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Abstract. Non closure of the interannual water balance is a major issue in hydrological modelling. Because the potential
causes (e.g. forcing biases, groundwater exchanges, anthropogenic influences, streamflow uncertainties) are so inextricably
intertwined, many modelers resort to the calibration of *sweep’ parameters, leading to ad hoc corrections of water balance
components to improve performance metrics. Such practices can be beneficial when applied ’for the right reasons’, although
this is seldom possible to verify. In this paper, we look at the untangling of water balance closure through the lens of scale:
we hypothesize that the spatial variability of the water balance anomaly signal can be used to separate the different causes of
non-closure and, in particular, to discriminate between those which have local determinants (such as groundwater leaks) and
those involving non-local or systematic drivers (such as forcing biases). To test the idea, we compute long-term water balance
anomalies for 3641 near-natural gauged catchments across Europe, using the CERRA-Land climate reanalyses (1984-2024).
We then apply Thin Plate Splines to extract the mesoscale imbalance, a continuous field of low-frequency variability. We show
that the extracted signal is most likely driven by the forcing biases of the CERRA-Land reanalysis. The approach is a step
forward towards extracting the contribution of climate forcing biases across gauged catchments and beyond. The hypothesis
and the associated methodology provide a tool to contain the uncertainties of ’sweeping’, paving the way for hydrologically-

grounded mesoscale corrections of the forcing variables in large-scale distributed hydrological models.
1 Introduction

1.1 On closing the long-term water balance

The interannual water balance (IWB) closure equation writes as follows:

P—FEA+AS+Igr+Ig=0Q (D

where P, F 4 and @ refer to the interannual means of total annual precipitation, actual evaporation and specific discharge
at the catchment outlet; AS is the mean annual change in storage; I broadly refers to intercatchment groundwater flows
(Le Moine et al., 2007) and Iz to human influences. Each of these components is defined in mm yr~1. Whilst P, E4 and Q

are positive quantities, both AS, I and Iy may take either positive (gain) or negative (loss) values.
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Any error in the estimation of each of these fluxes entails water balance non-closure. We define the IWB non-closure anomaly

Arwp as follows:
Awp=Q—(P—Ea+AS+Igr+ 1) 2

The IWB is only a special case for the more general closure problem applied to any spatial or temporal scale, which Beven
(2006) described as the Holy Grail of scientific hydrology. Yet, because the complexity of the water balance decreases as the
timestep increases (Coutagne and de Martonne, 1934), addressing the water balance closure at the interannual timestep allows
to filter out those transient phenomena (e.g. annual aquifer fluctuations) which make the parent problem (searching for the
Holy Grail) considerably more challenging.

Nevertheless, IWB non-closure is still a ubiquitous issue. Measuring or modelling even the long-term average fluxes across
catchment boundaries is arduous, as observations of the hydrological processes are often too scarce and too uncertain. In spite
of technological developments, some sources of water balance non-closure have been discussed for over a century, such as
the near-impossible estimation of IGF, unaccounted human influences, long-term storage fluctuations, biased climate forcings,
streamflow measurement errors (Lugeon, 1928; Penman, 1950; Flerchinger and Cooley, 2000; Rakovec et al., 2016; Safeeq
et al., 2021; Luo et al., 2025).

1.2 Sweep parameters and the risk of heedless water balance closure

Why does it matter so much that we achieve long-term water balance closure over the historical period? Given the widespread
deployment of hydrological models for climate change impact studies (Beniston, 2012; Vezzoli et al., 2015; Bisselink et al.,
2018; Sauquet et al., 2024; Marx et al., 2018), our inability to close the IWB raises concerns about their suitability for temporal
extrapolation, as IWB closure is a fundamental prerequisite of model calibration. Popular performance metrics in hydrology
often include - implicitly or explicitly - some measure of the average bias - namely, the average mismatch between observed
and simulated discharge (Gupta et al., 2009). When computed for long timeseries, bias can also be interpreted as a measure of

the IWB closure, as shown through the following identity:

Qobs _Qsim
:Qobs*(P*EA+AS+IGF+IH) 3)
=Arwn

Therefore, many hydrological models include some lever to force IWB closure as a means of increasing overall model per-
formance. Generally, modellers rely on calibration to tune the average partition of rainfall between discharge and evaporation.
Sometimes, models also include additional parameters which are specifically designed to correct (or account for) the causes of
long-term non-closure. Such parameters may come in the form of additive or multiplicative corrections of the forcing variables
(Le Moine et al., 2007; Lussana et al., 2018), the simulated streamflow (Clerc-Schwarzenbach et al., 2026) or the catchment
surface area (Rouhier, 2018), but also in the form of the outright ‘removal’ or ’creation’ of water at some stage of the hy-

drological process (Perrin et al., 2003; Samaniego et al., 2010) to account for /5. Because modellers cannot address all the
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causes for non-closure at once, only one parameter is often used to freely adjust the water balance and to compensate for all
non-closure causes at once, which equates to sweeping all the hydrological unknowns under the rug of a single parameter,
hence the notion of ’sweeping’ (Clerc-Schwarzenbach et al., 2026).

Regrettably, ’sweep’ parameters are often calibrated alongside other parameters, thereby affecting the entire model (An-
dréassian et al., 2001; Oudin et al., 2006; Kavetski et al., 2006b; Vrugt et al., 2008). Consequently, indiscriminate sweeping
can lead to unrobust parameter selection, which undermines a model’s potential for temporal and spatial (regionalisation) ex-
trapolation (Kavetski et al., 2006a; Coron et al., 2012; Clerc-Schwarzenbach et al., 2026). Moreover, one may argue that the
unrestricted calibration of sweep parameters hinders the progress of hydrological science, because it curtails our ability to
falsify inadequate model structures. By design, these parameters are adjusted to compensate for any cause of non-closure. In
doing so, they can obscure the physical meaning of model performance. If all models are allowed to enforce IWB closure
through additional calibrated degrees of freedom, they might reproduce average streamflow equally well, regardless of whether
the underlying process representation is realistic. Consequently, ’sweeping’ prevents us from using IWB non-closure as a di-
agnostic criterion to identify and reject the poorest - or “non-behavioural” (Beven, 2001) - models. The apparent convergence

of model performance would therefore come at the expense of model discrimination and physical interpretability.
1.3 Making sure we sweep the ’right’ fluxes for the ’right’ reasons

In spite of the risks, and as Clerc-Schwarzenbach et al. (2026) demonstrated, ’sweep’ parameters can still provide a robust and
sensible tool, especially when one succeeds in making them ’right for the right reasons’. Targeted and informed corrections of
the forcing biases can help constrain our modelling tools and their structural uncertainties (Renard et al., 2011). How, then, can
we make sure to only sweep what must be? In other words, how can we identify and quantify IWB non-closure causes among
the long list of likely candidates?

The answer to this question changes depending on the spatial scale and the modelling paradigm. Closing the IWB for a
lumped model of a small experimental watershed with comprehensive monitoring data, raises different issues compared to
IWB closure of distributed models over entire continents. In the former case, lower spatial heterogeneity (Kane and Yang,
2004) entails higher confidence in the observed fluxes (discharge, precipitation and evaporation) and the storage terms, thus
making it possible to better unwind the multiple non-closure causes and to identify precisely which ones might prevail (e.g.
deep percolation (Chauvin et al., 2011) or permafrost melt (Zhuravin, 2004)).

In contrast, large-scale distributed models are commonly calibrated against extensive datasets comprising several hundred
to several thousand gauged catchments (Troy et al., 2008; Samaniego et al., 2017). Data scarcity and heterogeneity severely
limit the ability to disentangle the multiple sources of water balance non-closure, and thus to calibrate the value of sweep
parameters. More importantly, the deployment of distributed models hinges on the ability to regionalize sweep parameters in
ungauged areas and across computational units. Because water balance non-closure is often catchment-specific and reflects lo-
cal processes and local data limitations, these parameters tend to lack transferability in space (Degenne et al., 2026). As a result,
the closure of the IWB is rarely satisfied over the ungauged domain, at the level of individual grid cells or computational units

in large-scale distributed models. This limitation is reflected in model evaluation studies. For example, several pan-European
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hydrological models - including VIC-WUR, E-HYPE and EFAS-v5/LISFLOOD - exhibit substantial streamflow biases, with
reported deviations reaching up to 50% of observed discharge in some regions (Copernicus Climate Change Service, 2021;
ECMWEF, 2024). Samaniego et al. (2019, 2017) likewise compared the performances of distributed hydrological models, re-
spectively across the European continent (mHM, VIC, PCRGLOBWB and Noah-MP) and the Rhine basin at Lobith (mHM,
PCR-GLOBWB and WaterGAP), revealing similar issues with average biases.

Thereon, the question remains of how to make sure to only sweep what must be, whenever we deal with ungauged basins,
especially when the target domain is so big that we cannot afford a thorough investigation of non-closure causes. The best way
to answer this question is actually to rephrase it: to choose what to sweep means to choose where to adjust which variable of the
IWB closure. As explained below, rephrasing the IWB closure problem is also hinting to the solution, because asking "where"

sheds unexpected light on the answer to the "which" question.
1.4 Zooming-out to unwind water balance non-closure?

By examining the where in relation to the which, we do not mean to assess non-closure causes across thousands of mesh units,
a task which we previously deemed intractable. Rather, we mean to look at the spatial patterns of IWB non-closure across the
gauged domain. We make the assumption that each non-closure cause has a distinct spatial variability, which means we can
run spatial analyses of the variability to deconvolve the non-closure problem.

