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Abstract. In a context of climate, environmental, ecological and socio-economical changes, understanding and
predicting the response of hydrological systems on regional to global spatial scales, and on infra-seasonal to
multidecadal time-scales, are major topics that must be considered to tackle the challenge of water resource
management sustainability. In this context, a number of strongly-linked key issues need to be addressed by
the scientific community, including: (i) identifying climate drivers of hydrological variations, (ii) understanding
the multi-frequency characteristics of hydroclimate variability, including evolution of extremes (meteorologi-
cal/hydrological event scale to long-term natural/internal climate- or anthropogenic-driven variations and trends),
(iii) assessing the influence of local- to regional-scale basin properties on hydrological system response to cli-
mate variability and change, (iv) identifying the evolving contribution of anthropogenic water use in observed
hydrological variations. Based on pan-European collaborations, activities of the EURO-FRIEND “Large-scale
variations in hydrological characteristics” group aim at generating new findings to improve our understanding
of hydrological systems behavior sensu lato (i.e. surface and sub-surface) on large spatial and temporal scales
(i.e continental – multidecadal). Through selected examples, this contribution emphasizes recent research devel-
opments in characterizing and modeling of climate-hydrology linkages at different temporal and spatial scales,
as well as recent insights on climate-hydrology scaling characteristics (i.e. long-term persistence, dependance
of processes, of hydrological behaviors, of large-scale climate/hydrology linkages on time-/spatial scales), long-
term hydrometeorological reconstructions, and large-scale hydrological model refinement taking into account
spatial heterogeneity of watershed physical characteristics.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.



142 N. Massei et al.: Understanding and predicting large-scale hydrological variability

1 Introduction

Understanding, characterizing and predicting changes in hy-
droclimatic conditions on land are essential to optimize wa-
ter use and mitigate the impact of climate and environmental
changes on water resources and related hazards (e.g. floods,
droughts, erosive events, degradation of water quality, hy-
dropower...). One of the main problems in predicting long-
term hydroclimate variability is related to the limitations
of climate models to adequately simulate internal modes of
variability, whose impacts can sometimes worsen, sometimes
attenuate the impact of climate change on regional hydrolog-
ical systems, especially at decadal scales (Hawkins and Sut-
ton, 2009; Deser et al., 2012, 2014; Roberts et al., 2015). For
instance, natural phenomena such as the Interdecadal Pacific
Oscillation and the Atlantic Multidecadal Oscillation sub-
stantially modify the rate of warming in many regions of the
globe (Zhang et al., 2007; Meehl et al., 2016; Deser et al.,
2012). It is then important to distinguish between trends and
low-frequency variability inherited from climate system dy-
namics. Impacts usually affect large regional to continental
spatial scales and highly depend on local physiographic con-
ditions such as basin characteristics and land-use.

A number of key issues need to be addressed by the sci-
entific community in order to understand and predict the
large-scale hydrological response to climate variability and
environmental changes, and to tackle the major challenge
of adapting water resource management to climate change.
This paper presents a reflexion on characterization, forcing
factors, methodological approaches to hydrological variabil-
ity, partly based on recent research of EURO-FRIEND Wa-
ter Projet 3 “Large-scale variations in hydrological charac-
teristics” members. It mainly focuses on the following par-
ticular points: (i) identification of the climate drivers of hy-
drological variations and changes, (ii) characterization of
hydrological variability across time-scales, (iii) influence
of basin characteristics on hydrological responses to cli-
mate variability and changes, (iv) the need for long-term
(palaeo-)hydrological/climatic reconstructions to help under-
standing recent hydroclimatic variability and trends.

2 Identifying the climatic drivers of large-scale
hydrology

Establishing links between hydrological variability and
large-scale climate is crucial to understand how hydrology
responds to climate changes and eventually to predict hydro-
logical variations and develop climate-impact scenarios. Dif-
ferent complementary approaches can be undertaken. Some
of them focus on describing statistical relationships between
parts of the climate system and land surface water. However,
understanding climate/hydrology links requires deeper anal-
ysis of mechanisms at play for developing a coherent and
comprehensive understanding about how water flows from
the ocean, through the atmosphere, to the land surface.

