (GRDC) and offline
land-surface model simulations driven by state-of-the-art forcing datasets. In nearly all basins, inter-
annual variability of streamflow is large and long-term trends are therefore difficult to detect, although
decadal variations in the trends are found in some basins. We find that the decadal streamflow trends
and inter-annual variability from the near-natural catchments exhibit good overall agreement with the
GRDC observations despite the scale discrepancy. Southwestern European basins exhibit the poorest

correlation between simulated and observed runoff on the inter-annual time scale, but for these basins
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all observed and simulated datasets display a significantly negative 1960-1985 trend behaviour, which is
not present in the following decades. This is contrary to the generally expected effect of the dimming
and brightening radiation signals on runoff, and is likely due to a competing effect from trends in
precipitation, which show opposite tendencies. On the other hand, no clear decadal trends are found in
the Western and East-central European river basins, with the exception of the Seine. Overall, the model
simulations display a reasonable agreement with the observations with respect to inter-annual
variability, but exhibit a (non-significant) tendency for positive trends in the Rhone, Garonne and Loire
river basins after 1986, which is not identified in the observational datasets. This appears to be mostly
due to deficiencies in the forcing datasets, and highlights the critical role of atmospheric forcing for

hydrological products of land surface model simulations.
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3.1 Introduction

Climate change has already impacted runoff in the 20th century, and more changes are projected for the
coming decades despite large uncertainties in these projections (e.g. Milly et al., 2005; IPCC, 2012).
River runoff, a measure of water resource availability, is essential to support many ecosystems and for
the well-being of human societies. Therefore, a thorough understanding of the mechanisms underlying
these changes is necessary to accurately forecast and prepare for future climate conditions. However,
climate and the water cycle are complex systems in which confounding signals are often simultaneously
at play.

Modeling and observational analyses of changes to climate system components have suggested different
potential direct and indirect impacts on the generation of surface runoff or river flow from various
climate factors, including the effects of precipitation on streamflow (e.g. McCabe and Wolock, 2002), of
temperature on snow melt (e.g. Brown, 2000), as well as of aerosols/radiation (e.g. Liepert et al., 2004;
Oliveira et al., 2011) or atmospheric CO, concentrations (e.g. Gedney et al., 2006; Piao et al., 2007,
Morgan et al., 2011) on surface evapotranspiration (hereafter referred to as "ET"). Also, direct human-
induced, non-climate causes can be relevant, for instance land-cover change (Vorosmarty and Sahagian,
2000) or water withdrawals and reservoirs (D6ll et al., 2009). Comparative analyses across river basins
can be challenging due to the large heterogeneity in hydrologic characteristics (McMahon et al., 2007),
and impacts of a given climate variable on basin runoff may vary between regions and between time
periods for the same regions due to several factors such as climate regime (Milly and Dunne, 2002),
changes to land cover (Piao et al., 2007) or soil phase (Serreze et al., 2002), basin size (Laudon et al.,
2007) or elevation (Viviroli and Weingartner, 2004), among others. In addition, long-term measurement
networks are scarce, expensive and difficult to maintain, methodological issues and errors in
measurements and data processing are not uncommon, and data are often missing or simply not
available on administrative or technical grounds (Hannah et al., 2010). Unsurprisingly, large-scale
runoft studies yield different and conflicting outcomes regarding the magnitude and even the sign of
modeled and observed trends (e.g. Probst and Tardy, 1987; Labat ef al., 2004, Legates et al., 2005; Milly
et al., 2005; Krakauer and Fung, 2008; Dai et al., 2009; Haddeland et al., 2011), as well as with respect
to the attribution of causes for these trends (e.g. Gedney et al., 2006; Piao et al., 2007; Gerten et al.,
2008; Alkama et al., 2010; Oliveira et al., 2011).
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Incident solar radiation observations at the earth surface display changes in the last 50 years, as an
initial dimming trend (-7 W/m? for the total period) from 1960 to 1990, or to approximately 1985 in
Europe, was followed by an on-going brightening period (6 W/m? total) as a result of a decrease in
atmospheric aerosol loads (IPCC, 2007; Wild et al., 2005; Wild, 2009). Such changes are expected to
affect the global water cycle, as solar radiation plays a potentially relevant role in land hydrology with
implications for trends in ET and associated components such as runoff, net radiation being one of the
factors limiting ET (e.g. Roderick & Farquhar, 2002; Teuling et al., 2009; Seneviratne et al., 2010).
Indeed, the radiation/aerosol effect has been estimated to affect runoff trends in Europe, leading to a
possible attenuation, for the period from 1960 to approximately 1990, of more than 20% of the
magnitude of the negative runoff trend calculated from climate alone (Gedney et al., 2006; Oliveira et
al.,2011).

Basin-scale runoff observations such as those provided by the Global Runoff Data Centre (hereafter
referred to as “GRDC”) are essential to adequately investigate continental-scale patterns of hydrologic
change (e.g. Milly et al., 2005). However, because of their size, they are impacted by anthropogenic
disturbances such as withdrawals for human use, which can be of substantial magnitude (Do6ll et al.,
2009). Thus, observations from near-natural catchments, despite their often small size and consequent
less integrative properties, can help elucidate patterns of hydrological changes in the absence of such
confounding effects (e.g. Stahl er al., 2010). As an additional source of information, land-surface
modeling can also complement analyses based on small-scale or large-scale observational datasets, as it
provides improved geographical coverage of corresponding analyses, further allowing for the
disentanglement of concurring effects in the investigation of runoff trends and their causes (e.g.
Seneviratne et al., 2010; Oliveira et al., 2011; Stahl et al., 2012).

Here we use a European network of streamflow records from near-natural small catchments to analyse
streamflow changes integrated at the river basin scale for the period 1960-2004. We compare them to
the downstream discharge of large basins from the GRDC dataset, and to model output from two offline
simulations using the Community Land Model version 3.5 (hereafter referred to as “CLM”) forced both
with the WATCH Forcing Data (Weedon et al., 2010) and the NCEP-derived Qian et al. (2006)
atmospheric forcing datasets (hereafter referred to as “WFD” and “q06”, respectively). In addition, the
observations are compared to the mean of six model simulations from the WaterMIP project (see

Section 2.5), which are also driven by the WFD for the period 1985-1999 (Weedon et al., 2010;
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Haddeland et al., 2011). The 10 selected European river basins are: Danube (Western portion), Douro,
Ebro, Elbe, Garonne, Loire, Rhein, Rhone, Seine, and Weser. An observation dataset for precipitation
from E-OBS (Haylock et al., 2008) is also used to investigate the effect of atmospheric forcing on land
hydrology. The integration of streamflow from small catchments and their comparison to discharge
from large river basins or model-simulated runoff are challenging, as the two types of data series are
subject to different processes taking place at different spatial and temporal scales. The main focus of
this study is to analyse the decadal variability and trends in observed runoff from small-scale, near-
natural European catchments, to compare them with observations and model-derived runoff at the
continental basin level, and to investigate the effects of solar radiation and atmospheric forcing as

potential causes for the identified differences.

3.2 Methodology: Observational datasets and model simulations

3.2.1 Near-natural catchment streamflow dataset

The dataset of European near-natural streamflow records from small catchments is available from the
combined dataset of the European Water Archive of the UNESCO IHP FRIEND programme
(http://www.unesco.org/new/en/natural-sciences/environment/water/ihp/ihp-programmes)  and  the
WATCH project, and is currently hosted at GRDC. It is a homogeneous, quality-controlled dataset of
daily discharge from over 400 small catchments with no substantial anthropogenic impact (Stahl et al.,
2010). Catchment areas are generally smaller than 1000 km? (on average 413 km?) and cover the period
1960-2004. The dataset also includes information on the measurement coordinates, mean catchment
elevation, and drainage basin area. Time-series of mean annual discharge from sub-catchments within
each of the 10 considered larger continental basins are area-weighted according to catchment area into a
basin-integrated time-series (hereafter referred to as "integrated catchments"). Analyses reported here
are performed at the basin-integrated level (Fig. 1). Catchments with more than 10% of missing data are

excluded from the basin-integration analysis.

