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Abstract. Global hydrological models are one of the key tools that can help meet the needs of stakeholders and policy makers
when water management strategies and policies are developed. The primary objective of this paper is therefore to establish a
first of its kind, truly global hyper-resolution hydrological model that spans a multiple-decade period (1985 - 2019). To achieve
this, two key limitations are addressed, namely the lack of high resolution meteorological data and insufficient representation of
lateral movement of snow and ice. Thus, a novel meteorological downscaling procedure that better incorporates fine-scale to-
pographic climate drivers is incorporated, and a snow module capable of lateral movement of frozen water resembling glaciers,
avalanches and wind movement is included. We compare this global 30 arc-seconds version of PCR-GLOBWB to previously
published 5 arc-minutes and 30 arc-minutes versions by evaluating simulated river discharge, snow cover, soil moisture, land
surface evaporation, and total water storage against observations. We show that hyper-resolution provides a more accurate
simulation of river discharge, this-is-espeeially—true-in particular for smaller catchments. We highlight that although global

hyper-resolution modelling is possible with current computational resources and that hyper-resolution modelling results in

more realistic representations of the hydrological cycle;-eurresults—, However, our results also suggest that global hydrolog-

ical modelling still needs to incorporate lan

and cover heterogeneity and relevant hydrological processes at the sub
kilometre scale to provide more accurate estimates of soil moisture and evaporation fluxes.

1 Introduction

Water is a vital and eross-eutting-crosscutting element needed to achieve a number of sustainable development goals (V6ros-
marty et al., 2015; Alcamo, 2019). Accurately simulating, predicting and forecasting the distribution, abundance, and shortage
of water is therefore a crucial challenge for the hydrological community. By providing information on water resources, global
hydrological models are one of the key tools that can help meet the needs of stakeholders and policy makers when water
management strategies and policies are developed (Bierkens, 2015; Bierkens et al., 2015; Wood et al., 2011). Despite their use-

fulness, an ongoing critique againsttheiraseis that the resolution of these models are-is unable to provide relevant information
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at scales at which adaptation strategies are implemented by stakeholders (Wada et al., 2017). In response to this criticism, there

has been an effort to increase the spatial resolution of current state-of-the-art global hydrological models Hech-et-al-2023)

—and this push towards hyper-resolution hydrological models has previously been described as one of hydrology’s "grand
challenges" (Bierkens et al., 2015).

The drive to develop saeh-hyper-resolution models is based on the assumption that increased resolution will previde

counterparts can not. Hyper-resolution global hydrological models are expected to better capture the relevant physical processes
that shape-govern the distribution and quantity of global water resources andtheir-pursuitis-also-motivated-by-the-benefits-they
- An improved and more detailed understanding of the global hydrological cycle can provide a number of important benefits to

the broader scientific community ++

—and society. From scientific point of view, hyper-resolution hydrological models can facilitate progress and innovation in the
fields of water quality, sediment transport, floods and drought risk by providing, much needed, detailed information on the
movement of water in soils, rivers, lakes and ponds (Bierkens et al., 2015). Hyper-resolution hydrological models also promise
benefits that will aid society as a whole, for instance high resolution hydrological data can provide stakeholders and policy.

makers with information on scales that are more logical and actionable (Bierkens et al., 2015; Wood et al., 2011; Beven et al., 2015)

To date, there has been noticeable progress towards a truly global hyper-resolution hydrological model; however, given
the complexity of such an undertaking and the associated computational burden, hyper-resolution models have, so far, been
confined to continental scale applications (e.g, Beven et al., 2015; Hoch et al., 2023; O’Neill et al., 2021; Vergopolan et al.,
2021; Chaney et al., 2021). For example, the ParFlow model has been used to simulate groundwater and surface water for the
contiguous United States at a spatial resolution of approximately 1 km (Yang et al., 2023). Also, for the contiguous United
States, Aerts et al. (2022) analyzed how increasing the resolution from 3 km to 200 m in wflow_sbm affects predictions of river
discharge. There has also been an attempt to model the European continent at the 1km resolution; where-Hoch et al. (2023)
presents a 1 km version of PCR-GLOBWB ever-a-mutti-decade-which was used to simulate hydrological states and fluxes over
a multi-decadal period. These studies have provided much needed headway towards truly global hyper-resolution modelling;
but they have also brought to the fore a number of challenges that need to be overcome first.

Challenges surrounding global hyper-resolution models are related to epistemic uncertainties in input data and whether, or
not, models at these finer resolutions can effectively capture and reproduce processes that govern water dynamics (Hoch et al.,
2023; Aerts et al., 2022; Yang et al., 2023). Previous studies on continental scale hyper-resolution models have raised the
question of whether an increased resolution actually results in a more accurate representation of the water cycle; there is mixed
support for this notion. For example, when modelling at spatial resolutions approaching 1 km and comparing their accuracy
to more coarse-scale counterparts, river discharge is more accurately simulated in some locations, while other locations show

a reduced accuracy (Hoch et al., 2023; Aerts et al., 2022). Furthermore, there are discrepancies between how different com-
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ponents of the water cycle respond to an increagaémnodel resolution. Hoch et al. (2023) experienced that, as resolution
increases, the delity of soil moisture and total evaporation as simulated with the global hydrological model decreases, even
though river discharge shows an increase in accuracy when moving to ner resolutions (Hoch et al £2023rHow ever

valuable the identi cation of such an inconsistency may be, perhaps more importantly, it provides for an opportunity to further
understand how and why the different components of the water cycle respond to an increase in model resolution. Increases
in model resolution have also highlighted the need for the inclusion of ne-scale processes thahamgected at coarser

resolutions. For example, Hoch et al. (2023) reports that in the absence of processes that represent the transport of frozen wate

simulate at least some components of the hydrological cycle at resolutions approathing(Hoch et al., 2023; Yang et al.,
2023), albeit not yet at the global scale.

