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Highlights

• Successful geomorphology-based discharge prediction on snow influenced catchments.

• Model efficiency governed by both structural and circumstancial effects.

• Ghosh distance between catchments characterizes transposition configurations.

• Performances in pseudo-ungauged catchments open options for

Introduction

Prediction in Ungauged Basins (PUB), as an agenda-setting theme [START_REF] Sivapalan | IAHS decade on Predictions in Ungauged Basins (PUB), 2003-2012: Shaping an exciting future for the hydrological sciences[END_REF], has triggered important methodological progress [START_REF] Blöschl | Runoff Prediction in Ungauged Basins: Synthesis across Processes, Places and Scales[END_REF]Hrachowitz et al., 2013b) and practical advances [START_REF] Pomeroy | Putting prediction in ungauged basins into practice[END_REF][START_REF] Spence | A review of the Prediction in Ungauged Basins (PUB) decade in Canada[END_REF]. Elementary and synthetic developments have been achieved, especially in terms of general understanding; similarity assessment and classification; and flexible hierarchical modelling approaches applied to annual and seasonal runoff, flow duration curves, low flows, and floods. Nevertheless, beyond the end of the International Association of Hydrological Sciences 2003-2012 decade on PUB, some methods remain to be explored, improved, or adapted to other hydrological settings. Key paths of further progress include comparative hydrology; transfer of knowledge from experimental catchments to data-scarce areas; and flexible approaches across contexts and scales, temporal variability, and densities of data availability [START_REF] Blöschl | Runoff Prediction in Ungauged Basins: Synthesis across Processes, Places and Scales[END_REF]Hrachowitz et al., 2013a;[START_REF] Sivakumar | Dominant processes concept, model simplification and classification framework in catchment hydrology[END_REF]. Runoff hydrographs remain particularly critical as they encompass the full temporal pattern of catchment hydrology and constitute the composite of all signatures and variabilities [START_REF] Mcmillan | Five guidelines for selecting hydrological signatures[END_REF][START_REF] Parajka | Comparative assessment of predictions in ungauged basins -Part 1: Runoff-hydrograph studies[END_REF]. In particular, robust simulation of discharge remains challenging at infra-daily time steps over long periods for different sizes of catchments, due to event-level, seasonal, or interannual hydrometeorological variability.

Within the general geomorphology-based unit hydrograph framework [START_REF] Cudennec | A geomorphological explanation of the unit hydrograph concept[END_REF][START_REF] Franchini | An analysis of the dynamic component of the geomorphologic instantaneous unit hydrograph[END_REF][START_REF] Rigon | The geomorphological unit hydrograph from a historical-critical perspective[END_REF][START_REF] Rodríguez-Iturbe | The geomorphologic structure of hydrologic response[END_REF], the family of methods, which derives a transfer function from easily observable geomorphometric width and area functions [START_REF] Cudennec | On width function-based unit hydrographs deduced from separately random self-similar river networks and rainfall variability: Discussion of "Coding random self-similar river networks and calculating geometric distances: 1. General methodology" and "2. Application to runoff simulations[END_REF][START_REF] Kirkby | Tests of the random network model, and its application to basin hydrology[END_REF][START_REF] Robinson | On the relative roles of hillslope processes, channel routing, and network geomorphology in the hydrologic response of natural catchments[END_REF][START_REF] Snell | On geomorphological dispersion in natural catchments and the geomorphological unit hydrograph[END_REF][START_REF] Surkan | Synthetic hydrographs: effects of network geometry[END_REF], opens modelling opportunities which exploit an explicit structure, low calibration requirements, and flexibility. For instance, [START_REF] Cudennec | Description mathématique de l'organisation du réseau hydrographique et modélisation hydrologique[END_REF] and [START_REF] Boudhraâ | Inversion of geomorphology-based unit hydrograph model: Physical interpretation and first implementation[END_REF][START_REF] Boudhraâ | Hydrograph transposition between basins through a geomorphology-based deconvolution-reconvolution approach[END_REF] explored geomorphology-based transfer functions of water through the river network down to the outlet of the catchment. Inversion of a transfer function deconvolutes the outlet discharge series into a space-averaged net rainfall series, defined here as the hillslope response to a rainfall impulse, i.e. the water flowing through the hillslope-river interface [START_REF] Boudhraâ | Net rainfall estimation by the inversion of a geomorphology-based transfer function and discharge deconvolution[END_REF][START_REF] Formetta | The JGrass-NewAge system for forecasting and managing the hydrological budgets at the basin scale: models of flow generation and propagation/routing[END_REF][START_REF] Gupta | Runoff generation and hydrologic response via channel network geomorphology-Recent progress and open problems[END_REF][START_REF] Robinson | Instantaneous response functions of overland flow and subsurface stormflow for catchment models[END_REF][START_REF] Wang | A geomorphologic synthesis of nonlinearity in surface runoff[END_REF]. The inversion has been operationalized further [START_REF] Menke | Geophysical data analysis: Discrete inverse theory[END_REF][START_REF] Tarantola | Inverse Problem Theory: Methods for Data Fitting and Model Parameter Estimation[END_REF][START_REF] Tarantola | Inverse problems= quest for information[END_REF] with verification of the statistical distribution of errors, testing of several a priori options for initialization, and sensitivity analysis of parameters [START_REF] Boudhraâ | Net rainfall estimation by the inversion of a geomorphology-based transfer function and discharge deconvolution[END_REF][START_REF] De Lavenne | Streamflow prediction in ungauged basins through geomorphology-based hydrograph transposition[END_REF]. Simulating the discharge series at another outlet thus becomes possible by 1) assuming that the net rainfall series can be spatially transferred or generalized from one or several (here one) gauged donor catchments to an ungauged target catchment, based on nesting, neighbouring, or similarity configurations; 2) estimating the geomorphology-based transfer function of the ungauged catchment, and 3) convoluting these net rainfall series and the transfer function. Applications in the context of PUB require robustness and parsimony of both the deconvolution and convolution steps. These qualities are obtained by assuming linearity of the transfer functions used for the donor and target catchments, which corresponds to an assumption and estimation of average flow velocity through the river network of a given catchment, and the exclusion of hydraulic and geomorphological dispersions. Fig. 1 summarises the two-step process. To date, this framework has been applied to two contrasting hydrological settings: semi-arid Tunisia and humid temperate France, relying on dense gauging networks and configurations, in which some gauged catchments were considered as pseudo-ungauged ones to provide blind references. The Horton-type rainfall-runoff dynamics of semi-arid Tunisia allowed for initial development of the framework due to the region's simple hillslope dynamics [START_REF] Boudhraâ | Net rainfall estimation by the inversion of a geomorphology-based transfer function and discharge deconvolution[END_REF][START_REF] Bull | Channel heads and channel extension[END_REF][START_REF] Merheb | Hydrological response characteristics of Mediterranean catchments at different time scales: a meta-analysis[END_REF] and simple characteristic time of events on small catchments up to several tens of km² in area (Nasri et al., 2004b). Yet the approach still faces challenges for larger catchments or areas [START_REF] Chargui | Statistical distribution of rainy events characteristics and instantaneous hyetographs generation (Merguellil watershed in central Tunisia)[END_REF][START_REF] Cudennec | Accounting for sparsely observed rainfall space-time variability in a rainfall-runoff model of a semiarid Tunisian basin[END_REF][START_REF] Cudennec | Hydrometeorology and Hydroclimate[END_REF][START_REF] Feki | Incorporating elevation in rainfall interpolation in Tunisia using geostatistical methods[END_REF][START_REF] Kingumbi | Investigation of the rainfall variability in central Tunisia[END_REF], such as rainfall variability in space and time, and effects of infrastructure such as soil and water conservation installations and small dams [START_REF] Lacombe | Hydrological impact of water and soil conservation works in the Merguellil catchment of central Tunisia[END_REF]Nasri et al., 2004a;[START_REF] Ogilvie | Hydrological response of a semiarid catchment to rainfall events and water and soil conservation works (Merguellil catchment, central Tunisia)[END_REF][START_REF] Ogilvie | Surface water monitoring in small water bodies: potential and limits of multi-sensor Landsat time series[END_REF]. A more systematic application in humid temperate Brittany, France, allowed further exploration of the articulation of hillslope-river network compartments, and hence the physical significance of the net rainfall signal and the strategy for pairing donor and target catchments or groups of catchments [START_REF] De Lavenne | Streamflow prediction in ungauged basins through geomorphology-based hydrograph transposition[END_REF], such as those of a coastal bay (de Lavenne and [START_REF] De Lavenne | Prediction of streamflow from the set of basins flowing into a coastal bay[END_REF]. Geomorphology-based transposition was also applied to the Loire River catchment (the largest one in France, ca. 110,000 km² at Mont-Jean-sur-Loire before tidal influence) and its related tributaries [START_REF] De Lavenne | Transferring measured discharge time series: Large-scale comparison of Top-kriging to geomorphology-based inverse modeling[END_REF]. Using the mean net rainfall series estimated from the five closest catchments, results were generally of high quality according to several metrics. In addition, comparison to the top-kriging approach [START_REF] Skøien | Top-kriging -geostatistics on stream networks[END_REF] used as a reference showed that, on average, geomorphology-based transposition had similar and sometimes better results, which is promising given its methodological robustness and flexibility in using available data. These applications showed some adaptability to contrasting hydrological contexts and added values in modelling discharge series in (pseudo-) ungauged catchments, as well as limitations of the application domain.