3.2.2 GRDC global river discharge dataset

GRDOC is a global database of daily and monthly time-series of river discharge, with data access and use

condition information available from Grabs (1997). It also contains information on gauging station
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elevation, coordinates, and associated river basin area. Monthly streamflow data from the downmost
gauging station for 10 selected European basins (Danube, Douro, Ebro, Elbe, Garonne, Loire, Rhine,
Rhone, Seine, and Weser) for the period 1960-2004, whenever available in continuous time-series, are
averaged to annual values for all analyses (Table 1 and Fig. 1). The longest available gauge data from a
further upstream station are used for the Douro basin, so the considered study area portion for this basin
excludes regions located further downstream from any analyses for all datasets. A similar approach is
used for the Danube basin, with the GRDC data coming from the Bratislava gauge station in order for it
to be better comparable to the near-natural catchment data located upstream from this station,
approximately two thousand kilometres from the river mouth which is subject to a different climate
regime. The GRDC data have been used in several applications, such as for the derivation of estimates
of changes in terrestrial water storage (e.g. Mueller ef al., 2011a), and the evaluation of long-term trends

in annual evapotranspiration (e.g. Teuling et al., 2009).

3.2.3 E-OBS precipitation gridded dataset

The E-OBS gridded precipitation data was derived through interpolation of the ECA&D station dataset
featuring a European network of 2316 stations (Haylock et al., 2008), and has been widely used in
modeling and observation comparison studies. For high-resolution regional data in regions with a high
density of stations, E-OBS shows excellent correlation despite a slight negative bias and some known

errors in mountainous areas and outside winter months, mostly due to interpolation error (Hofstra et al.,

2009) .

3.2.4 Community Land Model simulations

The Community Land Model is a numerical model that represents land-surface processes within the
context of global climate simulations (Oleson et al., 2004, 2008; Stockli et al., 2008). Biophysical
processes simulated by CLM include: solar radiation interactions with vegetation and soil; energy and
mass fluxes through the plant canopy; photosynthesis; soil and snow hydrology including surface runoff,
infiltration, groundwater discharge; and a river routing scheme. Spatial heterogeneity is represented by a
sub-grid hierarchy of various land units and multiple plant functional types, and vertical profiles of
water and energy are calculated for 10 soil layers and up to five snow layers. The currently used version

(3.5) as well as previous versions of CLM have been thoroughly tested and compared with observational
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datasets such as Fluxnet and GRDC with respect to their simulation of land hydrology and other fluxes
of energy and nutrients, and were found to perform well for a wide variety of land biomes (Oleson ef al.,
2008; Stockli et al., 2008; Dai et al., 2009). CLM has also been shown to perform well when coupled to
a regional climate model over Europe (Davin ef al., 2011; Davin and Seneviratne, 2012).

In this study CLM simulations are performed with the version 3.5 in offline mode, at resolutions of
either 0.5° x 0.5° (WFD) or approximately 1.9° x 2.5° (q06), depending on the resolution of the forcing
data. The atmospheric CO, concentration of 280 ppm and all land-surface ancillary data and
characteristics are kept constant throughout the experiment. As driver for the CLM simulations, we use
the WFD and q06 forcing datasets, and the two-dimensional runoff output from each of these two
simulations (hereafter referred to as "CLMwatch" and "CLMq06", respectively) is analysed after being
routed along the river network using a river transport model. To minimize model initialization drift,
CLM simulations start from a pre-spun equilibrium state.

The q06 dataset is composed of 6-hourly fields of meteorological data at a resolution of approximately
1.9° x 2.5° combining NCEP-derived reanalysis and observational data for the 57-year period of 1948—
2004. It has been used in various studies and compared to observational land hydrology datasets, and
has been suggested to be of satisfactory quality regarding water cycle components, especially outside
the tropics (Qian et al., 2006; Oleson et al., 2008; Dai et al., 2009).

The WFD, which consists of 3-hourly atmospheric forcing fields, is derived from ERA-40 reanalysis via
interpolation to half-degree resolution and elevation correction based on CRU and GPCC observations
for the 44-year period 1958-2001 (Weedon et al., 2010). Its shortwave downward radiation field is
adjusted to CRU data with respect to cloud cover, and also corrected for the direct and indirect aerosol
effects using the HadGEM2-A global climate model. It includes a bias correction of temperature and
precipitation, but not of other fields including radiation, humidity and wind (Weedon et al., 2010) which
may still lead to substantial errors in simulated ET and runoff fluxes (Haddeland et al., 2012). However,
this dataset is already extensively used within the hydrologic modeling community and has shown good
performance with respect to runoff from large basins (Weedon ef al., 2010; Haddeland et al., 2011), as
well as for percentiles from the flow duration curve (Gudmundsson et al., in press). In addition, Stahl et
al. (2012) have recently compared the WFD-driven model output at 0.5° resolution to runoff at the
catchment scale, and overall found good qualitative agreement for long-term annual tendencies but

without evaluation of their statistical significance.
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3.2.5 WATCH ensemble simulations

The WaterMIP model intercomparison within the WATCH project features 11 latest generation land-
surface and global hydrologic models that, despite the different range in model time steps, forcing
variables, energy balance approaches, runoff, snow and ET schemes used among them, have each been
shown to perform adequately in the representation of land hydrology for the period 1985-1999
(Haddeland et al., 2011). That study shows that models are consistent with respect to some of the
relevant components of the water cycle, although notable differences in runoff exist, especially in drier
regions of the world. Here, 6 out of these 11 models (hereafter referred to as "the WaterMIP6 models",
namely: HTESSEL, JULES, LPJml, MPI-HM, ORCHIDEE, and VIC) are selected, and their ensemble
mean calculated for comparison to other simulated and observed data. This model subset is the same as
the one used for the creation of the total runoff ensemble field in the WATCH 20th Century Ensemble
product (Weedon, 2011). Each model uses its own elevation, soil, and vegetation maps, and their basic
descriptions and detailed inter-comparisons are provided in Haddeland et al. (2011). The 15-year
simulation period for analysis is preceded by a spin-up over a period of 5 years, to ensure negligible
initialization drift. The WaterMIP6 simulations use a common interpolator to adapt the temporal
resolution of the WFD to the needs of each individual model, and two-dimensional runoff output is
further routed to the river mouth for analysis, using a common routing network. Runoff output from
these models is aggregated into a multi-model mean for comparison with observations and CLM

simulations.

3.2.6 Data handling and intercomparison of datasets

The analyses are performed on the annual time scale, as water withdrawals and regulation have been
reported to mostly affect seasonal values in the discharge of large river basins (D6ll et al., 2009). Only
GRDC basins containing a minimum of three sub-catchments with no missing values are used to derive
the integrated near-natural catchment dataset. Model analyses for the Danube river basin are limited to
the portion west of 18° E (Fig. 1), due to the lack of near-natural catchment data in the eastern half of
this basin. Time-series of streamflow from the integrated catchments, GRDC, and CLMwatch, as well
as WFD time-series for precipitation and shortwave downward radiation and E-OBS precipitation
observations are separately analysed for two sub-periods according to the radiation period, i.e. 1960-

1985 (“radiation dimming”) and 1986-2004 (“radiation brightening”), to investigate the potential effects
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Fig. 1: Map of Europe with the study area and location of the large-scale river basins, main river

channels, near-natural catchment stations (small white dots) and GRDC gauge stations (large blue
dots).

of changes in shortwave downward radiation on runoff (see Introduction). Note that these periods are
chosen as being approximately indicative of the respective dimming and brightening periods, although
the definition of the two time frames is not exact (Wild 2009). The length of the available data series

varies according to dataset and basin (see Table 1).

3.2.7 Analysis of decadal changes and trends

Results from runoff trend analyses for each basin including both observed and simulated datasets are

calculated, with annual trends given in mm/yr and in percentage of total period mean, and the latter

53



CHAPTER 3: SIMULATED AND OBSERVED EUROPEAN RUNOFF

Table 1. Length of available time series of observed and forcing/simulated data used in this study, by river basin.

Dataset* DANUBE ELBE RHINE WESER DOURO EBRO GARONNE LOIRE RHONE SEINE
OBSncat (Q) 1960-2004 1960-2004 1960-2004 1960-2004 1960-2004 1960-2004 1960-2004 1960-2004 1960-2004 1960-2004
OBSgrdc (Q) 1960-2004  1960-2004 1960-2004 1960-2001  1960-1991  1960-1999  1960-1999  1960-1999 1960-1999  1971-2004
OBSeobs (P) 1960-2004  1960-2004 1960-2004 1960-2004 1960-2004 1960-2004 1960-2004 1960-2004 1960-2004  1960-2004

CLMqian06 1960-2004 1960-2004 1960-2004 1960-2004 1960-2004 1960-2004 1960-2004 1960-2004 1960-2004 1960-2004

CLMwatch 1960-2001  1960-2001 1960-2001 1960-2001  1960-2001 1960-2001  1960-2001 1960-2001 1960-2001  1960-2001

WMIPwatch 1985-1999  1985-1999 1985-1999 1985-1999 1985-1999 1985-1999 1985-1999 1985-1999 1985-1999  1985-1999

* Datasets: OBSncat (Q) - integrated near-natural catchments streamflow; OBSgrdc (Q) - GRDC discharge; OBSeobs (P) - E-OBS precipitation; CLMq06 - q06-driven CLM runoff; CLMwatch - WFD-driven
CLM runoff; and WMIPwatch — considered WFD-driven WaterMIP models' mean runoff (see Table 2).

value is additionally displayed as decadal trend. Further, correlation analyses are performed for each
basin, for selected pairs of datasets, upon subtraction in both datasets of the few non-mutually-existing
pairs of values possibly existing at the beginning and end of each time-series (Table 1).