Specifically, precipitation products may carry systematic and spatially coherent biases across mountain ranges or latitude
bands (e.g. wind-induced snowfall undercatch (MeteoSwiss, 2013; Prein and Gobiet, 2017; Lussana et al., 2018; Hiebl and
Frei; Adam et al., 2006)). Consequently, large-sample studies have pointed to forcing biases as likely explanations for spatially
coherent IWB signals, especially over mountains and snowier latitudes. Wang et al. (2014) made use of 370 small to medium-
sized gauged basins to study water balance closure across Canada, revealing the paramount role of precipitation biases along
the Canadian Cordillera, but also the likely impact of snow undercatch in Northern Canada. Rakovec et al. (2016) (section
3.(e), Figure 9) addressed water-imbalance across 179 basins in Europe; they found that water balance non-closure was gener-
ally independent of physiographic catchment properties, suggesting the paramount role of forcing biases. Several other water
balance studies have confirmed the prevalence of precipition and potential evaporation biases at continental (Landerer et al.,
2010; Troy et al., 2011; Zheng et al., 2025) and global scales (Sahoo et al., 2011; Zhang et al., 2018; Lehmann et al., 2022; Tan
et al., 2022; Luo et al., 2025).

By contrast, Coxon et al. (2015), examined streamflow measurement uncertainties across 500 UK gauging stations, and
showed "no clear spatial patterns” in the distribution of uncertainties, whose mean value was 0. In terms of IGF, regional
groundwater transfers have been documented (Schaller and Fan, 2009); however, their influence on water balance declines
as catchment size increases (Fan, 2019), implying that water exports and imports might balance out beyond a certain scale.

Consequently, we build on the variability assumption to make the following hypothesis:
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Figure 1. Conceptual comparison of the water balance closure problem at the catchment scale and the mesoscale. Panel 1 describes the many
sources of non-closure at the local scale (see Eq. 1 for notations), hindering our ability to *sweep’ for the right reasons. Panel 2 shows the
potential gain from taking a step back to look at water imbalance within a catchment’s geographical context. The two graphs below show the
corresponding water balance anomaly, plotted along some spatial axis with coordinate x; because the anomaly is defined at the catchment
scale, we choose a segment representation to highlight the spatial extent of each catchment. On the bottom right, the red line gives a rough

idea of what the low-frequency mesoscale signal may look like, set against the catchment-wide anomalies in black.

H-0 There exists a spatial scale, which we name the mesoscale, at which the spatial variability of the IWB anomaly signal
can only be ascribed to the climate forcing biases. Correspondingly, the mesoscale is also the scale at which all other

IWB non-closure causes are filtered out, because their spatial variability is believed to be higher.

Figure 1 provides a visual interpretation of 7-0. The Figure shows that a good way of thinking about catchment-scale water
balance consists in trying to put the catchment back in its mesoscale geographical context, because the context could tell us

what we should or should not be sweeping. While
1.5 Scope of the paper

This paper aims to investigate 7-0. Specifically, we wish to address the following questions:

1.5.A Is there a spatially coherent low-frequency component in the water balance non-closure signal? How do we define this

component, and how do we quantify it?
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1.5.B Are the forcing biases the chief drivers of these low-frequency fluctuations? In other words, is the low-frequency signal

a good match for the mesoscale imbalance as defined in H-0?

1.5.C What new insights can the mesoscale hypothesis bring to the regionalisation of sweep parameters?

To that end, we choose to focus on the European continent, and we introduce ENTWASH, a high-quality network of low-
influence streamflow gauges, selected from a number of national and international sources. The climate forcing variables
are given by the CERRA and CERRA-Land reanalyses (Verrelle et al., 2022; Ridal et al., 2024). The water balance is then
computed with a Budyko-style interannual model (Andréassian et al., 2016). Thin Plate Splines (Hutchinson and Gessler,

1994) have been chosen for the extraction of the mesoscale component.

2 Materials and methods
2.1 Climate forcing data

Having chosen to focus on the European continent, we test our hypothesis on the CERRA and CERRA-Land reanalyses
(Verrelle et al., 2022; Ridal et al., 2024) to compute all relevant forcing variables. CERRA is a high resolution (5 km X
5 km) European dataset containing atmospheric and surface variables. It runs HARMONIE-ALADIN, a numerical system
for weather prediction and assimilation. CERRA-Land is a refinement of CERRA with a two-dimensional total precipitation
analysis system (MESCAN) at the daily timestep, drawing from a pan-European network of rain gauges.

In addition to daily total precipitation, we retrieved five three-hourly variables from CERRA-Land to compute potential
evaporation at the daily timestep: 2 m temperature (75,,), 2 m relative humidity (h,.), 10 m wind speed (u1), surface net solar
radiation (Rs) (which accounts for surface albedo) and surface net thermal radiation (R;;). Reference potential evaporation

Ep is computed according to the FAO Penman-Monteith formulation (Allen et al., 1998).
2.2 Streamflow data: ENTWASH

The degree of human alteration of the observed streamflow may affect our ability to assess 7{-0. Human-influences may lead to
widespread water balance non-closure, especially in relation to water consumption due to irrigation practices over large areas.
Additionnally, when the density of the gauged network is low, local anthropogenic influences will have a stronger impact on our
ability to extract a mesoscale signal as defined in H-0. Therefore, filtering out the most influenced gauges should be beneficial to
our analyses of the IWB. Thus, we assemble a specific streamflow dataset of more than 4000 gauges across Europe (Figure 2),
which we call ENTWASH (European Near-natural Timeseries for Water balance Analysis Studies in Hydrology). ENTWASH
draws from multiple sources, which are listed in table 1. The final selection ensures that all ENTWASH catchments have been
subject to some form of influence evaluation, albeit through evaluation frameworks that vary across providers (see appendix A
for details). We used the MERIT (Yamazaki et al., 2017) digital elevation model (DEM) alongside the Joint Research Center
river network (Vogt et al., 2007) to delineate the catchments of the ENTWASH dataset.
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Dataset source Country / Region  Type of influence’ N At A Ay
International large sample datasets:
ROBIN (Turner et al., 2025) World Multi-criteria 863 D 384 135
GRDC-CSS (GRDC, 2026) Europe Multi-criteria 22 D 6563 1174
LamaH-CE (Klingler et al., 2021) Central Europe Multi-criteria 400 D 260 101
National large-sample datasets:

BULL (Senent-Aparicio et al., 2024) Spain Multi-criteria 13 D 546 371 |
CAMELS-CH (Hoge et al., 2023) Switzerland Multi-criteria 13 D 194
CAMELS-CZ (CHMI et al., 2025) Czechia Upstream storage 134 D 195 73
CAMELS-DE (Loritz et al., 2024) Germany Upstream storage 1265 D 291 132

CAMELS-DK (Liu et al., 2025) Denmark Multi-criteria 222 D 139 63

CAMELS-FR (Delaigue et al., 2025) France Upstream storage 489 D 765 191
CAMELS-FI (Seppi et al., 2025) Finland Multi-criteria 122 D 807 453

CAMELS-LUX (Nijzink et al., 2025) Luxembourg Multi-criteria 26 D 135 57

EStreams (IT) (do Nascimento et al.) Europe (Italy ) Upstream storage 99 W 388 207

Explore2 (Strohmenger et al., 2024) France Upstream storage 150 D 2390 308

LamaH-Ice (Helgason and Nijssen, 2024) Iceland Multi-criteria 25 D 457 237
Timeseries from national services or private organisations:
EDF* - Personal contact? France Naturalised 26 D 5002 6598
SHMU - Personal contact Slovakia Local expertise 17 M 50 48
NIMH - Personal contact Bulgaria Local expertise 1 M 924 924
RHMZ Srbije - Online archive Serbia Local expertise 9 D 217 159
IMGW-PIB® - Online archive Poland Multi-criteria 127 D 760 553
HMC-RA - Personal Contact Armenia Local expertise 2 M 1970 1970
Timeseries from published regional studies®:
(Radevski et al., 2018) North Macedonia Local expertise 12 M 98 67
(de Lavenne et al., 2022) (SMHI) Sweden Local expertise 122 D 731 205
(Gnjato et al., 2023) (RHMZ-RS) Bosnia-Herze. Local expertise 4 M 5524 5849

Table 1. Streamflow timeseries included in ENTWASH. Columns N, At, A and A,,, respectively: the number of streamflow timeseries, the
time resolution (D: daily, W: weekly, M: monthly), the average surface area (km?, global mean : 564) and the median surface area (km?,
global mean : 147). *: the "Type of influence" column refers to the criteria that were used to evaluate human alterations; for more detailed
explanations, please refer to tables A1 , A2 and A3. 2. Wherever the "Dataset source" column reads "Personal contact”, streamflow data
was retrieved through private requests; see Table B1 in the Appendix. ®: Timeseries from published regional studies were shared by the
original authors. *: the EDF gauges come from the Explore2 project (Strohmenger et al., 2024), but were not made publically available. 5

the selection of Polish gauges was based on ROBIN, but the data was retrieved from IMGW, in accordance with the country’s data policy.
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Because we focused on near-natural rivers, table 1 shows that the average surface area of the selected catchments is rather
small, falling below the spatial resolution of the CERRA forcing, which comes at 25 km? (see Figure 2 (b)). For the present
application, we claim that catchment size is less important than the density and spatial coverage of the ENTWASH dataset
within a region. As illustrated in the right-hand panel of Figure 1, the objective is to derive a low-frequency signal constrained
by multiple catchment-scale IWB anomalies. A dense network of smaller catchments still provides stronger spatial constraints

and improves the robust characterization of regional-scale variability.
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Figure 2. Overview of the ENTWASH product (in dark blue) after unnesting, mapped in 3 different ways: gauged catchment boundaries

across the continent (a); associated Budyko diagram (b); catchment mean elevation against surface area (c). Negative values are due to the

unnesting procedure.