The aim of this study was to apply and assess the relevance of geomorphology-based transposition in yet another hydrological context -Québec, Canadawhich differs from previous regions in its hydrological regime, snow influence, physical geography, and gauging configurations. Data from national and academic hydrometric facilities allowed a variety of topological and geometric configurations to be explored. The data set was also excellent for exploring hydrographic and synoptic effects with a clear and homogeneous underlying geography. Hourly simulations were assessed using several metrics, and specific discharge was used as reference for comparison.

Materials and methods

Study area

The northern side of the Saint Lawrence River near Québec City has developed into a geologic interface between the Canadian Shield, composed of hard rocks (mafic-felsic-paragneiss), and the sedimentary Saint Lawrence valley, where carbonates and detrital rocks abound (Fig. 2). This geological setting underlies the land cover distribution, dominated by unmanaged forests and mountainous landscapes in the north and anthropogenic activities in the valley. In the study region, the mean interannual precipitation ranges from 1000 mm to the north, east, and west to 1400 mm in the centre. Due to the topographic configuration and the presence of Gulf of Saint Lawrence and the Atlantic Ocean to the east, the Montmorency forest, north of Québec City, constitutes a 'hotspot' of precipitation, despite being relatively homogeneous (Fig. 2). The region is monitored with a configuration of gauging stations on 21 catchments, offering a longterm regional synoptic view of tributaries that flow mostly north-south, and including six nested catchments ranging from 1-1140 km² in the Montmorency River catchment [START_REF] Tremblay | Rainfall peak flow response to clearcutting 50% of three small watersheds in a boreal forest, Montmorency Forest, Québec[END_REF] (Table 1). Codes are composed of initial letters of the full names and surface areas (km²). Most of the catchments are dominated by forests, except for Beauport (Be23), Nelson (Ne60), Aux Pommes (Apo99), and Saint-Charles (SCh366), which are strongly artificial. The Des Aulnaies catchments (Au1 and Au4) also have a larger percentage of forest. The organization of the study area splits the data set into three parts, according to the rivers that flow into the Saint Lawrence River mostly from the west (Saint Lawrence near Trois-Rivières) or the east (Saint Lawrence at Québec City, Saint Lawrence at La Malbaie) (Fig. 3). 

Data

Fifteen-minute streamflow data were obtained from a public web platform maintained by the Québec government (https://www.cehq.gouv.qc.ca/hydrometrie/historique_donnees/default.asp).

Because of less frequent sampling before 2000, data from 1 April 2000 to 1 December 2016 were chosen. Quasi-continuous data are available after 2005, whereas some gaps appear before then.

Winter observations are missing as they were influenced by ice. Geomorphological analysis was based on a 10 m-resolution DEM from the Québec government.

The study area has a humid continental climate. Its catchments are subject to a strong spring freshet and high autumnal flows, typical of a nivo-pluvial hydrological regime. Low flows occur in winter when snow accumulates on the ground and in summer when a dry spell develops during peak evapotranspiration. This contrasts with the French temperate context [START_REF] De Lavenne | Streamflow prediction in ungauged basins through geomorphology-based hydrograph transposition[END_REF][START_REF] De Lavenne | Transferring measured discharge time series: Large-scale comparison of Top-kriging to geomorphology-based inverse modeling[END_REF], which has the same latitude as Québec, and even more with the Tunisian semi-arid context [START_REF] Boudhraâ | Hydrograph transposition between basins through a geomorphology-based deconvolution-reconvolution approach[END_REF][START_REF] Boudhraâ | Net rainfall estimation by the inversion of a geomorphology-based transfer function and discharge deconvolution[END_REF].