2.1 Atmospheric circulation-based analyses

At their most general and wide-ranging, studies of the role
of atmospheric circulation as a control on large-scale hydro-
logical variation involve correlation of hydrological metrics
with gridded geopotential height data (e.g. Kingston et al.,
2015). Alternatively, composite analysis of such gridded data
sets may be used, based on a threshold of high or low val-
ues for some aspect of hydrological variation (e.g. river flow
– Kingston et al., 2016a; precipitation – Lavers et al., 2013
and Massei et al., 2017). Such studies often focus on defined
modes of coupled ocean-atmospheric circulation variation,
such as the Atlantic Multidecadal Oscillation (AMO), North
Atlantic Oscillation (NAO) and El Nino Southern Oscilla-
tion (ENSO), and at monthly or seasonal . At such spatial
and temporal scales, the relatively high temporal and spatial
autocorrelation of sea-surface temperatures (SSTs) can make
this variable a particularly important focus for understanding
large-scale variation in hydrological processes (e.g. Ionita et
al., 2017; Kingston et al., 2015).

Rather than focusing on hemispheric or continental scale
ocean-atmosphere variations, other studies of climate control
on hydrological variation examine more closely the atmo-
spheric circulation co-located with the immediate hydrologi-
cal study. These typically make use of synoptic-scale weather
classifications, such as the Lamb Weather Types (UK; Lamb,
1972), Kidson Weather Types (New Zealand; Kidson, 2000),
or the European-scale Grosswetterlagen (James, 2007). Such
classification schemes are typically calculated at daily or sub-
daily scale, often making them suited to event-scale analyses
(e.g. Fleig et al., 2011, in addition to longer-term character-
ization of the atmospheric circulation – land surface hydrol-
ogy connections. Multi-scale analyses may also investigate
relationships from SSTs to large-scale atmospheric circula-
tion patterns and subsequently synoptic weather types (Han-
nah et al., 2014).

2.2 Atmospheric pathways to precipitation delivery

Analyses of large-scale geopotential height and wind
fields can provide strong indications of delivery of
warm/cold/wet/dry air-masses over a region based on cor-
responding changes in pressure gradient, orientation and
presence of high and low pressure systems. However, such
analyses do not ultimately provide quantitative evidence of
changes in hydrologically relevant variables (i.e. precipita-
tion supply). One approach to help filling the gap from large-
scale atmospheric circulation to airmass/precipitation supply
is to analyze more specifically the source and trajectory of
air-masses through the atmosphere using reanalysis or cli-
mate model data. One method by which such an approach
can be achieved is back trajectory analysis, whereby parcels
of air spatially and temporally coincident with a hydrologi-
cally significant event (i.e. extreme precipitation, snowmelt
or evaporation) are tracked backwards in time. The back-
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wards trajectory thus reveals how parcels of air reach the hy-
drologically significant event and interact with larger-scale
weather types and/or circulation patterns (e.g. Kingston and
McMecking, 2015; Sahin et al., 2015). Alternatively to track-
ing the physical trajectory of air parcels, the geochemical
characteristics of precipitation delivered to the land surface
can also provide information on air-mass characteristics, pre-
cipitation source and moisture recycling from the surface to
the atmosphere (e.g. Fiorella et al., 2018; Bass et al., 2014).

2.3 Moisture transport mechanisms: blocking, storm
tracks and atmospheric rivers

A further means to provide more detail information on con-
nections from large-scale circulation to land-surface hydrol-
ogy is to focus on the role of specific atmospheric phenomena
for delivering moist/dry/warm/cold air masses, particularly
in relation to precipitation occurrence. For example, atmo-
spheric blocking events are often associated with low pre-
cipitation totals, and outside of winter, with above average
temperatures – such as during the 2015 summer drought in
Europe (Ionita et al., 2017). Similarly, the presence of block-
ing typically results in diversion of prevailing winds and thus
storm tracks – as was also observed during the 2015 Euro-
pean drought (Ionita et al., 2017). The relatively recent in-
creased attention given to the role of atmospheric rivers (ex-
tremely intense and narrow “rivers” of atmospheric water
vapour flux) has also led to new understanding of the pro-
cesses leading to extreme rainfall and flooding events: for
individual rivers (e.g. Lavers et al., 2015), regions, and glob-
ally (e.g. Kingston et al., 2016b; Lavers and Villarini, 2013;
Paltan et al., 2017). Similarly, the absence of such features
has been linked to drier than normal conditions, including
drought (Paltan et al., 2017).