2.3 Interannual (long-term) streamflow model

Closing the IWB requires an estimation of actual evaporation. Here, we take advantage of the widely adopted Budyko hypoth-
esis (Budyko, 1948), stating that the long-term average of the actual evaporation is, to a first approximation, a function of the
average total precipitation P and the aridity index Ep/P (Ep is the potential evaporation, see section 2.1). The idea is con-

veyed by Budydko-style graph as shown in panel (b) of Figure 2, supporting the hypothesis of an overarching relation between
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the runoff coefficient and the humidity index P/Ep. More specifically, we choose to use the Turc-Mezentsev formulation

(Andréassian and Sari, 2019), so that the long-term water balance anomaly writes:

Arwp =Qops — P+ (P7" + EE”)_l/n
- ASglac *%*%

where n is a shape parameter, whose value may change to account for local differences in the partition between evaporation

“)

and runoff. Because the ENTWASH dataset only comprises near-natural catchments, we expect Iy to be negligible. For the
change in storage, we focus on the contribution of glacial melt ASy;q.. Under global warming, glacial melt is a long-term
change in storage (Dussaillant et al., 2025), which results in a net (generally positive) contribution to river discharge. In Iceland,
Scandinavia and the Alps, glacial melt is widespread and we might expect it to interfere with the mesoscale signal. Dussaillant
et al. (2025) provided estimates of average annual glacier mass change over the period 1976-2024. Glaciated fractions for each
ENTWASH catchment were derived from the GLIMS Glacier Database (GLIMS and NSIDC, 2005; Raup et al., 2007). The
combination of melt rates and glaciated areas enabled us to compute ASg;.. Finally, in the absence of a reliable estimate of
IaF, its contribution feeds the total imbalance Ay g.

The shape parameter n of the Turc-Mezentsev model is regionalised following the methodology of de Lavenne and An-
dréassian (2018), who proposed to link the shape parameter to an index of synchronicity between precipitation and potential
evaporation. The idea stems from an earlier comparison of several regionalisation methods for the shape parameter (Lebecherel
et al., 2013), highlighting the need to incorporate synchronicity. Here, we adopt the formula of the synchronicity index of An-
dréassian et al. (2026).

2.4 Catchment unnesting and final selection

Nested catchments are not adequate for studying the spatial variability of IWB, as non-closure sources may change from
upstream to downstream. Therefore, we carry out catchment unnesting. The procedure consists in deducting all the upstream
inflows from the outflow of the downstream basin.

Unnesting is only meaningful if the upstream and downstream streamflow data are all available on the same period, which
is not always the case in the ENTWASH dataset. To address this issue, we rescale the average annual discharge of nested
catchments to a common reference period, based on the change in the Turc-Mezentsev streamflow (Qs;m,, section 2.3) for a
given change in aridity. A more detailed explanation is given in the appendix D. After applying the unnesting procedure, the
resulting values of Q are found to be negative for a subset of catchments, leading to their exclusion from the analysis.

Annual discharge can only be computed (from daily, weekly or monthly timeseries, see table 1) for those years without
a single missing datapoint, whereas the interannual average is computed as the average of all the valid years. Only those
catchments with more than 5 valid years were kept to run the mesoscale analyses. The unnested ENTWASH dataset comprises
3614 catchments. After applying the unnesting procedure, the resulting values of Q are found to be negative for a subset of

catchments, leading to their exclusion from the analysis. Likewise, those catchments which exhibited a ratio (Q — Agqc)/P
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greater than 2 were left out, as a preemptive filter on the most non-conservative catchments (only a > 50% negative bias on P

would lead to (Q — Aglac) /P > 2). The final dataset for mesoscale analyses comprised 3567 catchments.
2.5 Extraction of the mesoscale water balance anomaly

As previously stated, the first aim of this paper consists in evaluating hypothesis #-0. To reach that goal, we need to extract the
so-called mesoscale signal, namely the part of the IWB anomaly signal whose variability can be ascribed solely to the forcing
biases. The mesoscale signal is thereby understood as a continuous field across the study domain, such that our definition of
signal extraction comprises both the interpolation of locally computed water balance anomalies and the extraction of a coherent
pattern from the signal. To that end, we made of use Thin Plate Splines (TPS), a popular solution to interpolate rain gauges
(Hutchinson, 1995; Cornes et al., 2018). The appeal of these methods is their ability to provide explicit and intuitive control
over the smoothness of the resulting interpolation.

A Thin Plate Spline is a piecewise polynomial which minimises the sum of two metrics: the total error (distance to obser-
vations) and the polynomial’s total curvature. The trade-off between the curvature and the error is determined by a smoothing
parameter Arpg. The smaller Arpg is, the more the interpolator sticks to the observation. Formally, if f is a one-dimensional

spline, y; the observations, x; the associated coordinates and S the domain, the spline should minimise the following quantity:

> (f(w) —yi)2+/\TPS/f(2)(9U)2d33 &)
i S

where f(2) is the 2 — nd order derivative of f. Although higher-order splines (polyharmonic splines) can be used, their
primary effect is to alter the smoothness of the interpolant. In this work, we choose to retain the classical thin plate formulation
(second order), and regulate smoothness through A7 pg alone. Moreover, we use a three-dimensional spline, allowing elevation
to be incorporated alongside horizontal coordinates among the interpolator’s inputs, a useful property as we want to capture the
effect of climate forcing biases. Prior to running the interpolation, we also checked the value )/ P for all unnested catchments,
and we left out the most extreme cases (Q/P > 10).

To investigate question 1.5.A of Section 1.5, we opted to analyse the interpolated signal across a range of values for the
smoothing parameter Aypg (from 10~*to 10',0n a logarithmic scale). The Tps () R function (from the fields R library)
was used to perform the interpolation.

The interpolated signal is denoted by AM 7 (M S referring to the mesoscale). We also define the residual signal over the
gauged network:
rArwe=A1wB — me (6)

where X is the catchment-averaged value of variable X. The residual signal is therefore the remaining anomaly after the
deduction of the interpolated signal. The residual is meaningful when compared to the original anomaly: if it is less than
Ajw B, it means that the deduction of the interpolated signal improves non-closure; if it is greater, the deduction strengthens

non-closure, which may reveal compensation between low-frequency variability and high frequency variability.

10
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2.6 Protocol for investigating the relevance of the -0 hypothesis

Directly testing -0 would require knowledge of the very biases we aim to infer. Thus, the best tool we have to evaluate -0 is
to check if the mesoscale signal provides a spatial distribution of the IWB anomaly that matches our perception of the dominant
process controls of the anomaly (Wagener et al., 2022).

CERRA-Land includes a two-dimensional total precipitation analysis through the MESCAN system. This means that the
CERRA-Land gridded product may inherit some of the observational biases which usually affect precipitation measurements
(Abbas et al., 2026). As discussed in the introduction, precipitation biases from observations are often linked to wind and snow
undercatch. At higher elevations, further complications stem from sampling biases and the lack of representativeness (Prein
and Gobiet, 2017; Dura et al., 2024; Maier et al., 2026). In practice, we expect that the greater the amount of snowfall or the
greater the elevation, the greater the bias. Therefore, if the mesoscale biases of CERRA-Land are driven by the climate forcings
alone, we expect orographic relief and the fraction of solid precipitation to be positively correlated with IWB anomalies. The
correlations are investigated in sections 3.3 and 3.4, using the CERRA snowfall water equivalent to compute the average solid
fraction. In terms of potential evaporation biases, mesoscale spatial patterns of water balance non-closure are less-predictible,
due to the many climatic variables and the modelling assumptions required for computing Ep (Allen et al., 1998). Hence, in
the present paper, we mostly focus on elevation and solid precipitation to test the consistency of H-0.

As a complement, we also examine the value of incorporating interannual glacial melt in Eq. (4). Long-term glacial storage
change is a good example of another source of potential IWB non-closure in hydrological models, whose spatial variability

could well interfere with that of forcing biases (see section 2.3).

3 Results
3.1 Evidence for widespread coherent patterns of non-closure

Figure 3, displays the interannual water balance anomaly Ay g across the ENTWASH gauged domain (panel (a)), and the
corresponding TPS extraction A%‘f 5 (panel (b)). The anomaly is shown in colors, from red to blue denoting positive (observed
> predicted) to negative (observed < predicted) imbalance, with the starkest colors denoting stronger imbalance.

In spite of the relative sparsity of the gauged network, the map of Ay 5 in panel (a) is already hinting to the existence of a
widespread coherent signal. The prevalence of red in some regions (Northern Europe, the Pyrenees, the Cantabrian and Galician
ranges, the Massif Central, the Western Alps or even southern Germany) points to an excess of discharge: the observed outflow
at the catchment outlet is greater than what the water balance model predicts. Conversely, the prevalence of blue (Western
France, the Baltics, the Central Appenines, much of the Eastern Alps and southern Bohemia) indicates a configuration where
the observed outflow is lower than what we expect from the water budget.

Below the European map of Ay g, we take a closer look to the Upper Rhine (panel (b)) and Northwest German lowlands
(panel (c¢)), where the gauged density and the spatial coverage of ENTWASH is high. The close-up view confirms our intuition

that catchment-scale water balance is not spatially coherent: widely different values may occur in adjacent basins, with locally
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Figure 3. Evidence for widespread and spatially coherent patterns of water balance non-closure. Panel (a): IWB anomaly, plotted for all
valid catchments in ENTWASH, with associated zoomed-in windows in panels (b) and (c). Panel (d): TPS-interpolated signal of IWB
non-closure anomaly, in the same colormap. Panel (e): TPS-interpolated signal of IWB non-closure anomaly normalised by P — E,. The
choice of Arps = 0.05 is explained in section 3.3. Hatched areas in panels (d) and (e) denote reduced confidence in the interpolated signal,
reflecting the low spatial density of the ENTWASH dataset, as assessed through kernel density estimation (KDE) - the threshold was set to 1
gauge in 20000 km? (roughly the size of Slovenia). The numbered black boxes of panel (d) refer to Figure 5.
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stark discontinuities reaching up to almost 1000 mm.yr 1. The two panels also highlight the value of assessing water balance
non-closure of individual catchments within the surrounding geographical context: a red spot in a largely blue region (Northeast
France) tells a different story than a red spot in a largely red region (Southwest Germany).

The TPS-interpolated signal of the IWB anomaly A%g 1 1s shown on the right-hand side of Figure 3, for a chosen value of
the smoothing parameter Ay pg (see section 3.3 for more details on this choice). A visual comparison of panels (a) and (d)
shows that the signal extraction seems to capture the main features of the IWB across Europe. The Northern Iberian range, the
Western Alps, Southern Germany and Northern Europe all exhibit positive water imbalance, whereas negative imbalance is
found in Western France, the Austrian Alps, the Northeastern European plains and the Central Appennines. The map of A%{EB
also reveals that the orography plays a key role in shaping the spatial patterns of the IWB. The starkest imbalance is found in
the Pyrenees, the Alps, the mains reliefs of the British Isles and the Scandinavian range.