Methods

Geomorphology-based transposition of discharge

Hydro-geomorphological analysis followed the approach of previous studies [START_REF] Boudhraâ | Hydrograph transposition between basins through a geomorphology-based deconvolution-reconvolution approach[END_REF][START_REF] Boudhraâ | Net rainfall estimation by the inversion of a geomorphology-based transfer function and discharge deconvolution[END_REF][START_REF] Cudennec | Description mathématique de l'organisation du réseau hydrographique et modélisation hydrologique[END_REF][START_REF] De Lavenne | Streamflow prediction in ungauged basins through geomorphology-based hydrograph transposition[END_REF][START_REF] De Lavenne | Transferring measured discharge time series: Large-scale comparison of Top-kriging to geomorphology-based inverse modeling[END_REF]. For each catchment, water paths from a regular grid of points were identified through the hillslopes and the river network (based on a threshold of 0.25 km²) down to the outlet, using GIS analysis [START_REF] Aouissi | Joint spatial, topological and scaling analysis framework of river-network geomorphometry[END_REF][START_REF] Cudennec | A geomorphological explanation of the unit hydrograph concept[END_REF] based on GRASS 7.4.0 software. Thus the probability density function (pdf) of the hydraulic length L (i.e. the length of the path through the river network to the outlet) was assessed at the catchment level. The pdf(L) was then used to establish the transfer function TF = pdf(t) through the river network based on average velocity ̅ . Use of an average velocity is consistent with the classic simplifying and parsimonious assumption of linear transfer function through the river network [START_REF] Beven | Flow routing and the hydrological response of channel networks[END_REF]Blöschl and Sivapalan, 1995;[START_REF] Franchini | An analysis of the dynamic component of the geomorphologic instantaneous unit hydrograph[END_REF][START_REF] Grimaldi | A parsimonious geomorphological unit hydrograph for rainfall-runoff modelling in small ungauged basins[END_REF][START_REF] Robinson | Instantaneous response functions of overland flow and subsurface stormflow for catchment models[END_REF][START_REF] Woods | A synthesis of space-time variability in storm response: Rainfall, runoff generation, and routing[END_REF]. This assumption remains especially acceptable for relatively small catchments (<500 km²), where hydrodynamic and geomorphologic dispersions (unknown in ungauged catchments) can be ignored.

Discharge Q(t) [m 3 s -1 ] at the catchment outlet can be simulated by convolution between the spatiallyaveraged net rainfall series R n (t) [m] over the catchment and the transfer function TF, rescaled by catchment surface area S [m²]:

= -• . (1) 
This convolution can also be written as:

= • (2)
where Q is the vector of discharge components (expressed in the same units as rainfall for convenience), TF the matrix composed of transfer function components, and R n the net rainfall vector.

The net rainfall vector is estimated through inverse modelling (deconvolution) of observed discharges Q m , in accordance with the model defined by Eq. 2. A solution was found by minimizing the following expression [START_REF] Boudhraâ | Net rainfall estimation by the inversion of a geomorphology-based transfer function and discharge deconvolution[END_REF][START_REF] Cudennec | Description mathématique de l'organisation du réseau hydrographique et modélisation hydrologique[END_REF][START_REF] Menke | Geophysical data analysis: Discrete inverse theory[END_REF]:
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where Ф is the likelihood function; C Q and C R covariance matrices of discharge and net rainfall, respectively (given by Eq. 5 and 6); R n apriori the vector of a priori net rainfall components; and t the symbol of a transposed matrix. Statistical distributions of both (Q-Q m ) and (R n -R n aprio ) were assumed to be normal and unbiased. Eq. 2 being a linear model, the solution satisfied:

= #$%&'%& + + - #$%&'%& (4) 
Menke (1989) described the stability, convergence, and uniqueness of the solution of such nonlinear problems in generic terms, and the geomorphology-based linear transfer function has been specifically assessed [START_REF] Boudhraâ | Hydrograph transposition between basins through a geomorphology-based deconvolution-reconvolution approach[END_REF][START_REF] Boudhraâ | Net rainfall estimation by the inversion of a geomorphology-based transfer function and discharge deconvolution[END_REF][START_REF] Cudennec | Description mathématique de l'organisation du réseau hydrographique et modélisation hydrologique[END_REF].

Eq. 3 and 4 introduce a priori information, formed by vector R n apriori and its associated covariance matrix C R , along with the level of confidence to be ascribed to this knowledge. According to [START_REF] Boudhraâ | Net rainfall estimation by the inversion of a geomorphology-based transfer function and discharge deconvolution[END_REF], who tested multiple options, the a priori net rainfall R n apriori to use is the specific discharge at the outlet of the catchment translated upstream along the time axis by the mean catchment lag time. The lag time is approximated from the mean hydraulic length divided by the characteristic velocity.

Observations suffer from measurement error, defined by the following covariance:
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where the standard deviation (SD) σ Q (i) of discharge measurement error is a linear function of discharge, according to parameters A Q and B Q : 0 1 -= @ 1 . , -+ A 1 . The covariance expression is consistent with the hypothesis of a normal distribution, and T Q stands for the decorrelation time of discharge errors.

Uncertainties in net rainfall are also estimated by C R ,the covariance matrix of errors between a priori net rainfall R n apriori and true (unknown) net rainfall. The covariance is assumed to follow an exponential model:

)* + -, . / = 0 B -0 B . 234 C- 6 7 D 9 : ∆ < E D 7 F (6)
where the SD σ R (i) of net rainfall error is a linear function of net rainfall, according to parameters A R and B R : 0 B -= @ B .

-+ A B . The covariance expression is consistent with the hypothesis of a normal distribution, and T R stands for the decorrelation time of residuals between the a priori and true net hyetographs.

In this study, we used robust and versatile parameter values identified from a systematic sensitivity analysis [START_REF] Boudhraâ | Net rainfall estimation by the inversion of a geomorphology-based transfer function and discharge deconvolution[END_REF][START_REF] De Lavenne | Streamflow prediction in ungauged basins through geomorphology-based hydrograph transposition[END_REF][START_REF] De Lavenne | Transferring measured discharge time series: Large-scale comparison of Top-kriging to geomorphology-based inverse modeling[END_REF] which equal 0.9, 0.15, 0.001, 0.01, 20 (min), and 1 (min) for A R , A Q , B R , B Q , T R , and T Q , respectively.