2.4 Hydrological prediction

Identification of concurrent climate-hydrology relationships
such as those described in previous section provides impor-
tant information on the series of processes that connect the
climate system variation to large-scale hydrological varia-
tion. Whilst a critical step in developing understanding of
the drivers of hydrology and in turn water resources, sub-
stantial additional benefit (particularly from an applied per-
spective) comes from the identification of lag-lead relation-
ships in the ocean-atmosphere-land surface system, and so
the potential for improved predictability of water resource
availability. Seasonal lag-lead relationships typically focus
on the role of slowly-varying components of the climate sys-
tem, particularly SSTs (e.g. Kingston et al., 2013; Ionita et
al., 2017), whereas on daily to weekly scales it has recently
been shown that by focussing on water vapour transport in-
stead of directly on precipitation has the potential to increase
the forecast horizon by up to three days (Lavers et al., 2014).

3 Hydrological variability across time-scales

Understanding the long-term evolution of hydrological vari-
ations has been the subject of a large number of studies in re-
cent decades (Hannaford et al., 2013; McCabe and Wolock,
2002; Pagano and Garen, 2005; Stahl et al., 2010). Most of
them focused on the identification of trends in hydrological
processes (precipitation, temperature, streamflow). However,
characterization of high- to low-frequency hydrological vari-
ability, beyond trend identification only, now appears nec-
essary for understanding the evolution and forcing factors
of hydrological phenomena in a changing climate. In this
framework, identifying intrinsic oscillations affecting both
large-scale climate and hydrological variables over multiple
time-scales provides new insights.

3.1 Trends and low-frequency variability

Assessing the low-frequency variability of hydrological and
hydroclimatic variables received increasing attention for the
past years. On the pan-European scale, for instance, Gud-
musson et al. (2011) or Hannaford et al. (2013) addressed
this issue. Gudmusson et al. (2011) investigated the low-
frequency variability of runoff for 358 watersheds across
Europe, and deduced that low-frequency behavior would
follow well known continental-scale atmospheric features,
whereas watershed properties would explain the propor-
tion of variance of low-frequency fluctuations. Applying a
so-called multi-temporal approach for trend analysis on a
database comprising 132 european watersheds, Hannaford et
al. (2013) highlighted that magnitude and direction of short-
term trends were strongly influenced by interdecadal vari-
ability. Investigating river flow variations at 38 gauging sta-
tions in metropolitan France, Boé and Habets (2014) high-
lighted the large amplitude of the multi-decadal variations in
French rivers. Similarly, using 500 years observational and
reconstructed hydroclimatic records, Dieppois et al. (2016)
highlighted increasing multidecadal variability in the Seine
river watershed, whose contribution is greater than the gen-
eral trend to wetter conditions, since in the mid-19th century.
Both studies emphasized on the importance of quantifying
such variability, which may modify the long-term effect of
global climate change on hydroclimatic processes (amplifi-
cation, attenuation or sometimes inversion). This is also of
crucial importance for short-length observational time-series
and classical trend detection approaches, which can be sub-
stantially affected by potential interactions with decadal to
multidecadal fluctuations. In this sense, it also constitutes
a significant source of uncertainty for near-future climate
projections, as multidecadal fluctuations are largely under-
estimated in current state-of-the art models (e.g. Ault et al.,
2012, 2013) and contributing to uncertainties associated with
internal climate variability (Keenlyside et al., 2008).
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3.2 Time-frequency approaches for characterizing
hydrological variability

One consistent means in the aim of better characterizing low-
frequency variability and trends relies on the full exploration
of the total range of the time-series spectrum. Since knowl-
edge about time-evolution of hydroclimate variability is im-
portant, multi-frequency or multiresolution approaches need
to be used, as proposed by Anctil and Coulibaly (2004),
Coulibaly and Burn (2004), Labat (2006), or more recently
by Massei et al. (2010, 2017), Massei and Fournier (2012),
Kingston et al. (2016a) and Dieppois et al. (2013, 2016).
These authors used continuous wavelet transform or mul-
tiresolution techniques (e.care of mostg. wavelet-based, em-
pirical mode decomposition) to explore the time-frequency
spectral content of precipitation, streamflow or climate in-
dices in order to identify the different oscillatory compo-
nents explaining the variance of such signals and its change
through time. Kingston et al. (2016) used such techniques
in addition to correlation analysis, partial least-square re-
gression and composite analysis for understanding of the
circulation–climate–inflow relationships for three headwater
lakes in the Waitaki basin (New-Zealand). The approach al-
lowed them to demonstrate, not only the presence of statis-
tical relationships, but also their temporal location and pe-
riodicity together with an identification of underlying phys-
ical mechanisms. Studying precipitation and streamflow on
the Seine river watershed in France between 1950 and 2008,
Massei et al. (2010, 2017) and Massei and Fournier (2012)
found interannual (∼ 7-years) and interdecadal (∼ 17-years)
oscillations, whose fluctuations are only significant, respec-
tively, since the 1970s and 1990s, that would explain 23 % of
daily Seine streamflow, and up to 35 % of daily deseasonal-
ized flow. Using similar methodology, Dieppois et al. (2016)
also identified multi-decadal fluctuations (∼ 64 years) in the
Seine river watershed, whose contributions significantly in-
crease in the mid-19th century. Compared to low-pass fil-
tering, spectral or multiresolution-based approaches allow
for separating and extracting components from high-to low-
frequencies, making it possible (i) to analyze separately the
time evolution and the variability of all statistically signifi-
cant frequency components, (ii) to look for possible different
determinism associated to these components.