In panel (e), we also map the relative imbalance, namely the ratio of the interpolated signal to the budget of climatic fluxes
P — E 4. Across much of Western Scandinavia, Iceland, the Pyrenees and northern Iberia, water balance non-closure amounts
to more than 25 % of P — E 4; conversely, in the remaining ranges, such as the British Isles, the Massif Central, the Alps,
the Carpathians and the Dinaric range, relative imbalance is weaker, rarely exceeding 25 %. Moreover, panel (e) sheds light
on the crucial distinction between absolute and relative anomalies in the European lowlands. Here, in the Polish, Austrian
and French lowlands, we see that the negative water balance anomaly may in fact exceed 25 % of P — E 4, in spite of the
weaker magnitude of the absolute water balance anomalies (panel (d)). Altogether panel (e) tells us that the magnitude of
these patterns is hydrologically significant across most of Europe.

The interpolated signal is less convincing in central and southern Spain. The stark and widespread positive signal of the
interpolated anomaly A%§ 5 (Figure 3, panel (d)) across the Iberian peninsula does not match what we observe in the original
map of Ay g (Figure 3, panel (a)), where the anomaly for most catchments outside of the Northern Iberian Ranges is either
negative or weakly positive. The issue is even starker in panel (e), indicating that the water balance anomaly even exceeds
100 % of the modelled runoff, especially over the Ebre basin. The most likely explanation lies in the lower density of the
ENTWASH dataset across Spain (see section 3.2 below).

Overall, Figure 3 shows that a spatially coherent water balance non-closure signal can be extracted (as long as the original

dataset of gauged catchments is dense enough), and it exhibits stark spatial patterns across the European continent.
3.2 Low-frequency non-closure signal: trade-offs and sensitivity to the gauge density

The previous paragraph offered a clear illustration of the coherent patterns of IWB non-closure. Here, we analyse the results
at a finer spatial resolution to understand if the TPS-interpolator is an adequate tool to capture the general properties of the
anomaly signal, and to filter out the more local signals. Specifically, we compare the distributions of the IWB anomalies Ay g
and the corresponding TPS extraction A%{EB in a few selected regions, and we analyse to what extent the latter preserves the

statistical features of the former.
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Figure 4. Three case studies to compare the regional distribution of the mesoscale signal to the original distribution of anomalies. In each
panel - (a), (b) and (c) - we focus on a different region, shown by the inset maps (Jura, Western Alps and Norway). The first three rows de-
scribe the distribution of the interpolated mesoscale signal within the circular region shown by the inset map, for Arps € {0.1,0.01,0.001}.
Boxplots (median and interquartile range (IQR); whiskers extend to 1.5 x IQR) are superimposed onto the associated violin plots. The his-
tograms of the bottom row describe the distribution of Ay 5, also summed up by the underlying boxplots. In each panel, the median of the

Arw p distribution is highlighted by the vertical dashed lines across all rows.
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In Figure 4, we propose to focus on three different case studies across the continent. In panels (a), (), (c) and (d), we test
whether the TPS interpolation is able to remove local anomalies, depending on the choice of the smoothing parameter Arpg,
and we assess the corresponding trade-off in terms of agreement between Ay and A} at the regional scale.

In panels (a)and (d), we center the analysis on the Loue river in the Jura mountains. The Loue is a notorious case of a karstic
resurgence which is fed by losses from the neighbouring river Doubs (Charlier et al., 2014). The impact of the corresponding
IGF on the IWB is visible in the circular map of Ay p over the Jura region (panel (d)): the Loue at Chenecey-Buillon (red
polygon in the middle) is in stark contrast with the Doubs at la Cluse-et-Mijoux (adjacent blue polygon south of the Loue
catchment). The substantial water imbalance of the Loue catchment also features in the histogram of panel (d), in the form of
a clear and isolated spike at Ay g = 600 mm yr~1. In panel (a), we see that the choice of the smoothing parameter Arpg is
critical to erase the impact of the local anomaly from the TPS-interpolated signal. When Arpg = 0.001, the interpolated signal

A%f  is clearly distorted by the Loue anomaly, with a long positive tail extending to 200 mm yr—!

, corresponding to the
darker shade of red in the associated map. Conversely, when Arpg > 0.1, the positive tail vanishes. Aside from filtering the
outliers, the interpolated signal also appears to preserve the main features of the original distribution, as the interquartile range
of AMS, falls within the interquartile range of Ay .

Another valuable case study is found in panels (b) and (e), centered on the Arc at Saussaz in the Graian Alps, across the
French-Italian border. In panel (e), the IWB anomaly of the French catchments looks overwhelmingly positive, while that
of the Italian catchments is consistently negative. In this case, the jump in the IWB anomaly between two adjacent basins
reflects a specific type of variability of the climate forcing variables linked to the leeward to windward sides (see Wang et al.
(2014) for similar sign change of water balance anomaly). The TPS-analysis fails to capture the sign change, by producing an
overarching weekly positive signal, especially when Arpg = 0.1. Lower values of the smoothing parameter would enable us
to better capture the sign-change, although that would come at the expense of our ability to filter out local anomalies, like that
of the Loue in the Jura Moutains. Additionnally, one might point out that the density and spatial coverage of ENTWASH is
much higher in France than it is in Italy, thus creating a spatial imbalance which hinders the interpretability of the signal.

Taken together, the Jura and the Western Alps show that the extraction of a convincing mesoscale anomaly signal can be
viewed as a compromise between filtering out those unwanted local anomalies which are not driven by the climate forcing
biases (e.g. the Loue water imports from the Doubs watershed) and losing some valuable parts of the signal (e.g. the windward
and leeward distinction in the Western Alps), especially in mountainous regions. Additionnally, the example of the Western
Alps also indicates how the heteregeneous density of ENTWASH might detract from the quality of the interpolated signal.

The impact of poor gauge density and coverage is best depicted by panels (¢) and (f), which focus on a region centered on
the Raundalselvi River at Kinne in the Norwegian Mountains. The distribution of the TPS-interpolated signal is shown to be
consistently lower than the distribution of A jyy g, whatever the value of the smoothing parameter. The issue is further exposed
in Figure 5 which compares the regional average of the IWB non-closure anomaly over the rectangular boxes shown in panel
(d) of Figure 3, to the regional average of the interpolated IWB. The regional average is meaningful because it functions as the
sum of local contributions, effectively yielding a regional water balance. Across the Northern European lowlands (rectangles

1 to 4), the spatial average of Ay g is close to the spatial average of A%g - However, along mountain ranges (especially
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Figure 5. Regional averages of the IWB interpolated signal (gray boxplot) compared to the original IWB anomalies (red spots); the regional
average is computed for each rectangular domain from panel (d) in Figure 3. The grey boxplots describe the distribution (median and
interquartile range (IQR); whiskers extend to the minimum and maximum) of the regional average of the IWB interpolated signal across the

Arps range, spanning values from 10™* to 0.1 at regular intervals on a logarithmic scale.

rectangles 7 and 8), the magnitude of the interpolated anomaly tends to be lower than that of the original imbalance. A possible
explanation lies in the limited elevation representativeness of the ENTWASH network, which favours headwater basins located
at higher elevations, while the interpolated signal extends into lowland regions. We expect that a higher density and spatial
coverage of gauged catchments would reduce the discrepancy between the distribution of observed IWB anomalies and the

mesoscale signal.
3.3 Forcing biases as the drivers of the mesoscale signal

In the previous sections, we shed light on a spatially coherent non-closure signal which enables us to filter out small-scale
variability due to local sources of water imbalance (such as karstic transfers). Yet, it remains unclear if this variability of the
IWB non-closure is driven by the biases of the CERRA-Land reanalyses, i.e. if the interpolated signal truly equates to the
mesoscale signal as we defined it in -0. In Figure 6, we look at the correlation between A7, and elevation, whereas in

Figure 7, we evaluate the relation between A%§ 1 and the fraction of solid precipitation outside of mountain ranges.
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Figure 6. The role of elevation in the interpolated IWB anomaly. In panels (a) to (c), the grey scatter plot in the background refers to the

complete European domain, whilst the colored subsets in the foreground refer to smaller domains, as defined in panel (d). Below, panels

(e) to (g) describe the regional average of the AM 3, within the corresponding colored rectangles of panel (d). Likewise, panels (k) to (5)

display the slope of the linear regressions of the scatter plots for each regional subset, whilst panels (k) to (m) feature the corresponding R?

of the linear regressions.
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panel. High elevation pixels (in white on the map of panl (b)) are excluded from the analysis.

In Figure 6, we plot AM7 against elevation in panels (a), (b) and (c). In grey, the complete European domain is shown,
whereas the colored subsets correspond to the colored boxes in panel (d). Here, the positive correlation between elevation and
water imbalance is clear, although the dependance on elevation is not always linear (especially in the Alps).

Panels (h), (i) and (j) also show that the slope of the AM?(2) linear regression depends on the value of the smoothing
parameter Arps. As Arpg gets smaller, the variance of the slope increases, suggesting lower confidence in the value of this
vertical lapse rate. This is confirmed by panels (k), (I) and (m), which reveal that the R? of the linear regression between
A%{? 1 and elevation grows weaker as the value of the smoothing parameter decreases. This is no surprise: the smaller the
roughness penalty, the better we stick to observations, causing mesoscale features such as the vertical lapse rate to become
increasingly obscured by local-scale variability. Conversely, as Ay pg increases, the variance of the slope decreases and the

R? increases, pointing to a more robust estimation of the vertical lapse rate. Nonetheless, higher A7pg also leads to greater

smoothing, which eventually erases the mesoscale variability: as shown in panels (h), (¢) and (5), as the smoothing parameter

1 1

increases, the vertical lapse rate for all regions seems to converge towards the same value, at about 0.1 mm yr=" mm m~

(brace (1) in (h)). By the same token, panels (e), (f) and (g) indicate that regional averages of the interpolated signal also
seem to suffer from oversmoothing when Arpg > 0.2 (brace (2) in (h)).