Velocity

The velocity of water flow through the river network was calculated for each rainfall event recorded.

To prepare the data for PUB, velocity was regionalized based on all flood events in the data set (21 catchments from 2000-2016), following de Lavenne (2013), with slight adjustments in parameterization for consistency with the data set and its hydrological context. An event was detected if the slope of the rising limb of the hydrograph exceeded 0.25% h -1 and if the volume of water displaced during the event exceeded 0.01 mm. For every event detected, the rising time was extracted, which allowed calculation of event mean velocity vs. the mean hydraulic length G H of the catchment. The distribution of velocities across seasons for the 21 catchments was ultimately analysed to estimate regional velocity.

Systematic approach

Although the main purpose of geomorphology-based hydrological modelling is to simulate discharge at the outlet of ungauged catchments, the present study explores a pseudo-ungauged approach to allow comparison with observations (Fig. 2). To simulate a target pseudo-ungauged catchment from a donor gauged catchment, a systematic approach was used involving all 21 gauged catchments. For spring, summer, and autumn seasons, and the 2000-2016 period, each of the catchments was used as the donor to, and then as the target of, all other catchments. This approach yielded 420 donortarget combinations. Unlike de Lavenne et al. ( 2016), who used the five closest donors to estimate a mean net rainfall series, and knowing the lower size and density of the gauging network considered, we chose to follow a one-to-one approach to investigate successful pairs.

To assess simulation quality, transposition of specific discharge was used as a reference (Eq. 7):

= I J K L K M N (7)
where Q t is the simulated discharge in the target catchment and Q d the source discharge in the donor catchment. S t and S d are areas of the target and donor catchments, respectively.

It assumes a linear relationship between discharge and catchment area, and homogeneity of runoff generation in the donor and target catchments [START_REF] Archfield | Map correlation method: Selection of a reference streamgage to estimate daily streamflow at ungaged catchments[END_REF][START_REF] Gianfagna | Watershed area ratio accurately predicts daily streamflow in nested catchments in the Catskills, New York[END_REF][START_REF] Karlsen | The assumption of uniform specific discharge: unsafe at any time?[END_REF]. The geostatistical top-kriging approach [START_REF] Skøien | Top-kriging -geostatistics on stream networks[END_REF], used as a reference by de Lavenne et al. (2016) in the Loire River catchment (110,000 km², 389 gauging stations), could not be used as a reference in the present study because of the lower gauging density in Québec.

Geomorphology-based transposition was first applied to the Montmorency catchment, which contains 6 gauging stations that monitor nested catchments ranging from 1-1140 km². As a thorough test case, 2013 was examined in detail as it had marked discharge fluctuations.

Verification metrics

Three goodness-of-fit metrics were calculated. To assess goodness-of-fit from geomorphology-based and specific discharge transpositions consistently, metrics were calculated only when observed discharge (Q obs ) and simulated discharge (Q sim ) were available, although missing values were plotted on hydrographs. Values were missing in early spring and late autumn in particular, when gauging stations were closed, and during some summer low flows.

Nash-Sutcliffe Efficiency (NSE) [START_REF] Nash | River flow forecasting through conceptual models part I -A discussion of principles[END_REF], a common metric used to assess hydrological model performance, was calculated:
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NSE ranges from / -∞; 1/, equalling 0 when the model is as accurate as the mean of the observed discharge and 1 when the model provides a perfect fit. The NSE emphasises high flows as it is based on the mean squared error, which makes it sensitive to large errors [START_REF] Muleta | A Formal, Bayesian Approach for Uncertainty Analysis of a Watershed Model[END_REF]. A variant of the NSE, calculated for the square root of discharge (NSE sqrt ), was also calculated as it provides a compromise between emphasis on high or low flows [START_REF] Oudin | Dynamic averaging of rainfallrunoff model simulations from complementary model parameterizations[END_REF][START_REF] Seiller | Influence of three common calibration metrics on the diagnosis of climate change impacts on water resources[END_REF]:
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Volumetric Efficiency (VE) [START_REF] Criss | Do Nash values have value? Discussion and alternate proposals[END_REF] was also calculated as it estimates the bias in volume:

_P = 1 - ∑|1 STU 1 UVW | ∑ 1 STU (10) 
VE has as same range and interpretation as NSE and NSE sqrt .

To qualify metrics values, four classes were chosen for each criterion: "very good" when >0.66, "good" when 0.33-0.66, "average" when 0-0.33 and "poor" when <0. The terms "functioning pairs"

and "failing pairs" are also used to describe pairs of donor-target catchments with "very good" or "poor" values for all metrics, respectively.

To compare the overall quality of the geomorphology-based transposition among metrics and catchments, heatmaps [START_REF] Guttman | The basis for scalogram analysis[END_REF][START_REF] Sneath | The application of computers to taxonomy[END_REF] were constructed and reordered according to the Ghosh distance of each catchment from the most south-westerly catchment, Du Loup (DLo771).

Ghosh distance-based statistical analysis

The Ghosh distance [START_REF] Ghosh | Random distances within a rectangle and between two rectangles[END_REF], which estimates a distance between two spatially gridded polygons, was estimated using the 'rtop' package [START_REF] Skøien | rtop: An R package for interpolation of data with a variable spatial support, with an example from river networks[END_REF] 
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where f is the mean or the SD. The purpose of this integrative function is to assess the overall trend of metrics as Ghosh distance increases.

Ghosh distance was used to compare seasonal differences in hydrological behaviour.

Results

Results are organized into five sections: 1) regionalization of the characteristic velocity, 2) analysis of hydrograph transpositions comparing geomorphology-based transposition and specific discharge, 3) overall comparison of both approaches, 4) identification of heterogeneous behaviours for the entire catchment data set, and 5) seasonal behaviours and physical significance of net rainfall based on the Ghosh distance.