3.3 Linking large-scale climate and hydrology across
temporal scales

As internal modes of climate variability and associated tele-
connections oscillate over a number of different time-scales,
so do hydrological variables, on regional or even local scales
(e.g. at weather stations or small watershed outlets). This
leads to a number of key-questions: do large-scale climate
and local-scale variations co-vary similarly for all time-
scales? Can we identify statistical and/or physical links be-
tween large- and local-scale variables that would be hidden

when accounting for linear or nonlinear correlation analysis
only? Can we define processes that are associated to char-
acteristic oscillations? Which processes become eventually
filtered out by local characteristics?

In northern France, Massei et al. (2007, 2010) and Mas-
sei and Fournier (2012) identified clear co-variation between
the NAO index, precipitation and discharge in the Seine river
watershed at specific time-scales: interannual (∼ 7-years)
and interdecadal (∼ 17-years). Dieppois et al. (2013, 2016)
then proposed that interdecadal to multidecadal hydrocli-
matic fluctuations in the Seine river watershed were associ-
ated with a south-eastward (southwestward) shift of the Ice-
landic Low (Azores High), which is particularly pronounced
in Spring. This interdecadal shift in the NAO center ac-
tion was consistent with Fritier et al. (2012), who showed
that ∼ 17 years interdecadal fluctuations were significantly
detected in the Icelandic low, only. According to Hilmer
and Jung (2000), anomalous sea-ice and fresh through Fram
Strait could have helped to drive such an eastward shift in
the Icelandic Low over the recent decades, and at the in-
terdecadal time-scale. Similar interactions between Arctic
sea-ice, which would be linked to the AMO, could also oc-
cur at the multidecadal time-scale, as suggested by the re-
cent work of Miles et al. (2014). In addition, combining
composite/correlation analysis and multiresolution filtering
technics, Massei et al. (2017) show that atmospheric pat-
terns linked to rainfall and streamflow in the Seine river
watershed, where progressively shifting from local/regional
convective atmospheric patterns (i.e. rainfall associated with
low-pressure system centered on the watershed) to large-
scale zonal circulations (i.e. NAO-like patterns) from in-
traseasonal (∼ 3 months) to interdecadal (∼ 17 years) time-
scales. While previous studies suggested climate-streamflow
predictions were using raw data (e.g. Lavers et al., 2013),
Massei et al. (2017) highlighted that prediction skills could
thus be substantially improved by tracking the predictor at
the different time-scales.

4 Research issues deserving increasing attention:
assessing the role of large-scale basin
characteristics and bridging the gap between
historical period and palaeo-hydroclimatic
time-scales

Amongst many scientific questions that still need to be ad-
dressed in the field of large-scale hydrology, investigating the
role of basin properties on hydrological variability and the
need for long-term hydrological reconstructions in particu-
lar constitute important issues to which more efforts should
be focused. On the one hand, it appears crucial to gain new
insights into understanding physical processes at play in wa-
tersheds, including for instance recharge processes or surface
water/ground water interactions. In particular, improving up-
scaling procedures would be needed, that would allow for a
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more realistic consideration of local-scale processes in large-
scale hydrological models. On the other hand, the need for a
better understanding and more comprehensive characteriza-
tion of long-term variability in a context of climate change
requires “zooming out” hydrological time series; looking
back at the past may constitute one important means to as-
sess the significance of observed trends and low-frequency
variations, and to disentangle natural and anthropogenic hy-
droclimatic variations.