Panels (h) to (j) also reveal that the vertical lapse rate of A%{,g 5 changes depending on the mountain range: over the British

1 1

Isles, the vertical gradient reaches 0.2 mm yr~! m~! (panel (e)), set against 0.1 mm yr~—! m~" in the Pyrenees (panel (f)).
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This means that the three-dimensional TPS interpolator is able to provide an elevation-dependent mesoscale signal of IWB non-
closure, but also to offer a description of the variability of this dependance across different regions. The variability conveys
the fact that orography-related sources of non-closure differ across the continent (e.g. snow and wind-induced precipitation
undercatch), although a finer investigation of the drivers of this variability is out of our scope.

Hence, the meaning of Figure 6 is two-fold. On the one hand, it shows that the mesoscale signal is consistent with our
expectation to find a vertical lapse rate of IWB non-closure, which is likely related to orographic biases on total precipitation.
On the other hand, it provides more insights into the choice of the smoothing parameter, revealing an optimal range to extract
vertical lapse rates (Arpg € [0.05,0.2]).

Alongside the role of elevation, Figure 7 shows that the relative interpolated imbalance A%{f /(P — E4) is also positively
correlated (R? = 0.6) with the solid fraction of total precipitation. Here, we focus on the northeastern European plains, as the
solid fraction of precipitation is mostly negligible in the rest of Europe. Remarkably, high elevation were left out (see white
ares on the map of panel (b) in figure 7), meaning that the distribution on panel (a) focuses on lowlands exclusively. In turn,

this means that the observed correlation is independent of the orography.

3.4 The inclusion (or not) of glacial melt

| It glacial melt included flF glacial melt omitted
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Figure 8. Comparison of the mesoscale signal when glacial melt is taken into account (red), against the signal when glacial melt is ignored
(turquoise). Panel (a): regional average of the IWB interpolated signal, averaged over regional domains (SSA: South Scandinavian Alps;
PY: Pyrenees; NWA: North Western Alps; NSA: North Scandinavian Alps; IC: Iceland; CA: Central Alps). Panel (b): the slope of the linear
regression of the anomaly against the elevation, computed over the regional domains. The boxplots describe the distribution across a range
values for the smoothing parameter Arpg, comprised between 0.05 and 0.2 (see section 3.3 and Figure 6). Panel (c): map of the interannual

glacial melt as derived from Dussaillant et al. (2025).
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The previous section aimed to highlight how the spatial pattern and vertical structure of the IWB non-closure anomaly is
consistent with hypothesis H-0. Here, we study the effect of omitting glacial melt from the IWB, to assess whether mesoscale
signal extraction provides a robust framework for disentangling forcing biases from the other sources of water balance non-
closure.

Figure 8 shows the result of this experiment. In panel (c), we plot the gridded average melt between 1976 and 2024, taken
from Dussaillant et al. (2025); in panels (a) and () respectively, we then look at the regional average of the mesoscale signal,
as well as the slope of the affine regression (see Figure 6) within each rectangle. In most regions, the omission of glacial
melt produces larger IWB anomalies, although the effect of the omission of glacial melt is not significant. Because glaciers are
mostly located at higher elevations, the vertical lapse rate is also affected by the omission, especially in Southwest Scandinavia,
the Northwestern Alps and Iceland. The starker signal in Iceland is likely due both to the high percentage of glacierised areas,
and to the relatively poor gauge density, which means that high levels of glacial melt over individual catchments will result in
stronger mesoscale imbalance. Overall, the main takeaway is that glacial melt does not radically change the mesoscale patterns
of IWB non-closure. Remarkably, in most regions, the offset due to the omission of glacial melt falls within the interquartile

range of the boxplots, meaning that the uncertainty of the interpolation procedure is greater than the effect of the omission.
3.5 The residual signal and the strengthening of the imbalance

Having extracted a reasonable mesoscale signal, we can also compute the residual signal r Ay 5. Figure 9 provides a general
diagnostic of the residual field across the European continent. In panel (a), the residual is plotted with the same colormap as the
one we used in panel (a) of Figure 3. Remarkably, the widespread patterns of positive and negative imbalance have receded,
leaving us with a much less coherent map and generally weaker values. In panels (b) and (c¢), we compare the residual to the
original signal: dark red refers to those catchments where the magnitude (absolute value) of the residual signal is greater than
the magnitude of the original IWB anomaly. Although the value of the residual is less than (in absolute terms) the value of the
anomaly for a majority of catchments (2155, in dark purple), the opposite is true for a substantial number of catchments (1459,
in light gold). Moreover, panel (b) shows that those catchments with a higher residual are spread throughout the continent,

without a clear spatial pattern.
4 Discussion

4.1 Plausibility of 7{-0: precipitation biases as drivers of mesoscale imbalance

With #-0, we hypothesised the existence of the mesoscale, a spatial scale at which the non-closure of the interranual water bal-
ance is driven by the forcing biases. The main finding of this paper is that long-term water balance closure displays widespread
and spatially-coherent patterns that are positively correlated with elevation and the fraction of solid precipitation. Meanwhile,

as explained in section 2.6, we expect precipitation biases to increase with elevation and with the fraction of solid precipitation.
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Thus, our findings are consistent with -0, because precipitation biases can explain much of the low-frequency variability of
water imbalance. This idea is further supported by the following arguments.

Firstly, the impact of potential evaporation is expected to decrease as the latitude and the elevation increase, which means
that evaporation can hardly explain the starkly positive anomalies across Scandinavia and over mountain ranges (Figure 7).
Out of the forcing variables, precipitation biases yield a more consistent explanation for the observed correlations.

Secondly, the omission of glacial melt has shown that mesoscale patterns of imbalance are only weakly affected by the
interannual contribution of glaciers, even in the most glaciated regions. Thus, a biased estimation of the long-term change in
glacial storage is unlikely to explain the correlation of IWB anomalies with elevation.

Thirdly, our mesoscale estimate of water imbalance is consistent with typical values of wind-induced rain gauge undercatch.
Over Scandinavia, where the solid fraction of precipitation accounts for up to 50 % of annual rainfall, the interpolated IWB
anomaly reaches approximately 25 % of P — E4 (Figures 3 and 7), in line with the range of snowfall undercatch reported by
Herrnegger et al. (2015) (10 — 50% drawing from several prior studies), Prein and Gobiet (2017) (40 — 80% across Europe)
and Buisdn et al. (2017) (30 — 80% in Spain). Across the mountain ranges of the British Isles, where snowfall accounts for less
than 10% of annual rainfall, the anomaly is closer to 10%, again consistent with typical wind-induced undercatch for liquid
precipitation, which can range between 2 — 10% (Herrnegger et al., 2015).

The order of magnitude of the interpolated IWB anomaly is also consistent with independent estimates of precipitation biases
in observational gridded products. In Switzerland, MeteoSwiss (2013) reports as much as 40 % of precipitation undercatch for
elevations greater than 1500 m a.s.l in the RhiresD reanalysis. Maier et al. (2026) highlighted similar levels of undercatch
across the Austrian Alps in the SPARTACUS reanalysis (Hiebl and Frei), using the COSERO rainfall-runoff model to close
the water balance. In Norway, Lussana et al. (2018) likewise examined precipitation biases in seNorge2 with the DDD rainfall-
runoff model, and found substantial underestimation of liquid precipitation (25% on average) and snow-covered area, especially
over the western coast and mountains. These values are to be compared to Figure panel (e) in Figure 3, which reveals that the
relative mesoscale water imbalance from CERRA-Land is locally greater than 25 % for a number of high-altitude Alpine and
Scandinavian ranges (Bernese and Pennine Alps, Grisons, Vanoise and Graian Alps, Otztal Alps and Soutwest Norway).

Each of the afore mentioned studies shows that precipitation biases could explain the magnitude and the spatial distribution
of the mesoscale patterns of water imbalance. Yet, outside of moutainous and arctic regions, the plausibility of H-0 is more
challenging to prove. It should be added that while we chose to focus on the CERRA reanalysis to challenge our hypothesis
on a high-quality product, the scope of this paper is not to provide a definitive assessment of the biases of CERRA. The focus
remains centered on the mesoscale hypothesis and the methodology to extract it. Nonetheless, it should be mentioned that the
performances of the CERRA/CERRA-Land reanalyses have been shown to be on par with national gridded products (Wood
et al., 2024; Papa and Koutroulis, 2025; Dura et al., 2024; Moccia et al., 2025; Alvarez et al., 2025; Yang et al., 2026)), hence

our choice to evaluate the mesoscale signal against the reported bias estimates from those reputable products.
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4.2 Implications of the mesoscale analysis for the regionalisation of sweep parameters

By decoupling the low-frequency contribution of forcing biases from the other causes of non-closure, we are able to discrim-
inate between the part of the imbalance which is intrinsic to the catchment, from that which is (hopefully...) independent. The
extraction yields a plausible distributed water imbalance in the form of a continuous field over the European continent, which
means we can produce non-closure predictions in ungauged basins. Therefore, the mesoscale analysis is best interpreted as a
regionalisation procedure applied not to model parameters, but to the average errors on forcing inputs that drive the model.

In simpler terms, the regionalisation of the non-closure anomaly is the first step towards a streamflow-based pan-European
correction of both precipitation and potential evaporation. In this respect, our work is no more than a modern take on a century-
old tradition amongst hydrologists, who have long made the case for an alternative approach to precipitation and evaporation
measurements - one which acknowledges that catchments are the only actual witnesses of the fluxes between the surface and
the atmosphere. As forerunners, one must mention in particular Wallén (1923, 1924), who used the average discharge rate
to reconstruct plausible precipitation values over the Swedish mountains, where rainfall measurements were sparse. A few
decades later, Penman (1950) published a large-scale analysis of potential evaporation climatology over the British Isles, in
which the water balance closure of 41 gauged catchments was used to assess the quality of catchment-scale forcing estimates,
using his own evaporation formula. These foundational works paved the way for later attempts, often described as backward
hydrology (Vrugt et al., 2008; Kirchner, 2009; Herrnegger et al., 2015; Hughes and Gray, 2017; Manoj et al., 2025). That
being said, the distinctive argument of the present approach lies in the targeted and coupled treatment of both P and Ep as
non-closure causes through the mesoscale analysis. In the future, we hope that the mesoscale hypothesis will open new paths
for the simultaneous computation of correction factors for both precipitation and potential evaporation across the European
continent.