Trend assessment in hydrological records has been a challenging task for some time, as no uniform
practice has been established. Known issues include non-normality of the data, auto-correlation in the
time series and further external influences (Chen and Grasby, 2009). Robust estimation methods for
trend magnitude and existence of trends are therefore employed in this study. Here we estimate the trend
magnitude by the slope estimate of a classic linear regression analysis. While in most cases within our
datasets of annual data auto-correlation is small and negligible, the non-normality of the runoff data and
the regression residuals prevent a strict evaluation of the trend estimate in terms of uncertainty from the
regression framework alone. For each integrated catchment and in the two analysed time periods we
therefore assess the significance of the trend estimate being different from zero by comparing it to the
quantiles of the empirical distribution of trend estimates from a 10000 member bootstrap ensemble.
This ensemble is generated through randomly drawing with replacement from the original runoff values
of a given integrated catchment and period. Since on average these reshuffled series are trend-free, the
bootstrap ensemble represents the null hypothesis of no-trend. If, e.g., the original trend estimate lies
outside of the central 95% of this bootstrap distribution, then the null of no trend can be rejected at the
5% level. The standard error of the slope is used in the display of the trends as a visual measure of
uncertainty. However, given the non-normality of the data from which it is derived, any significance
interpretation of the trend estimate based on the standard error is potentially misleading.

For the trend analyses, the basin data are further aggregated into regions of similar climatic regime for
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ease of interpretation of the results. Thus, basin data are area-averaged into the following regions: east-
central (E-C) Europe for the Danube, Elbe, Rhine, and Weser basins; southwest (SW) Europe for the
Ebro and Douro basins; and western (W) Europe for the Garonne, Loire, Seine, and Rhone basins. The
results are presented in three additional barplots added to the right of the individual basin data.

Despite the differences between “streamflow”, or the flow of water in streams and rivers, “discharge”, a
measure of flow at a gauging station, and grid-cell level “runoff”, for this study integrating the flow of
surface water at different spatial and temporal scales all river discharge is converted into runoff per unit

area for ease of comparison, upon performing the unit and domain conversions deemed appropriate.

3.3 Results and discussion

3.3.1 Runoff variability and cross-correlations of analysed datasets

3.3.1.1 Overall comparison

As illustrated in Figures 2 and 3 (see also Table 2), there is good overall agreement among the time-
series of observed and simulated streamflow datasets for all basins. Fig. 2 particularly illustrates a
reasonably good match in inter-annual variability and occurrence of wet and dry years. Such extreme
years generally occur in different years for different basins and usually stay within two standard
deviations from the mean. These differences are probably a result of the markedly different climate
regimes along the latitudinal gradient, to which the various basins are subjected. The correlation
between standardized time-series shows that the highest values (typically R~0.9) are found within the
pair of observational datasets, as well as the pair of CLM simulations, for almost all basins (Table 2).
However, in the Douro the WFD-driven simulated streamflow is better correlated with the GRDC
observations than with the integrated catchments. Despite the shorter time-series (15 years), the
WaterMIP6 model mean is generally well correlated with other datasets except in SW European basins.

All correlations between dataset pairs are significant to the 0.5 % level (not shown).

3.3.1.2 Integrated catchments vs. GRDC

One objective of this study is to assess the extent to which regional signals extracted from near-natural

catchment datasets over large spatial domains can be related to large-scale signals associated with
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Fig. 2: Comparison of standardized anomalies (in units of standard deviation) of 1960-2004 time-series
of river runoff from: CLM-modeled output (red line from WATCH-driven forcing, purple line from q06-
driven forcing); WaterMIP6 model ensemble mean ("WMIP", light blue), mean GRDC downmost basin
gauge observations (green); and integrated near-natural catchment observations ("NCAT", yellow).
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regional climate regimes or climate change. Indeed, the R? value between the integrated catchment and
the GRDC observational datasets is generally very high, showing that they are consistent despite their
scale discrepancy, the limited number of near-natural catchments in some basins, and the fact that the

GRDC does not exclude the effects from human water use and land use changes (Fig. 3, top panel).

3.3.1.3 GRDC vs. model simulations

Overall, the GRDC observations agree well with the three simulated runoff datasets (Fig. 3, middle
panel). Results show that the WaterMIP6 ensemble model mean almost always correlates better with the
GRDC dataset than the CLMwatch simulation, which confirms the often obtained result that an
ensemble mean is generally better than any single model (e.g. Guo et al., 2007; Gudmundsson ef al., in
press). These results are generally consistent across Europe except in the southwest basins of the Douro
and Ebro. The shorter duration of the available GRDC data series in the Douro basin may be
responsible for some of the differences observed. The poorest overall performance of the CLMq06
simulation is not surprising, as this difference is likely due in part to the spatial resolution of the q06-
driven simulation being 19 times coarser than that of the WFD-driven simulations. It is also a
consequence of the known better quality of some of the atmospheric forcing fields for Europe in the

WEFD dataset (Haddeland et al., 2011).

Table 2. Summary of correlations (R)* between pairs of standardized time-series of simulated and observed runoff datasets for 1960-2004 period**, by river basin.

Dataset*** pair DANUBE ELBE RHINE WESER  DOURO EBRO GARONNE LOIRE RHONE SEINE
OBSncat_0BSgrdc 0.97 0.95 0.97 0.95 0.74 0.90 0.80 0.88 0.92 0.91
OBSncat_CLMwvatch 0.84 0.91 0.92 0.93 0.67 0.79 0.87 0.92 0.82 0.69
OBSncat_CLMq06 0.45 0.76 0.84 0.92 0.66 0.66 0.79 0.82 0.59 0.75

OBSncat WMIPwatch 0.89 0.96 0.98 0.95 0.50 0.87 0.93 0.96 0.90 0.79
OBSgrdc_CLMwvatch 0.87 0.88 0.92 0.90 0.96 0.77 0.82 0.84 0.74 0.66
OBSgrdc_CLMq06 0.43 0.78 0.89 0.89 0.89 0.80 0.65 0.89 0.65 0.78
OBSgrdc_WMIPwatch 0.89 0.94 0.96 0.95 0.66 0.68 0.96 0.96 0.99 0.97
CLMwatch_CLMq06 0.92 0.95 0.94 0.93 0.95 0.88 0.77 0.87 0.78 0.87
CLMwatch_WMIPwatch 0.43 0.70 0.95 0.96 0.94 0.75 0.95 0.93 0.94 0.95

* All correlations are significant to the 0.5% level (not shown).

** Data series length varies according to dataset and basin (see Table 1).

*** Datasets: OBSncat - integrated near-natural catchments streamflow; OBSgrdc - GRDC discharge; CLMwatch - WFD-driven CLM runoff; CLMq06 - q06-driven CLMrunoff; and WMIPwatch - WFD-driven
WaterMIP models' mean runoff.
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3.3.1.4 Integrated catchments vs. model simulations

The model simulated runoff mostly correlates equally well with the integrated catchment observations
as it does with GRDC, again with the exception of the two SW European basins. This regional
peculiarity is further illustrated in Fig. 4, where we see that only 30-40% of the runoff variability can be
explained by precipitation, unlike in the rest of Europe where this value usually approaches 70%.

Note that in the following analyses featuring the CLM model, we focus only on the CLMwatch

simulation, given the poorer performance of CLMq06 identified in this section.

3.3.2 Decadal variability and trends in observed and simulated runoff

Here we present the analysis of runoff trends for three time periods, 1960-1985, 1986-2004/2001, and
1960-2004/2001, with trends significant at the 5% level indicated in bold face, while non-significant

trends at this level are italicized (see Table 1 for time-series lengths, and Table 3 for trends). For the

Correlation Precipitation (E-OBS) vs. Streamflow datasets
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Fig. 4: Correlation (determination coefficient, or R’) between E-OBS precipitation and observed
streamflow from the integrated near-natural catchment ("NCAT") and GRDC datasets, for the selected
European basins in the period 1986-2004. All correlations are significant to the 1% level. GRDC data
vear availability varies with the basin and does not always span the entire period (See Table 1).
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Table 3. Comparison of trends* in runoff for simulated and observed runoff datasets for periods* 1960-1985, 1986-2004, and 1960-2004, by river basin.