Regionalization of river flow velocity

A total of 19,894 rainfall-runoff events were identified from 1 April 2000 to 1 December 2016. A nonlinear relationship between characteristic velocity and mean hydraulic length existed which was represented well with power-law regressions with similar coefficients (Fig. 4). Root mean squared errors equalled 0.320, 0.302, and 0.419m.s -1 for spring, summer, and autumn, respectively. Median velocities ranged from 0.005-2.392 m.s -1 . At the event scale, stream velocity varied by a factor of 2.2 to 5.8 from the 10 th to 90 th quantiles, respectively, depending on the catchment. Velocity remained remarkably stable for each catchment around the median and across the three seasons (Fig. 4). 3.2. Comparison of hydrographs obtained from geomorphology-based (Q g ) and specificdischarge (Q s ) transposition

Montmorency catchment

When examining small neighbouring catchments Des Aulnaies (Au4) and Des Eaux Volées (EVo4), transposition was worse depending on the season and was sometimes "average" or "poor", despite their proximity and similar size (Fig. 5). Geomorphology-based and specific-discharge transposition yielded similar results. Both approaches resulted in higher NSE and NSE sqrt in the direction EVo4→Au4 than Au4→EVo4. VE was similar and "very good" in both directions, but the other metrics, especially NSE, were "average" or "poor" for Au4→EVo4. A seasonal pattern appeared with an underestimation of discharge in spring and late autumn (snowmelt and wet seasons) in the direction EVo4→Au4 but overestimation in summer and early autumn (dry season). When switching donor and target catchments, the inverse occurred. These two 4 km² catchments are nested within EVo9, Mo265 and Mo1140. The opposite bias observed between EVo4 and Au4 can be combined to yield more accurate predictions. Within the Montmorency catchment, both heterogeneous catchments Au1 and EVo4 were transposed to downstream nested catchments (summarized in Figure 6). Regardless of season and the metric, as target size increased, specific-discharge transposition increasingly failed. Conversely, for geomorphology-based transposition, although the same decrease was visible in summer, transposition quality remained stable (autumn) or increased at first and then decreased (spring).

Transposition quality towards Au4 and EVo9 was similar for both methods, for which geomorphology-based transposition largely outperformed specific-discharge transposition. In addition, specific-discharge transposition from Au1 was always worse than that from Evo4. For geomorphology-based transposition, Au1 was worse than Evo4 for small catchments, but this behaviour reversed as target catchment size increased. 

Between neighbouring catchments

Analysis then focused on the three largest neighbouring catchments studied (Mo1140, JCa1977, and SCh366). From Mo1140 to JCa1977, geomorphology-based transposition outperformed specificdischarge transposition according to all metrics (Fig. 7a). While the advantage was small according to VE ("very good" for all seasons), it was large for NSE and NSE sqrt (0.41/0.11/0.81 vs. 0.13/-0.08/0.32 and 0.62/0.33/0.82 vs. 0.48/0.19/0.66 for spring, summer, and autumn, respectively). Specificdischarge transposition strongly overestimated observed discharge during freshet, while geomorphology-based transposition reproduced peak flow better. In addition, metrics differed greatly by season. Metrics of geomorphology-based transposition were "good" and "very good" in spring and autumn, respectively, but "average" for NSE and NSE sqrt in summer. However, volume was well conserved, with "very good" VE values. The shape of the hydrograph was also reproduced well.

From Mo1140 to SCh366, strong differences appeared in the hydrographs, especially seasonal behaviours (Fig. 7b). In 2013, Mo1140 discharged more intensively than SCh366, resulting in "poor"

or "average" VE for each season. Despite synchronicity in the shape of their hydrographs, particularly visible for peak flows, volume was not simulated well. In addition, both geomorphology-based and specific-discharge transposition overestimated discharge during the first 20 days of May. In spring, Mo1140 flowed much more than SCh366, which must have been circumstancial (ie: depending on certain circumstances, especially the initial states), and did so for the rest of the year, which must have been a structural difference. A comparison of each metric for Q g and Q s as a function of the ratio of the surface area of the target catchment to that of the donor catchment shows similar results among metrics, but greater differences were observed for NSE (Fig. 8). Geomorphology-based transposition tended to yield 20 higher metric values than specific-discharge transposition, especially in the small→large direction (i.e. ratio > 1). In the large→small direction, results of the two approaches were more similar, although geomorphology-based transposition clearly had better results. Specific discharge transposition had the worst results in the large→small direction, but "poor" and erratic values were also obtained in the small→large direction. More similar results were observed for similarly sized donor and target catchments (ratio = 1). For NSE sqrt and VE, a relationship in the form y=x² was observed, with a minimum at a surface area ratio close to 1. According to the heatmaps, NSE was a more challenging metric than NSE sqrt and VE (Fig. 9). The volume of water (VE) was relatively homogeneous in the data set, unlike high flows (NSE). Most NSE sqrt quality classes were identical to those of NSE. Overall, most of the catchments conserved a similar volume (VE), while the pattern of functioning/failing pairs remained nearly the same among metrics.

The geographic ordering of the heatmaps revealed pairs of properly functioning geomorphologybased transposition patterns that were consistent among metrics. The highest metrics were obtained between Montmorency catchments (EVo4-9, Au1-4, Mo265-1140, and JCa1977) and those to the west-north-west (BNo642, San1540 and LCl2, except Cr1553). Lower metrics were obtained between Montmorency catchments and the most distant ones (Ba4466, DLo771, Ch18, Po328). Other "poor" metrics were obtained between Montmorency catchments and coastal catchments along the Saint Lawrence River (APo99, On223, Ne60, SCh366, and Be23). In any case, metrics were generally higher when nearby catchments were transposed (Fig. 9).

Patterns of similarity were observed among seasons. Spring had the most "very good" metrics, followed by autumn and summer. Spring also had the most "poor" metrics, followed by summer and autumn. In autumn, metrics values were generally more homogeneous over the entire catchment.

Ghosh distance analysis

A double effect on Ghosh distances appeared for both small→large and large→small transposition directions, as the overall decrease was also affected by seasonality (Fig. 10). For all metrics and both directions, as Ghosh distance increased, the integrative mean decreased. While the rate of decrease was low up to a Ghosh distance of ca. 25 km, it increased substantially afterwards. The effect was greater for the integrative SD. As Ghosh distance increased, the variability/range of the integrative SD increased, but the pattern differed between directions. For large→small transposition, the integrative SD tended to increase at a higher rate at shorter distances (<25 km), while for small→large transposition, the integrative SD increased continuously. More generally, autumn, as well as large→small transposition, had a more linear response.

None of the integrative mean metrics was "very good" at longer Ghosh distances; instead, they were restricted to a specific maximum value that decreased with Ghosh distance. Beyond ca. 100 km, the integrative mean of metrics rarely reached "good" or "average" values for small→large transposition.