One source of uncertainty is the mismatch between model resolution and that of meteorological data used as forcing (Hoch
et al., 2023). The lack of meteorological data at the appropriate resolution is a major limitation for both coarse- and ne-scale
models (Wilby et al., 2000; Benedict et al., 2019; Hoch et al., 2023; Yang et al., 2023; D6ll et al., 2016; Muller Schmied
et al., 2014). Available reanalysis products are created at a much coarser resolution than global hydrological models and fail
to represent sub-grid climate dynamics that are important in de ning local hydrological patterns. As a result, downscaling
climate forcing becomes necessary for global hyper-resolution hydrological models and their accuracy is heavily dependent on
how such downscaled products re ect reality. To ddte production of global climate models at resolutions discussed here
are constrained by technical limitations around storing the large volumes of outputaietgeand computational resources
required to complete such simulations (Schar et al., 2020; Karger et al., 2017). However, recently 1 km meteorological data
have become available in the form of climatologies as in the case of WordClim (Fick and Hijmans, 2017) and CHELSA
(Karger et al., 2017; Brun et al., 2022), which could feasibly be used to downscale coarse daily meteorological forcing data
from reanalyses to the required hyper-resolution.

Given these considerations, there is a need to assess the feasibility of a truly global hyper-resolution hydrological model
jective of this paper is therefore to establish a rst of its kind, truly global hyper-resolution hydrological model that spans a
multiple-decade period (1985 — 2019); thereby extending the scope of current hyper-resolution hydrological models beyond
the continental scale (Hoch et al., 2023). In this novel implementation of PCR-GLOBWB, a new downscaling procedure that
better incorporates ne-scale topographic climate drivers are included. In addhisrimplementation incorporates a snow
module capable of lateral movement of frozen water resembling glaciers, which is pertinent at higher resolutions. We compare
this global 30 arc-seconds simulation to previously published 5 arc-minutes and 30 arc-minutes versions of PCR-GLOBWB
by evaluating simulated river discharge, snow cover, soil moisture, land surface evaporation, and groundwater storage agains
observation. We focus on how the model represents the hydrological cycle across scales and aim to highlight where we neec

to focusits-future efforts to improve hyper-resolution hydrological modelling.
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2 Methods
2.1 30 arc-seconds PCR-GLOBWAB Setup and Parametrization

PCR-GLOBWB (PCR - Global Water Balance) is a global hydrological and water resources model that estimates global water

stores at various resolutions. It considers both natural and human-induced factors when estimating global water stores anc
uxes. The 30 arc-seconds PCR-GLOBWB implementation presented here is built upon a schematization that has previously
been applied to continental Europe (Hoch et al., 2023), in such the model presented here largely follows that presented by

Hoch et al. (2023), but with a signi cant increase in spatial expansiefsothatit now represents the entire glotietowwe

Soil information at the 30 arc-secondsesolutionwas derivedfrom the SoilGrids250datasefHengl et al., 2017)which is

, with thelandcoverclassi cationfollowing Olson (1994a, bandtheparametesetsirom Hagemann et al. (199@ndHagemann (2002)

secondgesolution.This s differs the 30 arc-minute

resolutionandthusonedominantiand covertype wasusedfor the 30 arc-
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approach used by the model is updated, (ii) a novel method of downscaling coarse-scale meteorological forcing to the required
30 arc-seconds resolution is incorporated, (iii) the model now allows for lateral transport of snow and ice at high glevations
and (iv) and an of ine spin-up strategy is implemented. Together, these four changes to the model allowed us to complete a 30
arc-seconds PCR-GLOBWB simulation with a global extent by overcoming the computational hurdle whilst still maintaining
enough similarity to the previously published versions so that model outputs can be compared and evaluated in a pragmatic

way.

2.1.1 Climate Forcing Downscaling Procedure

Previously published 5 arc-minutes and 30 arc-seconds versions of PCR-GLOBWB relied on a lapse rate-centric approach to
downscale meteorological forcing to the appropriate spatial resolution (Hoch et al., 2023; Sutanudjaja et al., 2011, 2018). In

contrast, the current implementation relied on an alternative approach by making use of high resolution climatologies (Karger

et al., 2017). The new downscaling methodolegyelvesinvolved bilinearly interpolating the coarse-scale meteorological

forcing data to the 30 arc-seconds resolution, followed by the calculation of monthly climatologies from the interpolated elds.

Interpolated climatologies were then compared to monthly high resolution reference CHELSA climatologies (1981 - 2010;

factors that incorporated high resolution topographic information (Fig. 1). The high-resolution climatologies represent the years
1981 to 2010; as suckhe correction factors were calculated for this time period.

Downscaling Temperature

As a rst step, the coarse-scale daily temperature data (1981 - 2010) was interpolated to the 30 arc-seconds resolution using :
bilinear interpolationTasy). Thereafter, the interpolated values were used to calculate monthly climato{dgiss ) for the

years 1981 - 2010 (Eq. 1); wheke is the total number of yearh) is the month and is the day of month.

X!

1
Tasy = N Tasqy,, Q)

j=m
The interpolated monthly climatologies were then compared to the high-resolution CHELSA reference climafoegiggam ),



CFrasm = TaSchelsa:m T asy (2)

Then, to obtain a correction factor for each Julian day of the y&& fs.qoy ), Wheredoy }-is day of year, we employed a
linear interpolation olCFras:m -






