10

15

20

How well do hydrological models simulate streamflow extremes and
drought-to-flood transitions?

Eduardo Mufioz-Castro'??, Bailey J. Anderson'>3, Paul C. Astagneau'??, Daniel L. Swain*>, Pablo
A. Mendoza®’, and Manuela I. Brunner!*?

'WSL Institute for Snow and Avalanche Research SLF, Davos Dorf, Switzerland

2Climate Change, Extremes and Natural Hazards in Alpine Regions Research Center CERC, Davos Dorf, Switzerland
3Institute for Atmospheric and Climate Science, ETH Zurich, Zurich, Switzerland

4California Institute for Water Resources, University of California Agriculture and Natural Resources, Davis, CA, USA
SWeather Extremes Across Scales, NSF National Center for Atmospheric Research, Boulder, CO, USA

%Civil Engineering Department, Universidad de Chile, Santiago, Chile

7 Advanced Mining Technology Centre (AMTC), Universidad de Chile, Santiago, Chile

Correspondence: Eduardo Mufioz-Castro (eduardo.munoz-castro@slf.ch)

Abstract. Flood impacts can be enhanced when they occur shortly after droughts. Hydrological models are useful tools to better
understand the underlying processes and mechanisms driving the response of floods occurring in close succession to streamflow
drought. However, it is yet unclear how well hydrological models capture these compound extreme events and which modeling
decisions are most important for high-model performance. To address this research gap, we calibrated four conceptual bucket-
style hydrological models with different structures (GR4J, GRSJ, GR6J, and TUW) for 63 catchments located in Chile and
Switzerland using different calibration strategies. Specifically, we assessed the relative importance of different methodological
choices in simulating and detecting observed drought-to-flood transitions, including model structure, streamflow transforma-
tion, and the Kling-Gupta efficiency (KGE) formulation and weights used to calibrate the model parameters. We demonstrate
that model performance, as expressed by the KGE, does not guarantee a good performance in terms of detecting streamflow
extremes and their transitions. Further, we show that a model’s performance with respect to capturing extreme events primarily
depends on how well it captures streamflow timing. Our results also highlight that model structure, catchment characteristics
and meteorological forcings play a key role in the detection of transitions. Speeifically,-we-demonstrate-that-Qverall, we find
that model representation of drought-to-flood transitions are-mere-diffieult-to-eaptare-is generally poor, especially in semi-arid
and high-mountain catchments than-in-(versus humid low-elevation catchments). Ultimately, our study provides insights for
further model improvements to simulate and better understand drought-to-flood transitions and to identify regions prone to this

hazard.

1 Introduction

Hydrological extreme events such as streamflow droughts and floods are expected to become more frequent, severe, and
persistent in a warming climate (e.g., Gu et al., 2023; Asadieh and Krakauer, 2017; Martin, 2018; Tabari et al., 2021). Therefore;

severe-tmpacts—are—expeeted-This can lead to severe impacts on infrastructure, agriculture, water supply, and hydropower
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generation (e.g., McClymont et al., 2020; McMartin et al., 2018; Lehner et al., 2006; Sivakumar, 2011; Wasti et al., 2022),
as well as social and political systems (e.g., Doocy et al., 2013; Hurlbert and Gupta, 2017; Kiem and Austin, 2013; Visconti,
2022).