For large→small transposition, this threshold increased to ca. 150 km. Variability (via the integrative SD) also differed, revealing strong seasonal heterogeneities. For instance, in the small→large direction, integrative means were generally higher and decreased more slowly in autumn than in summer or spring. In the opposite direction, the spring integrative mean was higher than that in autumn, except for VE, and this trend reversed itself beyond 50 km. A similar pattern was observed for all metrics: while autumn was almost always better, summer outperformed spring, except from 20-50 km. In summer, and less so in autumn, the integrative SD was generally higher at short Ghosh distances (<25 km), then increased substantially. In spring, the integrative SD increased slowly up to 40 km before reaching the highest values among all seasons. This was particularly visible in the small→large direction. For both directions, the relationship between the integrative mean and Ghosh distance was similar among metrics, with stability until 20 km, followed by a decrease. For both directions, integrative mean VE was highest in autumn. This was also supported by the smaller increase in the integrative SD of VE. The integrative SD and mean of NSE curves each had similar shape in autumn and summer, especially in the large→small direction. More generally, the integrative SD increased more slowly in the large→small than small→large direction. In addition, the worst values in the large→small direction occurred for the smallest target catchments, especially for NSE and NSE sqrt . 

Discussion

Performance in a new hydrological context

Several findings emerge from these results, giving geomorphology-based transposition a net advantage over specific-discharge transposition, used here as a reference method for spatial transposition of hydrographs. Geomorphology-based transposition uses structural information of the stream network to construct a realistic transfer function most likely to distribute net rainfall accurately in time. As a major parameter of this approach, stream characteristic velocities were stable across seasons in each catchment. River flow velocity depends essentially on the morphology and physical properties of the stream network, which are structural. Stability is also consistent with the intrinsic conceptualization of the geomorphology-based framework, including the articulation between hillslopes and the river network. The velocity considered refers to water dynamics across a river network; they are related to non-seasonal river hydraulics and not to water dynamics across the hillslope, which are much more season-and event-dependent.

Simulations were evaluated using three metrics: NSE, NSE sqrt , and VE. Overall, for 420 pairs and three seasons, the 1260 simulations ranged from (first to third quartiles) -0.87 to 0.35, -0.89 to 0.34, and 0.32 to 0.6 for NSE, NSE sqrt , and VE, respectively. In Tunisia, [START_REF] Boudhraâ | Hydrograph transposition between basins through a geomorphology-based deconvolution-reconvolution approach[END_REF] Catchments Au1, Au4, and EVo4 have 38%, 70% and 82% of forested land, respectively, but also 62%, 25% and 16% of timberland, respectively (Table 1). Following the general assumption of a

Representative Elementary Area of 1-15 km² (Blöschl et al., 1995;[START_REF] Fan | On the concept of a representative elementary area in catchment runoff[END_REF][START_REF] Wood | Effects of spatial variability and scale with implications to hydrologic modeling[END_REF], the heterogeneity of hillslope topography, geography, and hydrological conditions may question the representativeness of catchments such as Au1, Au4, and EVo4 even though they belong to an apparently homogeneous region. This observation is transposable to Mo1140: heterogeneous low-level behaviours resulted in different responses of the two nested catchments. Interestingly, there was a difference between specific-discharge and geomorphology-based transposition from Au1 and EVo4 to downstream catchments. Evo4 was initially more representative of downstream catchments but became less so as target size increased. This pattern reveals the structural evolution of the catchment and the associated hydrological signature from a priori similar hydrological subunits.

Between neighbours, the lack of nested similarity between upstream-downstream hydrological responses rendered transposition more difficult. This was seen in transposed hydrographs for Mo1140 to JCa1977 and Mo1140 to SCh366, both of which had lower metric values and large variations across seasons. However, JCa1977 and SCh366 clearly differed, the former flowing like Mo1140, while the later was not synchronized and showed substantial bias in water volume (via VE).

JCa1977 was more similar to Mo1140 in many respects (Table 1). SCh366 lies more to the south and yet remains in the calcareous Saint Lawrence Plateau, unlike Mo1140, which drains the Grenvillien bedrock further to the north. The calcareous bedrock may modify groundwater-river exchange and increase infiltration, unlike the Grenvillien, which increases surface runoff. In addition, the Saint Charles River drains 18.9% of artificial area vs. 2.4% for the Montmorency River, which significantly modifies hydrological processes (Table 1). The large difference observed in spring may result from snowpack, which is deeper in the Montmorency catchment. This is a good example of a spatially close pair of catchments for which hydrograph transposition fails because of differences in the input (snowpack and rainfall quantity, and hence net rainfall) and/or geography. spring, but a decorrelation during the transition to summer. This was visible in the large number of both "very good" and "poor" metrics. Summer accentuates heterogeneous behaviours, but transposition remains a valid option between geographically close catchments. Summer is dominated by low flows without many hydrological peaks; performance is thus determined mostly by base flow discharges. During this period, metrics were more homogeneous than in spring, but only a few were "very good". In autumn, following rewetting of soils and longer hydrological events, metric values were generally higher, implying a tendency to return to spatial homogeneity.

Evidence of structural and circumstancial similarities through Ghosh distance analysis

Hydrograph transposition between a pair of catchments functions when both experience a simultaneous net rainfall event. Transposition between north-eastern and south-western catchments failed because the longer distances decreased the physical significance of net rainfall between catchments. Transposition between northern catchments (Mo1140, Mo265, Au1, Au4, EVo4, EVo9, SAn1540, BNo642, and JCa1977) and southern ones flowing into the Saint Lawrence (APo99, On223, Ne60, SCh366, and Be23) also failed, as seen between Mo1140 and SCh366. These results reveal that the distance between the catchments to be transposed should be kept in mind. In this study, this distance effect was assessed using the Ghosh distance. The study area has a climatic gradient from catchments in the north-east (Montmorency) (higher precipitation and elevation, lower temperature) to those in the south-west (lower precipitation and elevation, higher temperature).

Hydrograph transposition was influenced by this gradient, which increases with distance. Hydrology is driven by snowmelt and synoptic events in spring, by convective events in summer, and by synoptic events again in autumn. The flow signal resulting from these types of climatic forcing is derived directly from the net rainfall entering the stream network, which is the variable used for geomorphology-based transposition. During snowmelt, net rainfall is produced mainly by overland flow after an increase in net radiation and air temperature [START_REF] Dunne | Runoff Processes during Snowmelt[END_REF][START_REF] Kane | Water movement into seasonally frozen soils[END_REF]. Net radiation depends greatly on catchment morphology and orientation, resulting in heterogeneous behaviours at the daily scale. Conversely, air temperature can be the same over a large area, resulting in homogeneous snowmelt at the catchment scale, especially at similar latitudes.