More crucially, because the mesoscale signal filters out some of the complexity, it also enables us to take a step forward
towards the ultimate goal of "sweeping for the right reasons" (Clerc-Schwarzenbach et al., 2026). As illustrated in Figure
1, untangling (see problem 20 in Bloschl et al., 2019) the IWB non-closure of an isolated catchment is challenging because
several uncertainities and biases coincide, often leading to mutual compensation (Wang et al., 2014). This means that the IWB
anomaly of a single catchment, when examined in isolation, has limited interpretive value. In Figure 9, the comparison of
the residual to the original imbalance provides critical insight: for a significant number of catchments, the deduction of the
mesoscale signal leads to strengthening the IWB non-closure anomaly. The mesoscale analysis offers a striking indication that
the IWB anomaly of single catchments is in fact a lower bound (or a measure "by default”) on the errors and biases which
may cause non-closure - a statement which, to the best of our knowledge, is not adressed by the modellers who attempt water
balance closure.

Lastly, even the mesoscale signal may hide compensatory effects between potential evaporation and precipitation biases. At
higher elevations and latitudes, we showed that precipitation biases are the preferred explanation, but partitioning the imbalance

will be more challenging everywhere else.
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4.3 Blind spots of the mesoscale hypothesis
4.3.1 Should we be worried about the low-frequency variability of Igr, Iy and AS?

Assessing the contributions of Igg, Iy and AS to the mesoscale imbalance remains elusive. Firstly, long-term groundwater
depletion over the largest aquifers (Konikow, 2015; Carlson et al., 2025) might lead to the emergence of a spatially coherent
imbalance. However, Chdvez Garcia Silva et al. (2024) have shown that groundwater levels have remained stable over 1960-
2020 and across 68% of wells in Portugal, Spain, France and Italy, all of them countries where we would expect high levels of
groundwater depletion to sustain agriculture. Alternatively, the strong signal in Northern France (panel (e) in Figure 3), where
the negative imbalance reaches as much as —25% of P — E4, could be a sign of consistent water gains from the aquifers of
the Paris Basin. As suggested by Schaller and Fan (2009) and Fan (2019), I could effectively lead to spatially coherent
negative IWB anomalies, whose patterns have been linked to the underlying geology. That said, the negative imbalance over
Northern France (panel (¢e) in Figure 3) also extends across the Armorican Massif over Brittany and Normandy, whose geology
is radically different from that of the Paris Basin. More importantly, panel (e) of Figure 3 shows that Q,ps < Qi throughout
the Northern European lowlands, especially in France, Czechia and around the Baltic Sea (Northeast Germany, Poland, Estonia
and southeastern Sweden). At such scales, I can hardly explain the spatial coherence of the signal, especially when the
underlying geology is non-uniform. Finally, the negative imbalance in Northern France (and especially in the Paris Basin
and the Beauce Region) could also stem from I, as irrigation practices would increase evapotranspiration at the expense of
runoff. However, the impact of irrigation is inextricable from the many sources of biases regarding evaporation, which are
discussed below. Overall, we believe that precipitation and evaporation biases provide the most reasonable explanation for the

low-frequency patterns we showed in panel (d) of Figure 3.
4.3.2 The challenge of interpolation

As illustrated in section 3.2, the interpolation stage of our mesoscale analysis is deeply sensitive to the density and coverage
(representativeness) of the gauged network. The best explanation is found by looking at Eq. (5). Decreasing the number of
constraints leads to decreasing the relative contribution of the data-fitting term ), (f(z;) — y;)?, thus increasing the relative
importance of the roughness penalty A\rpg |, of (m)(z)2dx (integral constraint on the spline curvature). Therefore, fewer dat-
apoints lead to more substantial deviations of the interpolated signal (regardless of the value of Arpg). It should be noted
that we chose to pre-emptively exclude those catchments where (Q — ASgiq..)/P > 2, specifically because the impact of the
catchments can be strong in the more sparsely gauged regions (e.g. Iceland and Portugal). Other interpolators might prove
more robust, although we suspect that an increased gauge density remains the best solution (Hofstra et al., 2010).

Sections 3.2 and 3.3 have also revealed that the extraction of a low-frequency signal is a fine balance between oversmoothing
and overfitting. Because we opted for the TPS interpolator, the compromise between smoothing and fitting is governed by the
fixed roughness penalty parameter Ay ps. Consequently, the same level of smoothing applies throughout the domain, implying
that the characteristic length of the mesoscale signal is uniform and that the underlying causes exhibit homogeneous spatial

smoothness. Yet, the definition of the mesoscale may change across different regions, since the hydrological processes whose
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variability we want to filter out may be different from one region to the other. Future work might focus on the refinement
of the present methodology with spatially varying smoothing parameters (Pintore et al., 2006; Wang et al., 2013). Moreover,
classic TPS interpolation is isotropic (Wood, 2003), which means that the smoothing penalty does not depend on the direction
of smoothing (i.e. A\ppg is rotation-invariant). Once again, this is potentially ill-suited to our problem considering that the
orography is often dominated by anisotropy (mountain ranges, peninsulas, valleys).

Interpolation issues raise questions as to the practical value of mesoscale analyses. The bottom line is the following ques-
tion: is the regionalisation procedure of the IWB anomaly any good? In particular, to what extent can we safely ’"downscale’
the mesoscale anomaly to the catchments or mesh units of a distributed model, and what is the interpretive value of the residuel
signal? Ultimately, can we use the mesoscale imbalance to improve the predictive performance of hydrological models? Ad-

dressing these important questions should be a key focus of future studies.
4.3.3 The interannual timescale and the Turc-Mezentsev model

We used long-term averages as a means of simplifying water balance analyses. This approach builds on the questionable
assumption that hydrological conditions are stationary, so that interannual averages are meaningful. Koutsoyiannis (2003)
analysed Northern Hemisphere temperature anomalies and showed that a "local multi-year average (5 or 25-year averages) is
not stable but, rather, it exhibits significant variability". This means that the average anomaly of any given catchment is a virtual
construct. For example, precipitation levels might decline while the evaporative demand increases, which also entails that
systematic biases of both precipitation and evaporation might change. This amounts to questioning the relevance of sweeping
at the interannual timescale and future developments may need to incorporate non-stationarity.

In turn, hydrological non-stationarity also means that the position of a catchment on a Budyko-style graph (see panel (b) in
Figure 2) is not fixed, even when we look at the interannual average over several decades. In addition, the ’catchment trajectory
conjecture’, stating that individual catchments will move along a Budyko-style curve under a change in aridity, is not always
empirically verified (Coron et al., 2015; Reaver et al., 2022). Therefore, the Budyko class of interannual models is likely
sensitive to the averaging period, which could have an impact on our ability to interpret the IWB non-closure, but also on our
unnesting methodology (see supplements).

Beyond the difficult interpretation of average imbalance, the choice of the Turc-Mezentsev interannual model also raises
questions. Even though the original Budyko framework has been widely deployed (Xiong and Guo, 2012; Andréassian and
Perrin, 2012; Berghuijs et al., 2020), Padrén et al. (2017) has shown that "controls other than [aridity] explain at least 35% [of
the variance of runoff efficiency], and up to 90% in arid climates. Likewise, Milly (1994) proposed an alternative interannual
model using seven dimensionless variables, set against only one variable for Budyko-styled approaches (aridity index). Con-
sequently, it is possible that part of the observed mesoscale anomaly is merely the consequence of model inadequacy. Further

work will need to address the sensitivity of the results to that choice.
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4.3.4 Potential evaporation: the ultimate loose-end

Potential evaporation is a major source of uncertainty for mesoscale analyses, because the calibration of the interannual model is
very sensitive the choice of the potential evaporation formula. A change in our estimation of Ep will change both the catchment
aridity, but also the synchronicity index (see section 2.3). Thus, the position of the regionalised Turc-Mezentsev curve is Fp-
dependent. Whilst the Budyko-style models are more parsimonious (parameter wise) than any other class of hydrological
models, this tells us that even the calibration of such models is burdened with a lack of robustness linked to the indeterminacy
of the evaporation. Unfortunately, there is no consensus pertaining to the choice of a better Ep model at continental scales
and interannual timescales. Over Europe, Bouabdelli et al. (2025) shed light on the adequacy of the FAO Penman-Monteith
formula for hydrological studies - although deep uncertainties remain, mostly due to the lack of observational constraints.
Additionnally, the impact of vegetation was not included in the present study, so that the absence of vegetation becomes a
mere bias on potential evaporation. Vegetation could be one reason for the negative imbalance across the Northern European
Plains and extending from France to Estonia, as the lack of vegetation will possibly translate into a systematic underestimation
of actual evaporation. Our treatment of the lack of vegetation as a bias recognises the strong uncertainties in the representation
of the vegetation properties (as discussed in Sarrazin et al., 2018). Moreover, the inclusion of vegetation in Budyko-style
interannual models has been a topic of unresolved discussions. For instance, Zhang et al. (2001) proposed a dedicated formula
accounting for ’plant-available water capacity’, while Li et al. (2013) and Zhang et al. (2016) focused on the possibility of
connecting the Turc-Mezentsev shape parameter n to vegetation indices. Nonetheless, Reaver et al. (2022) highlighted that
"the attribution of physical meaning to the specific functional forms of [parametric Budyko] curves [...] is an unsupported
conjecture”. Padrén et al. (2017) also found that vegetation-related indices "play a minor and often nonsignificant role in the
long-term partition between precipitation and potential evaporation’. Altogether, the absence of a widely accepted consensus
as to the inclusion of vegetation comes down to the interpretation of the Budyko framework, stating that runoff production
is chiefly governed by the equilibrium of the atmospheric water supply and the atmospheric energy supply (equating to the
atmospheric water demand). Because vegetation lies at the interface between the catchment and the atmosphere, the question
of its inclusion is in fact the question of whether vegetation should be treated as a catchment property (which determines the

partition of runoff and evaporation like any other catchment property) or a property of the atmospheric energy supply.