Dataset*** 1960-1985 DANUBE ELBE RHINE WESER DOURO EBRO GARONNE LOIRE RHONE SEINE
Annual [mm/yr] -0.76 0.88 2.98 -0.79 -10.60 -2.17 -3.58 0.65 5.76 -2.66
CLMwatch
Annual [% mean] -0.30 0.35 0.31 -0.12 -2.69 -0.79 -0.28 0.18 0.93 -0.12
Annual [mm/yr] 0.55 0.18 0.93 -1.19 -3.86 -4.73 0.92 2.91 0.34 14.21
OBSgrdc
Annual [% mean] 0.11 0.11 0.20 -0.43 -2.79 -3.04 0.24 1.12 0.06 5.57
Annual [mm/yr] 0.56 1.77 4.10 0.66 -8.40 -12.80 0.20 2.44 4.01 4.89
OBSncat
Annual [% mean] 0.07 0.60 0.72 0.18 -2.52 -2.72 0.04 0.55 0.44 1.41
Dataset** 1986-2004 DANUBE ELBE RHINE WESER DOURO EBRO GARONNE LOIRE RHONE SEINE
Annual [mm/yr] 0.84 -1.22 3.17 -0.16 15.13 1.68 20.54 6.21 16.30 -0.54
CLMwatch
Annual [% mean] 0.33 -0.49 0.33 -0.02 3.83 0.61 1.63 1.70 2.64 -0.02
Annual [mm/yr] 1.39 -0.26 0.26 -2.11 NaN 0.69 2.32 1.30 4.78 2.24
OBSgrdc
Annual [% mean] 0.28 -0.15 0.05 -0.77 NaN 0.44 0.62 0.50 0.84 0.88
Annual [mm/yr] 1.11 -1.75 -1.36 -1.89 -1.11 -0.35 -0.09 -0.09 -4.94 1.75
OBSncat
Annual [% mean] 0.15 -0.59 -0.24 -0.53 -0.33 -0.08 -0.02 -0.02 -0.55 0.50
Dataset** 1960-2004 DANUBE ELBE RHINE WESER DOURO EBRO GARONNE LOIRE RHONE SEINE
Annual [mm/yr] -0.15 0.08 3.05 -0.55 -0.80 -0.70 5.61 2.77 9.78 -1.85
CLMwatch
Annual [% mean] -0.06 0.03 0.31 -0.09 -0.20 -0.26 0.45 0.76 1.58 -0.09
Annual [mm/yr] 0.90 0.00 0.64 -1.54 -3.21 -2.84 1.41 2.35 1.89 7.52
OBSgrdc
Annual [% mean] 0.18 0.00 0.14 -0.56 -2.33 -1.82 0.37 0.90 0.33 2.95
Annual [mm/yr] 0.79 0.28 1.79 -0.42 -5.32 -7.55 0.08 1.37 0.23 3.57
OBSncat
Annual [% mean] 0.11 0.10 0.31 -0.12 -1.60 -1.61 0.01 0.31 0.03 1.03

* Values in bold type indicate trends significantto the 5% level, and values in italics indicate non-significant trends (see Section 2.6 for discussion of statistical significance of trends). Trends for datasets for
which less than 14 years of data is available are indicated by “NaN".

** Or longest portions thereof - see Table 1 for time series lengths.

*** Datasets: CLMwatch - WFD-driven CLM runoff; OBSgrdc - GRDC discharge; and OBSncat - integrated near-natural catchments streamflow.

overall time period and for the two observational datasets, the analysis reveals that nearly all basins

show non-significant trends, with the exception of the large negative GRDC trend in the Douro basin.
However, a tendency for positive trends in the W and E-C European basins (except the Weser in the
GRDC data) and negative trends in the SW basins are found. The lack of significance of the trends is
partly due to the large inter-annual variability of the data (Fig. 2), as also highlighted in Gerten et al.
(2008). Pronounced negative trends, some of them statistically significant, dominate in simulated and
observed runoff from SW European basins for the 1960-1985 time period, while modest, non-significant
negative and mostly positive trends are found elsewhere in both time periods (Table 3, and Fig. 5). This
is consistent with the main findings of a recent study analysing individual station trend behaviour of the
same catchments (but without analyses of significance; Stahl et al., 2010), and other regional and global
runoft studies with similar scope (e.g. Milliman et al., 2008; Dai et al., 2009; Lorenzo-Lacruz et al.,

2011). These contrasting trends between the SW and other European basins can be partly related to the
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Fig. 5: Decadal trends (as % of mean) in integrated near-natural catchment streamflow, GRDC basin
discharge, and CLM-WATCH model simulated runoff in periods 1960-1985 and 1986-2004/2001 for
area-integrated basins (left) and regional averages (right). Error bars indicate standard error of the
slope (see Section 2.6 for the interpretation of trend uncertainty). Length of available time series varies
with dataset and basin (See Table 1). Only data series with at least 14 years of consecutive data are
represented.
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Fig. 6: Decadal trends (as % of mean) of precipitation from E-OBS (top) and WFD (middle), and of
WATCH Forcing Data shortwave downward radiation (bottom) in periods 1960-1985 and 1986-
2004/2001, for selected European basins (left) and regional averages (right). Error bars indicate
standard error of the slope (see Section 2.6).
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respective trends in precipitation forcing (Fig. 6), although other causes such as increases in water
consumption or in ET from land cover changes may also play a role ( Lopez-Moreno et al., 2011;
Lorenzo-Lacruz et al., 2011). Reductions in precipitation and runoff in SW Europe have also been
suggested to be linked with changes in North Atlantic Oscillation patterns (Trigo et al., 2004).
Regarding the differences in trends between the two periods (dimming and brightening phases in 1960-
1985 and 1986-2004, respectively), the two SW European basins exhibit a streamflow increase in excess
of 20% of the mean per decade, going from a very negative earlier period to a substantially reduced or
almost no-trend later on. Conversely, many of the other European basins, the Seine most notably
amongst them, exhibit the opposite tendency for the corresponding periods, with a generally positive
earlier-period trend changing to a much reduced or even negative signal over time (although it should be
noted that most of these trends are non-significant in both periods, see Table 3). This is consistent with a
possible impact of shortwave radiation trends (dimming and brightening) on runoff in these basins,
which is also expected since ET is mostly radiation-limited in Europe with the exception of the
Mediterranean region (Teuling et al., 2009, Seneviratne et al., 2010). The critical role of the climate and
ET regime is highlighted by the fact that the differences between the two periods are overall opposite in
the SW vs. other European basins. The somewhat more extreme behaviour found in the Seine is
possibly a consequence of the small number of stations (4) and of their location at a very low average
elevation of 255 m compared to most other basins, although the fact that the GRDC dataset also
displays a marked extreme behaviour in this basin (see Table 3) may be indicative of an actual signal.
This may be explained by the stronger trends in observed precipitation for this basin when compared
with its regional neighbours (Fig. 6, top).

To evaluate the realism of the WFD and the WFD-driven simulations, and the extent to which observed
and simulated runoff is sensitive to atmospheric forcing, we assess the consistency of the identified
runoff trends in the integrated catchment dataset with those from the GRDC dataset and the CLM
simulation (Fig. 5). The identified streamflow trend patterns over both periods are overall consistent
between datasets for most basins and basin-aggregated regions, although the model simulations exhibit
a (non-significant) tendency for positive trends in the Rhone, Garonne and Loire river basins after 1986,
which is not identified in the observational datasets (Fig. 5 and Table 3). Furthermore, the CLMwatch
simulation displays a large positive trend in the Douro after 1986, which is not seen in the observational

datasets, and it does not capture the marked positive trends in the Seine river basins over the time period
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1961-1985. On the other hand, the CLMwatch simulation agrees with the observations regarding the
presence of a strong negative trend in the SW European basins, as well as qualitatively regarding the
attenuation (or in the case of the model a the reversal) of this trend after 1985.