Overall, assuming similar snowpack among catchments, net rainfall should follow the assumption of spatial homogeneity more closely in spring, leading to better transposition of hydrographs and volume conservation. However, for longer distances, differing snowpack and snowmelt rates lead to heterogeneity in hydrograph transposition, as illustrated by Mo1140 to SCh366. During the transition between spring and summer, heterogeneous metric values appeared, especially for longer distances, because of different snowpack depths, as illustrated by large heterogeneities in heatmap zones. In summer, hillslopes are disconnected from groundwater, the latter sustaining base flow in the stream.

Convective events such as storms are highly heterogeneous in space and time; consequently, soil moisture and water levels in hydrological compartments (i.e. groundwater, hillslope, and riparian areas) may differ greatly between catchments, producing different amounts of net rainfall at the event scale. Because of the assumption of spatially homogeneous net rainfall, hydrograph transposition may be more difficult in summer than in spring (with its freshet). However, this effect has much less influence in Québec than in the Tunisian semi-arid context previously explored.

Indeed, Hortonian overflow is the dominant process involved in runoff in Tunisia; hence, net rainfall time series there closely follow the space-time variability in rainfall, which can be high for convective events. Dominant flow paths evolve according to hydrological conditions and rainfall intensity. In a natural catchment and during intense rainfall, net rainfall is dominated more by the rainfall itself and may be more homogeneous over short distances. It may also explain the strong decrease in metric values in summer and the sudden increase in variability in VE beyond 40 km. Autumn is characterized by inversion of the water balance and progressive rewetting and filling of hydrological compartments, as well as synoptic events. As a consequence, the circumstancial effect is limited, failing pairs resulting from a structural difference in the production of net rainfall.

Above all, the size effect was larger than these seasonal and physical distance effects. Runoff discharge at the outlet results from integration of upstream variability in hydrological processes and geography, but larger catchments also benefit from a wider spectrum of hydroclimate signals.

Consequently, discharge at the outlet represents more the mean of several hydroclimates and may be more robust for transposition (both geomorphology-based and specific-discharge). Theoretically, the larger the donor catchment, the more distant the target catchment can be, as observed from the integrative metrics. Small→large transposition provides better results at short distances but decreases strongly at longer distances. In contrast, large→small transposition provides worse results at short distances, but with a less steep decrease with increasing distance.

Conclusion

This study, conducted in a nivo-pluvial context, identified critical functioning points of geomorphology-based inversion-transposition. Seasonality was identified as a major component of the effectiveness of transposition in Québec, Canada, highlighting variability in dominant flow paths in the resulting transposed net rainfall between pairs of catchments. Several pairs always experienced functioning or failing transposition, regardless of the metric or season, revealing structural differences between catchments. In addition, the Ghosh distance explained decreases in values of all metrics, with heterogeneities according to season, adding a circumstancial component to the previous structural one. Overall, either direction of geomorphology-based transposition (small→large or large→small) yielded better results than specific-discharge transposition, with the best results from small→large catchments. This confirms, like similar studies in two other hydrological regimes, the flexibility and realism of the geomorphology-based transposition approach to PUB.

Figure 1 .

 1 Figure 1. Diagram of geomorphology-based inversion-transposition of a hydrograph. The spatially-averaged net rainfall series (R n ) is estimated from deconvoluted discharge using the inversion of the transfer function (TF) of the gauged catchment (TF 1 ).It is then transposed to the ungauged catchment and convoluted using the ungauged TF (TF 2 ). Arrows indicate the direction of deconvolution (from downstream to upstream) and convolution (from upstream to downstream).

Figure 2 .

 2 Figure 2. Geological map (MDDELCC and DEB, 2018) of the interface between the Canadian Shield and Saint Lawrence platform, splitting the region into a hard rock area to the north and a sedimentary area to the south. The 21 catchments used in the study are plotted at their outlets (seeTable 1 for catchment names). Numbers in catchment codes represent

Figure 3 .

 3 Figure 3. Topological diagram of the 21 catchments studied, according to their location on the study area and the order they flow into the Saint Lawrence. Catchments that are part of the Montmorency nesting configuration and its two immediate neighbours are highlighted in red. SeeTable 1 for catchment names. Numbers in catchment codes represent

  of the R environment (R Development Core Team, 2017) for the 420 donor-target combinations. It was used to quantify the geometry of the 6 nested catchments and their neighbours to further analyse the quality of transpositions. A continuous and integrative method called "integrative function" was developed to assess model performance according to the Ghosh distance. Assuming a vector of metric C values = b 6 , … , b 9 , … , b ordered by increasing Ghosh distance, the following function f was applied to each i th position:

Figure 4 .

 4 Figure 4. Velocity estimated by extracting the hydraulic length and rising time from 19,894 rainfall-runoff events in spring, summer, and autumn. Point range plots describe inter-event variability for each catchment; error bars represent 10 th and 90 th quantiles, while points are medians. Power law regression is drawn for each season, where e f is the median velocity (m.s -1 ) across the river network of the catchment considered and g H the mean hydraulic length (km).

Figure 5 .

 5 Figure 5. Observed discharge vs. discharge simulated by geomorphology-based transposition (Q g ) or specific-discharge transposition (Q s ) of two small neighbours from the Montmorency catchments: (a) EVo4→Au4 and (b) Au4→EVo4 in 2013 and their goodness-of-fit metrics -Nash Sutcliffe Efficiency (NSE), NSE calculated for the square root of discharge (NSE sqrt ), and Volumetric Efficiency (VE)in spring, summer, and autumn.

Figure 6 .

 6 Figure 6. Geomorphology-based transposition (Q g ) and specific-discharge transposition (Q s ) metrics -Nash Sutcliffe Efficiency (NSE), NSE calculated for the square root of discharge (NSE sqrt ), and Volumetric Efficiency (VE)from two small neighbouring catchments, Au1 and EVo4, to downstream nested catchments Au4, Evo9, Mo265, and M1140. Each point corresponds to the median of interannual seasonal simulations.

Figure 7 .

 7 Figure 7. Observed discharge vs. discharge simulated by geomorphology-based transposition (Q g ) or specific-discharge transposition (Q s ) of (a) Mo1140 to JCa1977 and (b) Mo1140 to SCh366 in 2013 and their goodness-of-fit metrics -Nash Sutcliffe Efficiency (NSE), NSE calculated for the square root of discharge (NSE sqrt ), and Volumetric Efficiency (VE)in spring, summer, and autumn.3.3. Overall comparison of geomorphology-based transposed discharge (Q g ) and specific

Figure 8 .