4.1 The influence of basin characteristics on
hydrological response to climate variability and
change

Assessing the relationships between large-scale climate and
hydrological variations from the watershed scale up to the
regional or even continental scale very often involves com-
parison between hydrological output variations, e.g. stream-
flow (Kingston et al., 2006; Lavers et al., 2013; Massei et
al., 2010), low-flow characteristics (Giuntoli et al., 2013),
ground water level (Holman et al., 2011; El Janyani et al.,
2012; Lavers et al., 2015) and large-scale atmospheric vari-
ables or circulation indices.

Most of these authors, however, highlighted the need for a
better understanding of basins properties in order (i) to gain
new insights into the large-scale climate and local-scale hy-
drological relationships, (ii) to improve projections of water
resources availability under climate change.

This conclusion was reached for instance by Laizé and
Hannah (2010), who attempted to assess the respective roles
of large-scale atmospheric circulation, regional climate and
basin properties on streamflow based on a database compris-
ing 104 gaging stations in Great Britain. They underlined the
important, but variable role of basin properties in modifying
climate signals in river flow and the need to consider both
sets of controls in evaluating hydrological sensitivity to cli-
mate change.

Basin properties operate different types of filtering of
large-scale climate fluctuations according to time-scale. For
shorter time-scales, the basins transfer functions smooth out
the climate input. Beyond a certain higher time-scale, the
input signal is no longer frequency-modulated (i.e., the cli-
mate oscillations are recovered at the exact same frequency
in the output). This is can be easily related to the conclusion
drawn by Gudmusson et al. (2011) for instance, who noticed
that the low-frequency behavior of streamflow on the pan-
European scale followed well known continental-scale at-
mospheric features, whereas watershed properties would ex-
plain the proportion of variance of such low-frequency fluc-
tuations.

Since higher frequencies are being filtered out, the low-
frequency variations corresponding to long time-scales are
clearly expressed and explain very often a non-negligible part
of variance in output signals (Slimani et al., 2009). The role
of aquifers in this process, acting as potentially strong low-

pass filters, is pre-eminent, especially where low-flows are
strongly sustained by ground water or in places where ground
water flooding may occur.

El Janyani et al. (2012) attempted to relate the propor-
tion of variance explained by frequency components in chalk
ground water levels in northwestern France according to ge-
ological heterogeneity (thichness of 2 types of surficial for-
mations, vadose zone and aquifer). These authors conducted
cluster analyses based on the frequency content of the data
and detected a similar interannual variability in ground wa-
ter level and winter-months NAO. They finally interpreted
of the geological forcing factors of piezometric variability
using ANOVA to define explanatory variables. The authors
concluded that the location of the piezometer along the flow-
path, as well as the size of the ground water sub-basin con-
sidered were determinant in the structure of the frequency
content of piezometric time-series: the more downstream the
piezometer, the higher the amplitude of low-frequencies.

Thiéry et al. (2018) used the results, obtained at an ex-
perimental site in northern France, of a 2.5-year monitor-
ing of water content, soil temperature, matrix pressure in the
chalk aquifer under various natural or forced infiltration con-
ditions, to develop a vertical numerical flow model as input
to a ground water flow model. The refinement of the mod-
eling approach based on improved knowledge on infiltration
processes eventually allowed the ground water model to re-
produce very well the interannual variability of ground wa-
ter level, which had been related to large floods in northern
France and southern England in winter and spring 2000–
2001.

As pointed out by Hartmann et al. (2017), accounting for
local to regional scale heterogeneity can actually reveal cru-
cial for more consistent modeling of hydrological response
to climate variability and change and appropriate water re-
sources management. In their study on carbonate rock re-
gions of Europe, Northern Africa, and the Middle East, these
authors showed that accounting for carbonate heterogeneity
(presence of karstic terranes) results in actual recharge rates
up to four times larger for present conditions and up to five
times larger for potential future conditions than estimated
when recharge is considered homogeneous.

4.2 Looking back at the past using hydrometeorological
reconstructions

The release of global extended reanalyses like 20CR (Compo
et al., 2011), ERA20C (Poli et al., 2016) or CERA-20C
(Laloyaux et al., 2018) over the past few years now pro-
vide reconstructions of global atmospheric circulation back
to the 19th century onwards. It thus opened the way for
deriving local-scale meteorological reconstructions and re-
sulting catchment-scale hydrological reconstructions based
on statistical downscaling methods and hydrological model-
ing tools (Dayon et al., 2015; Minvielle et al., 2015; Kuentz
et al., 2015; Caillouet et al., 2016, 2017). These new high-
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resolution datasets thus now allow studying the climate vari-
ability at the local scale, as well as the resulting hydrological
variability for small catchments. Long-term analyses of these
datasets for example highlighted the large multidecadal vari-
ability in precipitation and streamflow over France over the
last 140 years, a variability already suggested by hydrometric
studies for specific catchments (Kuentz et al., 2014) or from
sparse streamflow measurements over metropolitan France
(Boé and Habets, 2014).