The overall geographical patterns of the trends, which indicates a strong tendency for runoff decrease in
SW Europe, and an overall tendency for a slight increase in Western and East-Central Europe, are also
consistent with previous findings regarding global and regional precipitation trends, which note a
general precipitation increase in northern mid- to high latitudes, and no trend or slight reduction in
southern European regions (Trenberth et al., 2007; Zhang et al., 2007). This is largely supported by the
analysis of the E-OBS trends (Fig. 6), which reveal a strong negative precipitation tendency over the
Iberian Peninsula during the dimming period.

Regarding the tendency of the model for positive trends in the Rhone, Garonne and Loire river basins
after 1986, which are not found in the observational datasets, analysis of the WFD forcing fields (Fig. 6,
middle and lower) reveals that the reason may lie in erroneous precipitation and radiation forcing.
Indeed in these basins, the WFD display large increases in precipitation after 1985, which are not found
in the E-OBS dataset. In addition, in these and other basins, the radiation forcing trends have signals
opposite to those expected from observational studies, with a noted brightening during the earlier
dimming phase and vice-versa for the later period in regions other than E-C Europe (Wild et al., 2005).
Similar issues were identified in the commonly used q06 forcing (Oliveira et al., 2011), which highlight
the key importance of accurate forcing datasets for inferring hydrological trends from offline land
surface model simulations.

In addition to climate-induced changes, human impacts on trends in streamflow have been shown to be
non-negligible, with the drier regions across the globe among the most affected areas mostly as a result
of increases in water withdrawals for human consumption in domestic, industrial and agricultural use,
most notably irrigation (D6ll et al., 2009). In dry regions, including SW Europe, anthropogenic annual
flow reduction amounts to an average 35% of the natural value. In SW Europe, in particular, other
hydrologic changes due to dam regulation and water management are noted, but these affect mostly
seasonal flow patterns (Lorenzo-Lacruz et al, 2011). However, changes to land management and
landscape structure have been proposed as the most plausible explanation for a decrease in headwater
runoff in the Ebro, as natural vegetation re-growth from land abandonment induces an increase in ET

(Loépez-Moreno et al., 2011).
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Despite using some of the best available models, forcing and observation data, an apt comparison of
catchment streamflow with simulated runoff can still be marred by issues related to the scale and
characteristics of the compared areas, which may substantially impact flow and trends. The 0.5° x 0.5°
resolution WFD is interpolated from the 1° x 1° ERA-40 reanalysis, and in spite of the elevation
correction and adjustments to CRU for some fields, there is an inevitable spatial averaging effect that is
expected to potentially misrepresent individual gridcell fluxes at higher elevations. Landscapes with
unaltered hydrology tend to exist in the least accessible regions of complex topography, and this is
indeed the case with the near-natural catchment dataset used here, where lowland areas are
underrepresented (Stahl ez al., 2011). However, the overall good agreement between the GRDC and
integrated near-natural catchment data suggests that effects of resolution, altitude and human water use

may not be as acute as often assumed, at least for the considered river basins.

3.4 Summary and conclusions

This study investigates recent hydrological variability and trends for the annual time series of
streamflow covering the time period 1960-2004 in Europe from several datasets: 1) Near-natural small-
catchment streamflow observations integrated over large river basins; 2) river-basin streamflow
measurements at downmost stations from the GRDC dataset; 3) and simulations with the CLM land
surface model driven with state-of the art forcing datasets. In addition, the ensemble mean of a multi-
model hydrologic study featuring the most commonly used latest-generation hydrologic and land-
surface models is used for the evaluation of the interannual variability of runoff in the investigated river
basins.

The CLM simulations reasonably agree with the observations, especially in terms of the interannual
runoff variability. Regional discrepancies with respect to the inter-annual variability occur mostly in the
two SW European basins, which are subject to a drier climate regime where runoff is poorly correlated
with precipitation. However, these basins are also characterized by a poor density of the near-natural
catchment data, and the Douro has shorter time series, which could affect the results as well. The poorer
performance of the simulation driven with the q06 dataset reinforces the notion that reliable atmospheric
forcing datasets are essential to accurately simulate terrestrial hydrology (see also Mueller et al.,

2011b). In addition, it is noted that for the most part simulated runoff from the WaterMIP6 ensemble

65



CHAPTER 3: SIMULATED AND OBSERVED EUROPEAN RUNOFF

model mean matches observations better than that from single-model CLM simulations.

Despite the large uncertainty expressed by the overall poor statistical significance level, indications of
basin-integrated, near-natural streamflow trend behaviour and trend changes show good agreement with
GRDC observations and simulated data for most basins. In W and E-C European basins the positive
trend during the earlier radiation dimming period, and the later greatly diminished or even reversed
trend during the radiation brightening period, appear consistent with results from previous modeling and
observation studies. In SW basins this is not noted, possibly because of competing trends in
precipitation. However, it must be re-emphasized that all but a few trends in SW European basins and
the Seine during the dimming period are statistically non-significant.

Many of the underlying catchments are located in mountainous regions, which contribute a
disproportionally high amount of runoff—from 20-50% in humid areas to as much as 50-90% in arid
regions (Viviroli & Weingartner, 2004)—, are subject to fewer losses through evaporation, and have a
regulatory effect on basin-wide streamflow through snow dynamics. With rising temperature and
precipitation reported for alpine regions in recent decades (Stewart, 2009), and greater snow pack at
very high altitudes but decreased snow at lower elevations (Beniston et al., 2002), understanding the
dynamics of near-natural catchments may help predict the changes to the hydrologic balance of the
more populated downstream regions. However, the overall consistency between the near-natural
catchment and whole-basin GRDC data relativizes the possible impacts of scale, altitude or human
water use in the investigated river basins.

Further model-observation comparison studies are necessary to advance the understanding of long-term
decadal variability and trends of runoff in Europe. This is essential to produce better water resource
predictions, despite the limitations imposed by the lack of long-term near-natural catchment
observations in many regions and the insufficient information on human interference on large
continental basin discharge. Nonetheless, our results also suggest that improved atmospheric forcing
datasets and model resolution would be greatly beneficial to produce more reliable hydrological
datasets. The reasonable overall agreement in trends and variability between simulated and
observational datasets for most basins is an indication that efforts to improve the understanding of
physical processes and measurement networks can eventually lead to a better characterization of system
behaviour, which bodes well for a long-term improvement of simulations and projections of hydrologic

changes.
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Model and forcing uncertainties: CLM vs. WATCH

Model and forcing uncertainties affecting
the simulation of terrestrial hydrology: An analysis
based on CLM3.5 and WATCH model simulated data
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Institute for Atmospheric and Climate Science, ETH Zurich, 8092 Zurich, Switzerland

Abstract

This chapter analyses the impacts of model resolution, atmospheric forcing, and model choice on the
means, inter-annual variability, and trends in total evapotranspiration and surface runoff from land
surface model simulations. We perform offline simulations for the period 1985-1999 using the
Community Land Model version 3.5 at two different resolutions (but with same forcing resolution) and
driven with two different forcing datasets including a recently developed product from the WATCH
project. The results are compared to model simulations computed with six selected WATCH land-
surface and global hydrologic models. The results reveal that the WATCH Forcing Data-driven CLM
simulation generally lies within the WaterMIP multi-model spread and that the choice of forcing dataset
can significantly affect the simulations, at least to the same order of magnitude as the model choice.
Overall mean patterns in runoff and evapotranspiration are found to generally reflect the distribution of

precipitation from the forcing. Moreover, the various WATCH Forcing Data-driven simulations exhibit
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similar trend patterns and magnitude, suggesting that the decadal variability of the components of the
water cycle is more sensitive to differences in forcing datasets than in parameterization choices. For its
part, inter-annual variability is affected both by the forcing and parameterization choices, with the mean
of the six WATCH models displaying the highest values for evapotranspiration. It is found that neither of
the forcing datasets incorporate observed radiation brightening trends, which may thus be a significant
source of error in the simulations. Lastly, the conducted simulations suggest that model resolution plays
a comparably smaller role in simulation uncertainty, at least in the absence of corresponding increase in

forcing resolution.
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4.1 Introduction

Previous model intercomparison studies have shown large variations among Land Surface Models
(LSMs) mostly related to uncertainties in soil moisture, land cover and vegetation (PILPS: Henderson-
Sellers et al., 1993; GSWP-2: Dirmeyer et al., 2006; LUCID: Pitman et al., 2009). Here, offline
simulations with the Community Land Model (hereafter referred to as "CLM") version 3.5 are compared
to six model simulations from the WaterMIP project (hereafter referred to as the "WaterMIP6 models"),
which are driven by the WATCH Forcing Data ("hereafter referred to as “WFD") 0.5° x 0.5° resolution
atmospheric forcing dataset for the period 1985-1999 (Weedon et al., 2010; Haddeland et al., 2011), all
part of the WATer and global CHange (WATCH) project (Haddeland et al., 2011). The WFD is also
used to drive a simulation with CLM3.5. To assess the role of atmospheric forcing, simulations are
additionally performed using the standard NCEP-based forcing for CLM3.5 (Qian et al., 2006, hereafter
referred to as “q06”). Simulations with this forcing are done at two different resolutions (half-degree
versus T62, but without changes in forcing resolution), thus enabling to quantify the role of model
resolution.