5 Conclusions

In this paper, we conjectured the existence of a mesoscale, a spatial scale at which water balance non-closure is primarily
determined by the forcing biases. The main takeaway of our analyses is the existence of coherent low-frequency patterns of
water balance non-closure, which are consistent with our initial hypothesis. Our confidence in the signal has been shown to be
conditional to the representativeness of the gauged network, pointing to the value of large sample hydrology.

Mesoscale imbalance brings valuable insights for hydrological modelling, by showing that spatial variability can be a rele-
vant tool to disentangle the many causes of water balance non-closure. While we agree with Kuczera et al. (2010) that water

balance non-closure cannot be solved by looking at rainfall-runoff records alone, the mesoscale framework suggests that those
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records still hold unexploited value to decompose the problem. The implications are two-fold. Firstly, future work might fo-
cus on the partioning of the mesoscale imbalance to achieve targeted and distributed sweeping of potential evaporation and
precipitation biases for distributed models. Secondly, mesoscale imbalance also sheds new light on catchment-scale imbal-
ance, through the residual signal: the strenghtening of non-closure after the deduction of the mesoscale signal is hinting to
the compensatory effects which curtail the interpretive value of the IWB anomaly. It offers proof that the anomaly is at best a
lower bound on the errors and biases which affect the many terms of the closure equation. Studying water imbalance through
the lens of spatial variability reveals how often we might be dealing with good performances for the wrong reasons, due to
unconstrained sweeping.

In many ways, the challenge of water balance non-closure is analogous to the ancient trial of the Lernean Hydra, the fearsome
creature that sprouted a pair of new heads for each one chopped off with a sword. The infamous monster could only be defeated
by burning the stumps. The myth is a figurative reminder of what we should strive to avoid: complex problems (i.e. defeating
the hydrological monster of water balance non closure) cannot always be addressed with all-purpose generic solutions (i.e.
chopping off water imbalance with heedless sweeping), whose apparent advantages frequently sow the seeds of inextricable
problems. This paper aimed to show that the analysis of spatial variability could be the fire that helps holding back (but not

defeating !) the endless return of non-closure issues.

Data availability. Streamflow data were obtained from the databases listed in Table 1. Several timeseries in the ENTWASH collection are
not openly accessible, as they were kindly provided upon request for the specific purpose of writing this paper; table B1 provides a complete
overview for data retrieval. The final list of station identifiers, as well as the years we chose for computing water-balance closure, can be
found in the supplements. The MERIT DEM was retrieved under the CC BY-NC license, and the JRC CCM river network was retrieved
under non-commercial use restrictions (©OEuropean Commission — JRC, 2007). Both the GLIMS dataset and the glacier melt datset from
Dussaillant et al. (2025) are distributed under open access licenses with appropriate attribution. Finally, the country delineation for the
European maps was retrieved from the rnaturalearth library, whose data stem from Natural Earth raster and vector data, belonging to

the public domain.
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Appendix A: Detailed description of ENTWASH selection criteria based on anthopogenic influence

Dataset

Brief description of gauge selection criteria

ROBIN

All semi-natural catchments, with two-levels of naturalness (Turner et al., 2025). Level 1: Largely free from human disturbances such as
urbanisation (< 10% of the catchment), river engineering and water abstractions. Modest net impact of all influences on low flows and
high flows and any impact stable over time. No known major changes in land use likely to impact streamflow regime. Level 2.: Fairly free
from human disturbances such as urbanisation (< 20% of the catchment), river engineering and water abstractions. Modest net impact of all

influences on monthly and annual flows and any impact stable over time. For ENTWASH, we kept both levels.

ROBIN - Norway

Norwegian Reference Hydrometric Network. Selection criteria (Fleig et al., 2013) include: (a) Degree of river basin development; (b) regu-

lations; (c) diversions (d) water use and abstraction for drinking water.

ROBIN - Ireland

Irish Reference Hydrometric Network (O’Connor et al., 2022). Selection criteria: (a) station performance at high, mean and low flows;
(b) abstractions, arterial drainage and other anthropogenic influences; (c) exploratory data analysis via station hydrographs, histograms and
missing data plots; (d) questionnaire developed for hydrometric experts that further queried hydrometric performance at each gauge and

sought feedback on inclusion in the final network.

ROBIN - UK

UK Reference Hydrometric Network. Selection criteria (Harrigan et al., 2017): (a) detailed station metadata including water abstractions and

discharges; (b) visual screening; (c) consultation with those responsible for maintenance and collection of hydrometric data.

ROBIN - Germany

Selection criteria: (a) percentage of artificial surface; (b) number of dams

ROBIN - France

French Reference Hydrometric Network. Gauge selection based on: (a) Banque Hydro (SCV, 2026) metadata on quality of low, mean and
high flows, local influences; (b) visual screening; (c) automatic detection of suspiciousbreaks; (d) discussion with local providers to evaluate

likely sources of alteration.

ROBIN - Spain

Selection criteria include: (a) dams and water management structures; (b) abstractions for agriculture and irrigation.

ROBIN - Portugal

No details provided by the authors.

ROBIN - Poland

Refinement on the selection of semi-natural catchments from Venegas-Cordero et al. (2022). New criteria include: (a) soil sealing data

from Copernicus Imperviousness layer; (b) data on surface and groundwater withdrawals and discharges; (c) additional data on dams and
hydrotechnical structures; (d) volumes of storage reservoirs. Final selection: 139 gauges in ROBIN Level 1 and 6 additional gauges in Level
2.

ROBIN - Finland

Based on a personal communication with Uusikivi Jari, stations were selected on the basis of: (a) dams, reservoirs; (b) abstractions ; (c)

diversions of the water flow; (d) stability of land use has remained constant for the whole observation period; (e) expert appreciation of

potential large changes in the drainage of the forests of agriculture land.

Table A1. Description of the naturality criteria of datasets which were included in ENTWASH - Part 1. In the case of ROBIN, we describe

the common guidelines as well as the detailed approach of each participating country.

The selection of the ENTWASH catchments relied on several different criteria, depending on the available information or
on the choices of the providers themselves. Tables A1, A2 and A3 provide a comprehensive account of such criteria.

590 Some datasets provided explicit flags for human influences (LamaH-CE, LamaH-Ice, ROBIN and HydCHeck), which aggre-
gate multiple quantitative criteria, encompassing dams and regulation, but also irrigation, drinking water or industrial abstrac-
tions. The flags may take the form of an explicit ranking from low to high levels of human alteration. Only those catchments
with "low’ or no alteration were included in the ENTWASH collection.

Sometimes, a simple threshold (10 mm) on the water height equivalent of total upstream storage (Delaigue et al., 2025;

595 Strohmenger et al., 2024) was used, in addition to the visual inspection of timeseries to check for the most obvious issues
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Dataset Brief description of gauge selection criteria

GRDC-CSS In ENTWASH, only for Estonia, Romania and Slovakia. Selection criteria: (a) quality, acuracy and length of timeseries; (b) degree of basin
development; (c) stability of anthropogenic alterations; (d) no significant regulation or diversions: total extractions or diversions should not

exceed 5% of the mean annual flow.

LamaH-CE Four degrees of anthropogenic impact, ten impact categories, including: (a) reservoirs, lakes and channels; (b) water abstractions. For ENT-

WASH, catchments falling within the lowest two levels of impact were selected.

LamaH-Ice Four degrees of anthropogenic impact, six impact categories, including: (a) upstream hydropower reservoir; (b) subsurface transboundary
flow; (c) withdrawal for irrigation and revegetation; (d) natural or artificial diversion or uncertainties in watershed surface. For ENTWASH,

we kept the lowest two levels (low or no influence).

CAMELS-CH We filtered the dataset based on the BAFU flag system drawing from the HydCHeck methodology (WSL, 2024). Seven alteration sources
(e.g. groundwater, agriculture, dams, etc.), whose impact on the catchment is measured with a specific metric ranging between 0 and 1.
After evaluating all the alteration sources, they are incorporated into an aggregated metric on five aspects of the hydrological signature (low
flow, high flow, etc.). The aggregated metric is a weighted sum of the different metrics of all seven alteration sources, that have different
repercussions on the five aspects of the hydrological signature. The aggregated metric is then used to assign a label of alteration level (none,

low, moderate and strong). For ENTWASH, we kept all catchments with low or no alteration on all aspects of the signature.

CAMELS-DK Selection based on hydrological model calibration and validation (Liu et al., 2025). Jun Liu personal communication: "largely free of human
influence (no reservoirs, pumping stations, weirs, or surface-water extractions, etc.). However, some control structures do exist, for example
at certain lake outlets, and groundwater extraction does impact streamflow/baseflow across large parts of Denmark”. We carried out additional

visual screening for the final selection.

CAMELS-FI Human influence attributes include: (a) population count and density; (b) dam and reservoirs count and capacity; (c) regulation level. For

ENTWASH, we only selected basins with the lowest two levels of regulation (minor and unregulated).

CAMELS-LUX Selection criteria include: (a) dams and derivation; (b) industrial influences; (c) urban influences.

BULL Personal communication with Javier Senent-Aparicio: selection based on hydrological model validation, and comparison with the information
provided by ROEA (Red Oficial de Estaciones de Aforos) that assesses whether basins are altered based on the presence of upstream

reservoirs. BULL selection differs from ROEA classification of natural catchments; among others, the BULL methodology leads to the

exclusion of the most heavily karstic catchments.

Table A2. Description of the naturality criteria of datasets which were included in ENTWASH - Part 2.