Studies focusing on hydrological extreme events and their impacts often assume temporal and/or spatial independence be
tween them, neglecting that extremes may be multivariate phenomena (Ban and De Michele, 2022; Brunner, 2023). However,

drecht et al., 2024; Swain et al., 2018; He and Shefeld, 2020; Rashid and Wahl, 2022). For instance, Handwerger et al.
(2019) and Valenzuela et al. (2022) have demonstrated an increase in the occurrence of landslides in California and Chile due
to shifts from meteorological drought to intense precipitation. Similarly, Dietze et al. (2022) have shown that the 2018-2020
drought in Européaserhanecedhe-enhancediebris mobilisation during the 2021 ood in the Eifel region of western Ger-

many and Belgium. In 2017, intense precipitation broke the 2012-2016 drought in California and led to severe ooding, the
activation of the emergency spillway of the Lake Oroville dam for the rsttime in its history, and the declaration of emergency
(Grif n and Anchukaitis, 2014; Robeson, 2015; Wang et al., 2017). Despitercedto-integrateboth-stream-ow-extreme

' withi analysisframewerkie-g—\Ward-e 0 , e ., 2017)

and hydrological perspectives, drought-to- ood transitieas:often have more severe impacts than ood-to-drought transi-

tions.

Both hydrological droughts and oods are linked to meteorological conditions such as precipitation surplus/de cit or
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decades, several efforts have been made to improve the realism of hydrological models in terms of spatial variability (e.g.,
Dembélé et al., 2020), the simulation of low (e.g., Garcia et al., 2017) and high ows (e.g., Mizukami et al., 2019), or the
representation of ood-triggering mechanisms and spatiotemporal coherence (e.g., Brunner et al., 2020, 2021), under current
and changing climatic conditions (e.g., Fowler et al., 2018). However, modeling hydrological extreme events such as droughts
and oods is still challenging (e.g., Mizukami et al., 2019; Bruno et al., 2024), especially when multiple variables are involved.
Such cases include, for example, modeling the dependence between ood peaks and volumes (Brunner and Sikorska-Senone
2019), or modeling the spatial dependence of oods happening in different locations (Brunner et al., 2021). This complexity

at compound extremes have not yet been performed, it is still unclear how well hydrological models can, in fact, capture
drought-to- ood transitions.
Hydrological modeling involves making decisions about model structure (i.e., process representations and parameteriza-

tions), spatial discretization, meteorological forcings, and parameter estimation approach (e.g., calibration/evaluation periods,

whose importance might vary depending on the modeling purpose (e.g., Mendoza et al., 2016; Mizukami et al., 2016; Baez-
Villanueva et al., 2021; Guo et al., 2017; Melsen et al., 2019). Previous studies have highlighted that such modeling decisions
can substantially in uence simulated hydrological extremes and their uncertainties (e.g., Alexander et al., 2023; Melsen and
Guse, 2019; Melsen et al., 2019). They have also shown that the choice of objective function for model calibration, model

structure, and spatial discretization (forcings and domain) are the most in uential decisions on modeling outcomes. While

these previous studies have focused on analyzing the impacts of modeling decisions on drought and ood attributes (e.qg.,
severity, duration), they have not looked at how these decisions in uence event detection, i.e. whether or not a model can cap-

ture extreme events below or above a certain threshold. Moreover, previous work has focused on individual extremes instead of

in uence the representation of hydrological transitions.

Hydrological modeling often relies aheacalibration process to nd parameter values that minimize discrepancies between
observations and simulations of a target variable (e.g., stream ow). The calibration process requires de ning an objective
function to measure the similarity between observations and simulations. In general, these objective functions are de ned
based on "least squares” formulations such as the widely used Nash-Sutcliffe Ef ciency (NSE; Nash and Sutcliffe, 1970) and
the Kling-Gupta Ef ciency (KGE; Gupta et al., 2009). Although alternative objective functions have been proposed to enhance
the robustness of calibrated parameters and hydrological consistency (e.g., Fowler et al., 2018; Yilmaz et al., 2008; McMillan,
2020), KGE and NSE remain widely used for model calibration and evaluation (e.g., Klemes, 1986; Motavita et al., 2019;
Seibert et al., 2019; Beven, 2025).