In the following, the impacts of the chosen land-surface model, model resolution, and atmospheric
forcing on the means, inter-annual variability, and trends in total evapotranspiration (hereafter referred
to as “ET”) and surface runoff are assessed. A trend analysis is done at the global scale and for 11
regional domains encompassing the most relevant large climate regions. Two main purposes of these
analyses are: 1) To assess the performance of CLM3.5 compared to other state-of-the-art land surface
and land hydrological models; 2) to evaluate the accuracy of the q06 forcing dataset compared to a more
recently developed forcing dataset. This is particularly relevant, since the q06 dataset has been used in a

number of land hydrological applications (e.g. Qian et al., 2007, Dai et al., 2009, Oliveira et al., 2011).

4.2 Methodology: Models, forcing datasets and simulations
4.2.1 Land-surface models

4.2.1.1 The Community Land Model
CLM is a land-surface model that simulates biophysical processes such as radiation interactions with

vegetation and soil; energy and mass fluxes between plant canopy, soil, and snow; photosynthesis; soil
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hydrology featuring surface runoff and infiltration (Oleson et al., 2004, 2008; Stockli et al., 2008).
Land-surface data for soil texture are derived from the FAO/UNESCO dataset, and vegetation cover
parameters for the 17 chosen plant functional types are mostly based on MODIS satellite measurements
(Lawrence & Chase, 2007). The simulation of hydrologic fluxes by the currently used (3.5) and previous
versions has been tested and compared with FLUXNET and GRDC data, showing good performance for
a wide range of land cover types (Oleson et al., 2008; Stockli et al., 2008).

4.2.1.2 The WATCH multi-model ensemble

The model intercomparison within the WATCH project features 11 latest generation land-surface and
global hydrologic models that, despite the differencies in time steps, forcing variables, energy balance
approaches, runoff, snow and ET schemes, have each been shown to perform adequately in the
representation of land hydrology (Haddeland et al., 2011). Here, six out of these 11 models are selected,
namely: HTESSEL, JULES, LPJml, MPI-HM, ORCHIDEE, and VIC. Their ensemble mean is
calculated for comparison to other simulated data. This six-model subset is the same used for the
creation of the total runoff ensemble field in the WATCH 20th Century Ensemble product (Weedon,
2011), and present the advantage of being standard schemes coupled to climate models, like CLM
(Haddeland et al., 2011). Their basic descriptions and detailed inter-comparisons are provided in Table
1. While generally models are found to behave consistently with respect to some of the relevant
components of the water cycle, the study by Haddeland et al. (2011), focusing only on the mean state of
hydrologic variables for the study period, finds notable differences in runoff, especially in drier regions
across the globe, which is possibly caused by differences in the used ET schemes. It is suggested that

inter-model discrepancy may be an important source of uncertainty.
4.2.2 Atmospheric forcing datasets

4.2.2.1 The WATCH Forcing Data

The WFD contains data for temperature, wind, humidity, pressure and longwave downward radiation in
daily, 6-hourly or 3-hourly time steps, as well as shortwave downward radiation, rain and snow at 3-
hourly time steps (Weedon et al., 2010). The WFD fields are provided at a spatial resolution of 0.5° x
0.5° and are based on the ERA-40 reanalysis of the European Centre for Medium Range Weather
Forecasting (Uppala et al., 2005). This dataset is widely regarded within the land hydrology modeling

community as one of the best available atmospheric forcings (Haddeland ef al., 2011).
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Fable 1. Selected models, including their characteristics (adapted from Haddeland et al., 2011)

Model time |Meteorological |Energy |Evapotranspiration

Model name' |step forcing variables?  balance |scheme?® Runoff scheme* |Snow scheme |Reference(s)
R,S, T,W, Q, LW, Infiltration excess /
HTESSEL 1h SW, SP Yes Penman-Monteith Darcy Energy balance |Balsamo et al. (2009)
R,S, T,W, Q, LW, Infiltration excess / Cox et al. (1999), Essery
JULES 1h SwW, SP Yes Penman-Monteith Darcy Energy balance |et al. (2003)
Bondeau et al. (2007), Rost et
LPJmI Daily P, T, LWn, SW No Priestley-Taylor Saturation excess |Degree day al. (2008)
Saturation excess / Hagemann and Gates (2003),
MPI-HM Daily P, T No Thornthwaite Beta function Degree day Hagemann and Dimenil (1998)
R, S, T,W,Q, LW,
ORCHIDEE |15 min SW, SP Yes Bulk formula Saturation excess |Energy balance |De Rosnay and Polcher (1998)
P, Tmax, Tmin, W, |Snow Saturation excess /
ViC Daily/3h |Q, LW, SW, SP season |Penman-Monteith Beta function Energy balance |Liang et al. (1994)

"Model names written in bold are classified as LSMs in this paper; the other models are classified as GHMs.

2R: Rainfall rate, S: Snowfall rate, P: Precipitation (rain or snow distinguished in the model), T: Mean daily air temperature, Tmax: Maximum daily air
temperature, Tmin: Minimum daily air temperature, W: Wind speed, Q: Specific humidity, LW: Longwave radiation flux (downward), LWn: Longwave radiation flux
(net), SW: Shortwave radiation flux (downward), SP: Surface pressure.

3 Bulk formula: Bulk transfer coefficients are used when calculating the turbulent heat fluxes.
4 Beta function: Runoff is a nonlinear function of soil moisture.

4.2.2.2 The q06 forcing dataset

The q06 atmospheric forcing dataset, with a resolution of 2.5° longitude by approximately 1.9° latitude,
is composed of the following 6-hourly fields of meteorological data combining NCEP/NCAR reanalysis
and observational datasets: temperature, precipitation, shortwave downward radiation, pressure,
humidity, and wind. This dataset has frequently been used in land hydrology applications, and is
considered a reliable atmospheric dataset (Qian et al., 2007; Dai et al., 2009).

4.2.3 Experimental set-up

The simulation period for analysis is 1985-1999, and is preceded by a spin-up run over a period of no
less than five years, to ensure negligible initialization drift. The WaterMIP6 models use a common
interpolator to adapt the temporal resolution of the WFD to the needs of each individual model. ET and
runoff output from these models is aggregated into a multi-model mean for the comparison with the

CLM simulations. Three CLM simulations are performed according to the following design:

. “CLMwatch”, using the same set-up and half-degree resolution and WATCH forcing as
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the WaterMIP6 models;
. “CLMqian2”, performed at approximately 1.9° x 2.5° resolution and using the q06
forcing with the same original spatial resolution; and
. “CLMqian05”, driven with the the q06 1.9° x 2.5° resolution forcing at half-degree
resolution, with adjacent grid cells sharing the same forcing;

This experimental setup allows the investigation of the individual, separate effects of the different

chosen model, model resolution, and atmospheric forcing dataset.

4.3 Results and discussion

4.3.1 Mean ET and runoff

4.3.1.1 Global patterns

Annual mean (1985-1999) ET and runoff for CLMwatch, CLMqian05 and the WaterMIP6 mean are
displayed in Fig. 1. Overall, the spatial patterns of ET and Q are consistent among the 3 analysed model
datasets, and largely reflect the global distribution of precipitation (Fig. 5). Differences between the
CLM simulations and the WaterMIP6 multi-model mean are highlighted in Fig. 2. The largest
differences are located in the Eastern U.S., Northern Europe and tropical regions. Since the water cycle
is more intense in these humid regions (larger overall fluxes), it is to be expected that the differences are
similarly larger. Of these regions, the two extra-tropical humid regions (Eastern U.S., Northern Europe)
display lower ET and higher runoff values in CLM 3.5 compared to the WaterMIP6 simulations, while
the tropics show the opposite pattern. The differences of the two CLM simulations to the WaterMIP6
simulations are of same sign, and these features are thus not affected by the choice of forcing dataset.
But the magnitude of the differences is substantially larger for the CLMgqian05 than the CLMwatch
simulation. This is also understandable, since CLMwatch shares the same forcing as the WaterMIP6
ensemble and it is thus expected that differences between them would be smaller. It may be noted that
the magnitude of these differences is generally larger than 10% of the mean for both ET and runoff for
these regions, even for CLMwatch vs WaterMIP6.