 8 Figure 8. Differences in simulation metrics between geomorphology-based and specific-discharge transposition for all 420 configurations as a function of the ratio of the surface area of the target catchment to that of the donor catchment. On the x-axis, ratios greater than 1 identify simulations in the small→large direction . The y-axis is log-modulus transformed to constrain the wide range of positive and negative values (John and Draper, 1980).

Figure 10 .

 10 Figure 10. Assessing geomorphology-based transposition as a function of donor-target distance (Ghosh), according to (a) Nash-Sutcliffe Efficiency (NSE), (b) NSE of the square root of discharge (NSE sqrt ), and (c) Volumetric Efficiency (VE) for spring, summer and autumn and by directions of transposition by catchment area. For each metric, the two left graphs represent simulations from smaller to larger catchments (small→large), while the two right graphs represent the inverse (large→small). The integrative mean axis is log-modulus transformed (John and Draper, 1980).

  to identify a structural effect (transposition pairs functioning or failing) and a supplementary circumstancial effect. The former was observed in the relative similarity of functioning and failing pairs among heatmaps; however, differences appeared among seasons. For instance, most transpositions between catchments DLo771, La Chevrotière (Ch18), and Croche (Cr1553) failed regardless of the season and metric because of structural dissimilarities. For instance, metric values were more homogeneous and transposition failed less in autumn. Volume was generally reproduced well (VE) due to spatially homogeneous climatic forcing. Water flow dynamics varied greatly (NSE and NSE sqrt ), due more to different dominant flow paths or net rainfall variability at the event scale. Spring is dominated by snowmelt on saturated or frozen soils. Production processes from hillslopes are more homogeneous and mainly physically oriented (no biological activities), despite distances between catchments, increasing conservation of water balance in early

Table 1 for catchment names). Numbers in catchment codes represent surface areas (km 2 ).

  

Table 1 . Characteristics of studied catchments in order of increasing surface area. Bold codes identify nested catchments in the Montmorency River catchment (Au1, Au4, EVo4, EVo9, Mo265, Mo1140) and the two immediate neighbours (JCa1977, SCh366). Land cover data were provided by the MDDELCC and DEB (2018).

 1 

						Unm				
						anag				
				Mean		ed			Wat	
			Area	elevatio	Agricultu	fores	Managed	Wetla	er	Artific
	Name	Code	(km²)	n (m)	re (%)	t (%)	forest (%)	nd (%)	(%)	ial (%)
	Des Aulnaies	Au1	1.1	859.4	0	37.6	62.4	0	0	0
	Décharge du	LCl2	1.9	303.1	0	79.0	0	0 21.0	0
	lac Clair									
	Des Aulnaies	Au4	3.5	818.9	0.3	70.2	24.7	3.6	0	1.3
	Des Eaux	EVo4	3.7	813.2	0	82.2	15.9	1.7	0	0.2
	Volées									
	Des Eaux	EVo9	9.0	798.3	0.1	80.5	16.4	2.5	0	0.5
	Volées									
	La Chevrotière Ch18	17.6	119.7	11.8	70.8	5.2	10.2	0.2	1.8
	Beauport	Be23	22.6	145.7	5.7	31.6	0.4	0.2	0.3	61.8
	Nelson	Ne60	60.1	218.7	7.1	69.7	2.0	4.0	0.6	16.6
	Aux Pommes	APo99	98.6	137.3	29.1	51.4	1.1	7.7	0.3	10.5
	Ontaritzi	On223	223.0	318.0	3.5	80.9	2.4	3.3	7.6	2.4
	Montmorency Mo265	264.8	857.9	0.0	80.5	11.8	4.2	2.2	1.3
	Portneuf	Po328	327.6	165.5	22.7	62.7	1.6	2.7	2.7	7.5
	Saint-Charles	SCh366	366.4	306.3	2.6	72.3	1.2	2.2	2.8	18.9
	Bras du Nord	BNo642	641.8	568.8	0.6	81.2	10.4	2.8	5.0	0.1
	Du Loup	DLo771	771.3	426.3	0	83.0	3.3	4.3	9.2	0.1
	Montmorency Mo1140	1139.8	717.3	0.1	82.9	9.4	2.8	2.5	2.4
	Saint-Anne	SAn1540	1540.1	553.6	1.7	81.9	8.2	3.0	4.5	0.8
	Croche	Cr1553	1553.4	389.6	0.0	79.6	8.5	6.3	5.1	0.4
	Malbaie	Ma1693	1692.8	679.5	0.5	79.9	11.1	2.5	4.8	1.0
	Jacques-	JCa1977	1976.5	716.4	0.5	82.2	7.8	3.7	4.6	1.3
	Cartier									
	Batiscan	Ba4466	4466.4	383.3	4.1	78.8	4.5	3.8	7.5	1.2

Table 1 for catchment names. Numbers in catchment codes represent surface areas (km 2 ).

  

  Hydrographs of Q g and Q s showed infra-seasonal heterogeneity depending on the pair of catchments studied. The first example of catchments Mo1140 and Mo265 illustrated classic nesting of two mesoscale catchments with apparent similarity in geography and hydroclimate. This is consistent with the "very good" results obtained for both Q g and Q s , despite non-negligible error in 2013 autumnal floods. Mo1140 aggregates many sub-catchments, such as EVo4 and Au4 that function differently despite proximity and similarities in geography and hydroclimate. Discharge inverted in spring and summer, with Au4 flowing strongly when snowmelt began, while EVo4 started flowing later. During summer, however, EVo4 flowed more strongly than Au4, suggesting a difference in hydrological behaviour or delayed snowmelt. This simple desynchronization may be smoothed by ensemble modelling of two spatially closed catchments with equal weights. There was a clear difference in runoff generation between EVo4 and Au4 despite their proximity and apparent similarity.

	used four
	neighbouring catchments (3.16-192 km²) in a one-to-one approach. Based on two hydrological
	events following a convective storm, NSE ranged from 0.82-0.99. The dominance of Hortonian runoff
	led to excellent performance values. For six catchments in Brittany (4.9-316 km²), also using a one-to-
	one approach, de Lavenne (2013) obtained NSE of 0.01-0.90 at the annual scale. In another study, de
	Lavenne et al. (2016)estimated mean net rainfall of the target catchment from the five closest Ghosh
	donors and then convoluted. Evaluation at the interannual scale (>3 years simulated) yielded first
	and third quartiles of NSE equal to 0.55 and 0.86, respectively.
	4.2. Structural similarity