(see table A2 and A3). For CAMELS-CZ, the upstream storage criterion was refined with an additional threshold on average
elevation (500m). In the case of Italy, where a nation-wide open-access streamflow dataset is anyhow missing, we relied on
EStreams, coupled with the Italian Large Dams dataset (see table 1). As to the datasets under the "Local Expertise" flag,
timeseries were chosen by local experts and hydrologists, based on their knowledge of basin characteristics.

The retrieval of natural timeseries was more challenging in the most arid countries, where human activities (especially
irrigation) have deep-reaching consequences onto the regional hydrology. In Spain, the BULL dataset made use of the SIMPA
hydrological model to identify the least affected catchments. Finally, timeseries from the French electricity provider (EDF)
were naturalised, by computing the reservoir water balance (Terrier et al., 2021) to reconstruct daily streamflow values.

In several countries, multiple data sources overlapped, especially in France, Germany, Switzerland and Austria. To prevent
all risks of duplicate streamflow gauges, we computed all the gauge-to-gauge distances; when the distance was less than 500

m, we assumed the two gauges to be identical, and we applied the following rule. Sometimes, the reported gauge identifiers
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Dataset Brief description of gauge selection criteria.

Upstream storage and/or visual screening

CAMELS-CZ Selection criteria: (a) headwater catchments (average elevation above 500 m a.s.l.); (b) simple threshold (10 mm) on the water height

equivalent of total upstream storage.

CAMELS-DE Selection criteria: (a) visual screening of individual hydrographs.

CAMELS-FR Selection criteria: (a) simple threshold (10 mm) on the water height equivalent of total upstream storage, and (b) visual screening of individual
hydrographs.

EStreams (IT) Selection criteria: (a) EStreams quality gauge flag, levels "A" or "B"; (b) simple threshold (10 mm) on the water height equivalent of total

upstream storage, based on the Italian Large Dam dataset (Evangelista et al., 2025).

EXplOI‘eZ Selection criteria: (a) simple threshold (10 mm) on the water height equivalent of total upstream storage, and (b) visual screening of individual
hydrographs.
Sweden Selection based on de Lavenne et al. (2022): "stations having less than 5% of their area regulated are used [...]. The degree of regulation is

the percentage of the volume of the mean annual flow that can be stored in reservoirs located upstream of the gauged catchment outlet. We

carried out additional visual screening for the final selection.

Naturalised timeseries

EDF The timeseries provided by the French electricity provider EDF have been naturalised for the Explore2 project (see line above), by computing

the reservoir water balance (Terrier et al., 2021) to reconstruct daily streamflow values.

Local expertise

North Macedonia Selection by Radevski et al. (2018), aiming for "natural or near natural regime without significant human activities, canals, dams, ameliora-
tive or water supply systems on the stream, and there are also waste water treatment plants that affect water regime in time, land degradations,

deforestations, infrastructures etc."

Bosnia Herzegovina Selection by Gnjato et al. (2023) of 5 catchments "not affected by major anthropogenic impacts", especially dams.

SHMU Selection made by Katarina Jeneiovd, based on the station metadata provided by SHMU.
NIMH Selection made by Eram Artinyan, based on upstream dams and derivation.
RHMZ Sl‘bije Selection made by Slavimir Stefanovic: "stations that are located in head parts of the basins and for which the conditions of natural flow

apply". We retrieved daily timeseries from the RHMSS online archive, and digitised them manually for the purpose of this study.

HMC-RA Selection made by Amalya Misakyan, focusing on regulation.

Table A3. Description of the naturality criteria of those datasets which were included in ENTWASH - Part 3.

were not standard, so that identical gauges still had different IDs from one dataset to another. In Germany, the correspondance
between ROBIN and CAMELS-DE draws from a personal communication with Sebastian Gnann.
Appendix B: Data retrieval overview

610 Appendix C: Catchment delineation

We used the MERIT (Yamazaki et al., 2017) digital elevation model (DEM) to delineate the catchments of the ENTWASH
dataset. The DEM was burnt (—5 m) with the help of the rasterised JRC CCM river network (Vogt et al., 2007), and filled

(whitebox R package) to avoid endorheic configurations. We snapped gauge coordinates on the DEM river network. The
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Dataset H Access condition

ROBIN Download URL : https://https://catalogue.ceh.ac.uk/documents/3b077711-f183-42f1-bac6-c892922c81f4

GRDC-CSS Station catalogue : https://grdc.bafg.de/data/project_datasets/climate_sensitive_stations/
Donwload portal : https:/portal.grdc.bafg.de/applications/public.html?publicuser=PublicUser#dataDownload/Subregions

LamaH-CE Donwload URL : https://zenodo.org/records/5153305

BULL Download URL :https://doi.org/10.5281/zenodo. 10605646

CAMELS-CH Download URL : https://doi.org/10.5281/zenodo. 7784632

CAMELS-CZ Data sent before the official publication by Michal Jeni¢ek and Ondiej Ledvinka at Charles University, Prague, Czech Republic.

CAMELS-DE Donwload URL : https://doi.org/10.5281/zenodo. 13837553

CAMELS-DK Dowload URL : https://dataverse.geus.dk/dataset.xhtml?persistentIld=doi: 10.22008/FK2/AZXSYP

CAMELS-FR Dowload URL : https://doi.org/10.57745/WHTFJR

CAMELS-FI Dowload URL : https://doi.org/10.5281/zenodo. 15853357

CAMELS-LUX Dowload URL : https://doi.org/10.5281/zenodo. 13846619

EStreams Dowload URL : https://zenodo.org/records/10733142

Explore2 Dowload URL : https://doi.org/10.57745/MXGCX5

LamaH-Ice Dowload URL : https://doi.org/10.4211/hs.86117a5f36cc4b7c90a5d54e18161c91

EDF Courtesy of Electricité de France. Please contact the authors for details.

SHMU Private agreement with SHMU. Contact : Katarina Jeneiové from the Slovak Hydrometeorological Institute, Bratislava (SHMU), Slovakia.

NIMH Courtesy of Eram Artinyan at the National Institute of Meteorology and Hydrology, Bulgaria.

RHMZ Srbije Online archive (.pdf) URL : https://www.hidmet.gov.rs/latin/hidrologija/povrsinske_godisnjaci.php. Contact for selection of gauges : Samir
Catovié and Slavimir Stevanovic, Assistant Director at RHMZ Srbije, Serbia.

IMGW-PIB Online archive, access with c1imate R package. Contact : Tomasz Berezowski, professor at Gdansk University of Technology and Mikotaj
Piniewski at Warsaw University of Life Sciences, Warsaw (SGGW), Poland.

HMC-RA Courtesy of Amalya Misakyan, head of Hydrology Service at the Hydrometeorology and Monitoring Center, Republic of Armenia.

North Macedonia Courtesy of Ivan Radevski, Professor at "Ss Cyril and Methodius" University in Skopje.

Sweden See de Lavenne et al. (2022)

Bosnia-Herzegovina Courtesy of Slodoban Gnjato, Professor at the University of Banja Luka.

Table B1. Access conditions for all datasets included in ENTWASH
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snapping algorithm works as a straightforward search for the pixel which minimises the area mismatch. Firstly, it takes the
initial coordinates of a gauge, and compares the provider’s catchment area to the DEM upstream area at the gauge location;
if the relative difference is less than 1%, the algorithm stops. If not, the neighbouring pixels around the original location are
tested, to find which one minimises the area mismatch. As long as the mismatch is greater than 1%, we increase the size of
the neighbourhood, until the distance from the original location reaches 2 km. Beyond 2 km, the algorithm stops as soon as
the mismatch does not improve from one iteration to the next or when a distance of 4 km is reached. Having run the snapping

method, any gauge with a final area mismatch above 10% was rejected.

Appendix D: Catchment unnesting

Here, we describe the unnesting procedure, which consists in deducting all the upstream inflows from the outflow of the
downstream basin.

For each catchment we defined a vector of yearly validity:

V ={Vj}jeq084,... 2025} »
where V; € {0,1}

(D)

V; = 1if the annual total discharge for year j has a valid value, and V; = 1 if not. For each pair of upstream and downstream

catchments, we computed the number of years where both catchments have a valid annual discharge value:

2025
VP N Vdown _ Z min(v‘jup7 V'jdown) (Dz)
j=1984

Unnesting was considered appropriate whenever the upstream and downstream catchments shared 15 valid years:
yernydown > 15 (D3)

Otherwise, one of the two gauges had to be left out, in which case the larger downstream catchment is always favoured,
except if its own number of valid years is less than 15. The main issue emerges when multiple nested catchments share
the same downstream catchment. In that case, the condition of Eq. (D3) may not be met for all the upstream gauges. If the
downstream catchment has more than 15 valid years between 1984 and 2025, we take out all the upstream gauges where D3 is
not verified (see Figure D1, top); if not, the downstream gauge is taken out (see Figure D1, bottom).

When a pair of nested catchments are deemed fit for unnesting, we rescale the average discharge of either catchments to the

1985-2024 reference period. For a given catchment with a vector of yearly validity V, the rescaling is given by:

IM

Qrescaled = ;?\; X Q%bs (D4)
%
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V'u,p,l V'u,p,Q Vup,B Vup,4

Yup mvdo'wn <15 \ //

2025 down down
D i—1084 Vi =15 v

Vup,l Vup,Z Vup,3 Vup,4

Vu;n N Vdou;n <15 \ //
v

22()25 V‘down <15 Vdown

1=1984 "1

Figure D1. Unnesting strategy: red boxes are the gauges we take out, white boxes those that we keep. On top: the downstream catchment
shares 15 valid years with only two upstream catchments, which leads to leaving out V*P* and V2. Below: the downstream catchment
shares less than 15 valid years with all upstream catchments, but it has less than 15 valid years on its own. In this case, we leave out the
downstream basin.

obs

where Q$7* is the interannual average of the observed discharge across all valid years; Q1M is the interannual average of

the modelled discharge across all valid years; I M stands for the interannual model (here, the Turc-Mezentsev model), which

I

we described in section 2.3; Q).

é\? is the interannual average of the modelled discharge across the complete reference period,

1984-2025. After rescaling, we could finally proceed with unnesting:

unnested __ down E up
down — YWrescaled — QT'escaled,j (DS)
J
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