4.3.1.2 Regional analysis

We focus here on regional analyses based on the Koppen-Geiger climate zones (Fig. 3). These analyses

also include the CLMgian2 simulations in addition to the WaterMIP6 multi-model mean and the
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Fig. 1: Global maps of simulated mean 1985-1999 evapotranspiration ("ET", left panels) and runoff
("O", right), from the CLMgqian05 (“CLMq05”, top), CLMwatch (“CLMw”, middle), and mean of the
WaterMIP6 models (“WMIPmn”, bottom) simulations, in milimeters/day.
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Fig. 2: Global maps of difference in simulated mean 1985-1999 evapotranspiration ("Dif ET", top
panels) and runoff ("Dif Q", bottom), between the CLMwatch and the WaterMIP6 model mean
(“CLMw,WMIPmn”, left panels) and between the CLMq05 and the WaterMIP6 model mean
(“CLMgqian05, WMIPmn”, right) simulations, in milimeters/day.

CLMwatch and CLMqian05 simulations already analysed in Section 3.1.1. The regional mean ET and
runoff of the four model datasets are displayed in Fig. 4. For the WaterMIP6 multi-model mean, the
spread (standard deviation) between the 6 models is also indicated. Overall, there is reasonably good
agreement among the different simulations, with the CLM simulations generally falling within the range
of the WaterMIP6 simulations. Nonetheless, substantial differences are noted across tropical humid
regions (in South America, Africa, and South/Southeast Asia), where the WFD-driven simulations show
mean runoff values that are significantly higher than those forced by q06. This is consistent with the
discussion in Section 3.1.1, and is also visible in Fig. 2 where the difference between CLMgqian05 and
the WaterMIP6 mean reaches negative values consistently in excess of 0.75 mm/d, with corresponding

increase in ET. This suggests that the largest uncertainties lie in tropical regions, although other
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differences mostly in ET, but of opposite sign, can be observed in temperate humid regions such as
maritime western Europe — again consistent with our discussion of the global analyses (Section 3.1.1).
In semi-arid regions of central Asia, the western U.S., Australia and the Mediterranean, however, runoff
from CLMgqian simulations (and also CLMwatch with the exception of the Mediterranean) appear to be
slightly below the lower range of the WaterMIP6 models. This is consistent with one of the major
findings in Fig. 1 of the study by Haddeland et al. (2011), which pinpoints the dry regions as those with
the greatest level of runoff discrepancy among models. Conversely, for runoff in the tropical regions, the
CLMwatch simulation seems closer to the WaterMIP6 mean, while it more strongly differs from the
CLMgqian05 and CLMgqian2 simulations. These results suggest that the simulated hydrology is affected
by both the forcing and model uncertainties in dry regions, while differences in the forcing dataset
appear to play a more important role in humid tropical areas. Nonetheless, even in these tropical regions,
the respective spread of the WaterMIP6 simulations suggests that model discrepancies can also lead to
larger variations in simulated runoff, although the CLMwatch simulations is close to the WaterMIP6

mean. Overall, for the analysed regions, the CLMwatch simulation is generally found to lie within the

MWEur

DNAmE|
HNAme Medit

DCAsi

HSEAs

THAfr
THSSA

THSAmM

HSSA DAust

Fig. 3: Map of analysed Kdéppen-Geiger climate regions and location of model regional subsets:
THSAm = Tropical Humid South America; THAfr = Tropical Humid Africa;, THSSA = Tropical Humid
South/Southeast Asia; DNAme = Dry North America; DCAsi = Dry Central Asia; DAust = Dry
Australia; HNAme = Humid North America;, HSSAm = Humid Subtropical South America;, HSEAs =
Humid SubtropicalEast Asia;, Medit = Mediterranean, MWEur = Maritime West Europe.
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Fig. 4: Model intercomparison of global and regional total 1985-1999: a) means,; and b) cumulative
linear trends (as % of mean) in evapotranspiration ("ET") and runoff ("Q") simulated by CLMwatch,
CLMgian2, CLMgqian05, and the mean of the WaterMIP6 models ("mnWMIP", including +/- 1 standard
deviation to indicate multi-model spread) simulations. See Fig. 6 for region locations and abbreviations.
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spread of the WaterMIP6 models, which indicates that CLM3.5 has a similar performance to other state-

of-the-art land surface and hydrological models.
4.3.2 Trends and inter-annual variability

4.3.2.1 Global patterns

Trends in ET and runoff for the period 1985-1999 are shown in Fig. 5. Overall, CLMwatch exhibits
patterns of trends very similar to the WaterMIP6 models, suggesting that trends in ET and Q are mainly
related to the applied atmospheric forcing. CLMgqian05 has a trend pattern that differs from the
CLMwatch simulation (especially over Europe and East Asia where ET from CLMgqian05 tends to be
more positive or even of the opposite sign). These results suggest that simulated decadal trends in land
hydrology may be more dependent on the forcing than model choice.

Inter-annual variability for the 1985-1999 period, shown in Fig. 6 for the global domain, is subject to the
combined effects of the different forcings and models used, with the mean of the WaterMIP6 models
having the highest values for ET followed by CLMwatch, with those from CLMgqian05 lying
substantially lower. Contrasts among inter-annual variability in runoff are less evident.

Means and trends for three fields of the WFD (precipitation, shortwave downward radiation, and
temperature) are displayed in Figure 7, showing a patchy shortwave downward radiation pattern that
appears to correlate with the WaterMIP6 trends in runoff and ET. However, analyses of the WFD (not
shown) hint at a radiation “dimming” signal for the 1985-1999 period for most of the global domain
(except for a small region in central Europe) that is contrary to the “brightening” expected from
observation records (Wild et al., 2005). Coincidently, corresponding analyses of the q06 forcing reveal
similar patterns of strongly decreasing radiation for west and central Europe between 1990 and 2004,
where a cumulative drop of almost 3% of the mean is also at odds with observations (Oliveira et al.,
2011). Changes to global radiation have been shown to potentially impact runoff indirectly through a
vegetation-mediated effect on plant transpiration (e.g. Gedney et al., 2006; Piao et al., 2007; Oliveira et
al., 2011). The availability of improved gridded atmospheric forcing products for shortwave downward
radiation could greatly improve our understanding of physical processes occuring in land hydrology at
the Earth surface.

On the other hand, trends in precipitation and temperature appear to be in line with recent studies on

climate change (IPCC, 2007). In particular, we note that positive precipitation trends in most dry regions
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Fig. 5: Global maps of simulated 1985-1999 annual linear trends in evapotranspiration ("ET", left
panels) and runoff ("Q", right), from the CLMgqian05 (“CLMq05”, top), CLMwatch (“CLMw”, middle),
and the mean of the WaterMIP6 model (“WMIPmn”, bottom) simulations, in milimeters/day per year.
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Fig. 6: Global maps of simulated 1985-1999 inter-annual variability of evapotranspiration ("ET", left
panels) and runoff ("Q", right), from the CLMgqian05 (“CLMq05”, top), CLMwatch (“CLMw”, middle),
and the mean of the WaterMIP6 models (“WMIPmn”, bottom) simulations, in milimeters/day.
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across the globe including Australia, the Mediterranean, the Sahel, and western U.S. are substantial,
unlike in the two large equatorial basins that see a large reduction during the 15-year period.

4.3.2.2 Regional analysis

Some large discrepancies in simulated ET and Q trends can be seen in some regions (Fig. 4). Most
notably, dry regions across the globe show large differences among, and within, simulated datasets, as
well as the highest rates of runoff change. We note that for ease of comparability across biomes these
values are presented in relative terms, as percent of the 15-year mean. Therefore, despite concurring
positive trends in precipitation also noted for these regions (see Section 3.2.1), their typical runoff mean
values are very low, and the observed two- and threefold increase amount to only a small fraction of
mm/d in absolute values. The Mediterranean exhibits also the highest runoff trend discrepancy between
WEFD- and q06-driven simulations, but this is probably an artifact related to forcing resolution, as this
predominantly coastal region contains many grid cells with only a fraction of their area covered by land.
This also affects the CLMqian05 simulation, whose 0.5° forcing is based on the original 1.9° x 2.5° grid.
For the dry regions and the global domain, trends in ET are substantially higher in the WaterMIP6
models than in CLMwatch simulations, typically ranging between a cumulative 1 and 2% of the 15-year
mean. Such differences seem small on a short time scale, but may be non-negligible when performing
simulations of future climate at the centennial scale. Possible differences in model design or
parameterization may be responsible for the higher allocation of water to runoff relative to ET on the
part of CLM.