Hydrological and climatological reconstructions also con-
stitute a unique means to tackle the challenge of estimating
long-term statistical properties of climate variability beyond
the time-scale of observational records. These approaches at-
tempt to bridge the gap between hydrological/climatic obser-
vations and palaeo-hydrological/palaeo-climatic records, and
received growing attention in the last recent years. Studies
seek to link the statistical information beared by historical
records and that contained in climatic or hydrological prox-
ies in order to gain additionnal insights into interpretation
of low-frequency variability and trends in hydrological pro-
cesses (Dieppois et al., 2016; Iliopoulou et al., 2018; Marko-
nis and Koutsoyiannis, 2016; Markonis et al., 2018). Charac-
terizing long-term persistence, for instance, may reveal par-
ticularly relevant for improving hydro-climatic extreme mod-
els or understand observed hydrological variations under cli-
mate change (Markonis and Koutsoyiannis, 2016). The con-
clusions drawn from such studies may have important impli-
cations in terms of water management, including floods and
droughts, for instance. Among recent palaeo-hydrological
studies, Wilhelm et al. (2015) could reproduce the main re-
gional hydrological trends (periods of high flood-frequency,
ranges of flood-frequency values and timing of the most in-
tense events) and propose a palaeo-hydrological reconstruc-
tion back to the 14th century from lake sediments in the
french mediterranean Alps. Studying a lake sequence in the
same region, Wilhelm et al. (2016) highlighted a tendency to-
wards higher frequencies of high-intensity flood events dur-
ing the warm Medieval Climate Anomaly: consequently, they
suggest a possible increase in the intensity of floods in this
area under global warming.

Enhancing interactions and communication between hy-
drological, climatological and palaeo-climatological scien-
tific communities appears more than ever essential to address
such crucial issues as understanding the long-term variabil-
ity of hydro-climatic processes and interpreting current vari-
ability and changes under natural climate and anthropogenic
forcing.

5 Conclusion

This paper presented a summary of some recently used ap-
proaches to characterize and understand large-scale hydro-
logical variability, partly based on research conducted by
members of EURO-FRIEND Water project 3 “Large-scale-

variations in hydrological characteristics”. The paper high-
lighted some key-elements for hydrological variability as-
sessment, understanding and prediction, including the anal-
ysis of the climate drivers and multi-time-scales character-
istics of hydrological variations. As emphasized throughout
this article, the concept of “large-scale variations” must be
here understood from both spatial and temporal standpoints.
Both dimensions are closely linked: low-frequency hydro-
logical variations can be intuitively associated with homo-
geneous hydrological behaviors across large areas. In other
words, long-term, slow and highly-inertial climate variabil-
ity logically tends to affect vast regions. This constitutes the
basis for hydrological classification, and a supporting princi-
ple of many approaches used in hydrology (e.g. double-mass
analysis for data homogeneity assessment).

However, this article also underlines that from both spa-
tial and temporal sides, the need appears for bridging the
gap between the small and the large scales. Fine-scale hy-
drologic or hydrogeologic processes are generally well un-
derstood, but large-scale hydrological models very often suf-
fer from too simplified representations of the physical char-
acteristics of the basins, which may impair their ability to
generate consistent enough hydrological responses to tackle
water management challenges under climate change, for in-
stance. Efforts should then continue on the assessment of
the way physical properties modulate the climate signal to
release hydrological variability on the basin scale. Simi-
larly, from the temporal side, comparison of historical mea-
surements of hydro-climatic variables with (palaeo-)hydro-
climatic reconstructions back to the past centuries or mil-
lenia (e.g. as elaborated by Pages 2k groups) seems nec-
essary to improve understanding and interpretation of the
long-term variability (of both averages and extremes) as
recorded in historical direct measurements of hydro-climatic
variables. In this sense, enhancing interactions between hy-
drological and palaeo-hydrological/palaeo-climatic commu-
nities appears fundamental.
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