The Kling-Gupta Ef ciency (KGE), originally proposed by Gupta et al. (2009), has been one of the most popular perfor-
mance metrics used in hydrology over the last decades. Thanks to the possibility of disaggregating it into its three components
— bias, variability, and correlation — KGE provides interpretability and diagnostic power. It has been applied for many mod-
eling purposes, including the analysis of stream ow extremes (e.g., Gu et al., 2023; Hirpa et al. }28i&)estudiesgdespite
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etal., 2012; Pool et al., 2018; Tang et aI., 2021; Plzarro and Jorquera, 2024) or adaptations (e.g., transformations and weights

Garcia et al., 2017; Wu et al., 2025; Mizukami et al., ZOM}ealmFatmngede&%meda%swdwngsHeamware for

hydrological extreme events without compromising hydrological consistency (i.e., representation of different hydrological
processes or properties). To address these research gaps, we investigate the extent to which hydrological models can represe
consecutive drought-to- ood transitions and the impact of model structure and calibration choices on their representation.

Speci cally, we address the following research questions:

— How suitable is the KGE for calibrating models aimed at jointly simulating stream ow droughts and oods?

— Which modeling choices (e.g., model structure, KGE formulation, etc.) are most important for simulating droughts,

oods, and their transitions?

To address these questions, we performed several calibration experiments with four conceptual bucket-type hydrological
models (GR4J, GR5J, GR6J, and TUW) across 63 catchments in Chile and Switzerland. In our experiments, we tested dif-
ferent con gurations of the Kling-Gupta ef ciency (KGE) to assess their performance in simulating and detecting observed
transitions. These con gurations included ve KGE formulations (Table 1), two stream ow transformations (i.e., Q and 1/Q)
and their linear combination (i.e., 0.5*KGE(Q)+0.5*KGE(1/Q)), and four different weights applied to the variability term of
the KGE (¢=1,2,4,8). Secondly, we assessed the relative importance of each methodological choice for detecting events and
ensuring hydrological consistency. Finally, we explored the link between model performanbemp}eserrta{m#diﬁerem
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2 Study domain and data

The study domain encompasses 24 and 39 near-natural catchments in Chile (CL; Figure 1a) and Switzerland (CH; Figure 1b),
respectively. These catchments are selected based on the availability of complete daily stream ow records between 1981 anc
2020 for at least 30 years, with a complete year being de ned as one in which all months had information for at least 90% of the

energy to water-limited, and different hydrological regimes (Figure 1d), from snowmelt (e.g., p-seasonality < -0.5 and g-
seasonality > 0.5) to rainfall-dominated (e.g., p-seasonality < -0.5 and g-seasonality < -0.5). Some catchments are positionec
above the water limit (i.e., Q/P = 1) or below the energy limit (i.e., Q/P = 1 - 1/(P/PET); Figure 1c), which suggests an
underestimation of precipitation- which might require correcting for precipitation undercatch (e.g., Newman et al., 2015;

The CAMELS Chile (CL; Alvarez-Garreton et al., 2018a) and Switzerland (CH; Hoge et al., 2023a) datasets are used to
obtain the meteorological forcings, stream ow records, snow water equivalent (SWE) estimates, and catchment boundaries

observation-based products, while SWE products are based on a snow cover model and data assimilation (for more detai
refer to Cortés and Margulis, 2017; Magnusson et al., 2014). We prefer these local products over global ones such as ERA5
(Hersbach et al., 2020) because of their reliance on observations and high horizontal resolutions (approximatelyf@x5 km
CR2Met and 2x2 krh for RhiresD) that enable a better representation of precipitation patterns in the complex topography

et al., 2021; Alvarez-Garreton et al., 2021; Araya et al., 2023) and Switzerland (e.g., Peleg et al., 2020; Fatichi et al., 2015;
Tuel et al., 2022). Stream ow records available through the CAMELS datasets were acquired from the national agencies
in each country (i.e., the General Directorate of Water of Chile - DGA and the Swiss Federal Of ce for the Environment
s|ind hypsometriccurves,which are neededto_setup.the snow routines,