Coastal regions notwithstanding, and after discarding the runoff trends in dry regions for the reasons
stated above, model resolution seems to play a smaller role in this assessment of simulation
uncertainties, with nearly negligible effects of differences in means between the CLMgian2 and
CLMgqian05 simulations. The only noticeable difference occurs in tropical humid Africa, where the finer
resolution yields a negative ET trend triple that of the coarse run, for which we fail to find a plausible

explanation.

4.4 Conclusions and outlook

We analyse the impacts of model resolution, atmospheric forcing, and the choice of land-surface model

on the means, inter-annual variability, and trends in total ET and surface runoff, for the global and 11
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Fig. 7: Global maps of 1985-1999 means (left panels) and annual linear trends (right) in the WFD
precipitation (top panels), shortwave downward radiation (middle), and temperature (bottom) fields.

regional domains including most large climate regions. We perform offline simulations with CLM at
two different resolutions and driven with two different forcing datasets, and compare the results to six
land-surface and global hydrologic models from the WATCH project. We find that CLM-simulated

mean runoff in semi-arid regions is mostly lower than the WaterMIP6 average, consistent with previous
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results suggesting that mean differences between models are a major source of uncertainty, especially in
dry lands (Haddeland et al., 2011). Nonetheless, the regional analysis reveals that the CLMwatch
simulation generally lies within the WaterMIP6 model spread.

WEFD-driven simulations exhibit similar trend patterns and magnitude, suggesting that the decadal
variability of the components of the water cycle is more sensitive to forcing than model choice. Inter-
annual variability is subject to the combined effects of the different forcing datasets and models used,
with WaterMIP6 being highest in ET followed by CLMwatch, and CLMgqian05 displaying lower values.
Means and trends in radiation forcing are well correlated with the respective fields in the WaterMIP6
model mean runoff, suggesting a relevance of radiation forcing for the land hydrological trends.
However, since neither of the forcing datasets incorporate observed radiation brightening trends, this is
likely a source of errors in the simulations. Hence, further investigations considering improved gridded
radiation products are needed to assess the impact of such forcing biases.

There is good regional agreement in trends and means among simulations, but in tropical humid regions
WEFD-driven simulations have higher mean runoff than those forced by q06, reaching 20% of the mean
between CLMgqian05 and the WaterMIP6 model mean, suggesting an uncertainty that may impact
feedbacks to the climate system by affecting energy partitioning between sensible and latent heat fluxes.
In dry regions and for the global average trends in ET are higher in the WaterMIP6 mean than in
CLMwatch by a cumulative 1 to 2% of the 15-year mean, which may be non-negligible for simulations
at the centennial scale. This is possibly due to differences in model parameterization making CLM
allocate more water to runoff relative to ET. Lastly, the conducted simulations suggest that model
resolution plays a comparably smaller role in simulation uncertainty, at least in the absence of

corresponding increase in forcing resolution.
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Conclusions and outlook

5.1 Conclusions

In this thesis, the land hydrological cycle and its changes over the last decades have been studied. We
use the Community Land Model version 3.5, along with observations and other modelling results, to
assess the impacts of changes to radiation and other atmospheric variables on land hydrology. In
chapter 2, the sensitivity of the simulated land hydrology to changes in global radiation, and its
partitioning into direct and diffuse fractions is investigated. Chapter 3 analyses trends and variability in
observed runoff from small, undisturbed European catchments, and compares it to runoff from other
observations and model simulations at the continental basin level, to study the effects of elevation,
solar radiation, and other atmospheric drivers. Chapter 4 examines the sources of uncertainty affecting
the simulated terrestrial water cycle globally and regionally (due to model structure, model resolution
and atmospheric forcing). For this purpose simulations at different resolutions, driven with different
forcings, and performed by different models are compared. The following overall conclusions can be

drawn:

. Response of simulated hydrology to trends in radiation forcing: Land surface
processes and their impacts on land hydrology are substantially affected by atmospheric
forcing trends, in particular solar radiation impacts on evapotranspiration and runoff are
significant. The modeled hydrologic cycle response to the imposed radiation changes is
globally strong, but weak in regions with a soil moisture-limited evapotranspiration
regime. In mid-latitude humid regions an imposed realistic solar dimming signal leads to
an evapotranspiration reduction of 5% of the mean, and an enhancement of runoff by
equal percentage, with the imposed realistic brightening eliciting a proportional
response. The runoff trend resulting from the imposed radiation/aerosols effect is of the
same sign and approximate relative magnitude as those from other studies for other

potential drivers of runoff change such as climate, CO,, and land use.
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Impact of higher diffuse fraction of radiation on water cycle: Similarly to the
terrestrial carbon cycle, also the terrestrial water cycle responds to the simulated impact
of higher diffuse radiation fraction. The simulations suggest an increase of
evapotranspiration in the tropics of ca. 3% of the mean due to increased photosynthesis
from shaded leaves, but smaller opposite effects elsewhere due to the lower values in
ground evaporation. The overall effect on hydrology is of approximately one-third the
magnitude of that from the solar dimming, and of opposite sign.

European runoff from large basins, small near-natural catchments, and
simulations: Runoff from integrated near-natural catchments can be valuable for the
validation of model-simulated runoff, as it is a good proxy for continental-scale basin
behaviour, and is sensitive to radiation forcing trends, especially in Western and East-
central European river basins. The CLM simulations agree reasonably well with
observations in terms of inter-annual runoff variability, although regional discrepancies
exist mostly in Southwestern European basins, which are subject to a drier climate.
However, simulated runoff from a multi-model mean matches observations better than
that from single-model CLM simulations. The poorer performance of the simulations
driven with one of the forcing datasets highlights the importance of atmospheric forcing
to accurately simulate terrestrial hydrology. Despite the differences in scale and the large
uncertainty expressed by an overall poor statistical significance level, near-natural
streamflow trend behaviour and changes mostly show good agreement with GRDC
observations and simulated data.

Effect of uncertainties in model and forcing on terrestrial hydrology: The adequate
simulation of land-surface hydrology depends on the choice of atmospheric forcing and
land-surface model, which may bias the means, variability, and trends at the global and
regional levels. Simulated CLM mean runoff in dry regions is mostly lower than the
multi-model average, and overall mean patterns in runoff and evapotranspiration reflect
the distribution of precipitation from the forcing. Simulations driven with the same
forcing exhibit similar trend patterns and magnitude, suggesting that the decadal
variability of the water cycle components is more sensitive to differences in the forcing

datasets than to differences in model parameterizations. For the inter-annual variability
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of the simulated processes, both the applied forcings and model parameterizations
appear relevant. Some of the model and forcing agreement may be erroneously due to
the lack of the observed radiation brightening trend in any of the forcing datasets.
Differences in forcing datasets lead to substantial simulated differences in mean
evapotranspiration and runoff in tropical humid regions, which highlights the

importance of forcing data.

5.2 Outlook

The study of land hydrology using land surface models can inform the discussion on the biophysical
processes occurring at the surface and help understand how forcing trends can affect the components of
the water cycle. Throughout this thesis, model experiments and comparisons with observations
contribute to the advancement of the characterisation of the land-climate system, additionaly offering
further insight into the limitations of the models, datasets and simulation methodology. In doing so,
however, other issues have been arisen that merit attention and should be the subject of future

investigation. These are briefly addressed here:

. Land-surface models mostly simulate conceptual natural systems excluding the impacts
of human water withdrawal or irrigation, but in such hydrologic variables as river runoff
anthropogenic disturbances can be large. Observation data from unimpacted catchments
can be valuable as a tool to validate simulated natural hydrology, but the temporal and
spatial limitations of available datasets is small. The field of land-climate interactions,
and the study of land hydrology in particular, would greatly benefit from the expansion
of this network to a truly global data collection system similar e.g. to the Fluxnet
network (Baldocchi ef al., 2001).

. None of the forcing datasets used in this thesis incorporates trends in shortwave
downward radiation that are consistent with observations for recent decades. Chapters 2
and 3 of this thesis show that radiation forcing trends can affect the components of the
water cycle significantly, so possibly some of the understanding derived from

simulations using these data may be erroneous. Global datasets with reliable 2D
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radiation forcing would greatly enhance our understanding of the processes occurring at
the land surface including those pertaining to the water and carbon cycles, helping to

better constrain forecasts of future climate.
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