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ABSTRACT

Gridded sub-daily precipitation data are increasingly available to drive national or regional hydrological models, and sub-daily river
flows can be required for high flow analyses in some areas. Here, observation-based hourly 1km precipitation data are applied with a
1km hydrological model to simulate hourly mean river flows across Great Britain (GB). On average, performance across a large set of
catchments for hourly flows is less than that for daily flows, with less difference for low than high flows and little difference in overall
bias, but performance is still reasonable for most catchments. Hourly precipitation data from a convection-permitting climate model
are then used to simulate hourly river flows for baseline (1980-2000) and future (2060-2080) periods, to investigate potential differ-
ences in peak flow changes derived from annual maxima (AM) of daily and hourly mean flows. On average, future changes in peak
flows derived from hourly AM are higher than those from daily AM, with greater differences for higher return period peak flows and
for smaller catchments in the north/west. Analysis of AM occurrence dates shows that most daily and hourly AM pairs across GB are
from the same event, but some pairs for some locations have large date differences, indicating separate events. Both daily and hourly
AM date distributions are generally bimodal, with more peaks in autumn and winter, but with a strong future reduction in autumn
peaks and increase in winter peaks. These analyses help to inform where and when use of hourly flows may be required.

1 | Introduction

The principal driving dataset required by hydrological models is
generally precipitation, with national or regional models typically
requiring data at relatively fine spatial resolutions. The temporal
resolution of the driving data and the simulated flows can also
be important, depending on the size of catchments being mod-
elled, catchment characteristics (responsiveness) and the part of
the flow regime of interest. Daily, or even monthly, river flows are
likely sufficient for low flow/drought analyses in most catchments
(e.g., Sharma and Panu 2008; Nicolle et al. 2014; Rudd et al. 2017;
Ho et al. 2021), but sub-daily river flows can be required for flood/
high flow analyses, especially in small/responsive catchments
(e.g., Ficchi et al. 2019; Schaller et al. 2020; Fileni, Fowler, Lewis,
McLay, et al. 2025; Poncet et al. 2025).

Previously, the best available gridded observation-based precip-
itation data for Great Britain (GB) was at a daily time-step on a
1km grid; either from CEH Gridded Estimates of Areal Rainfall
(CEH-GEAR;Kelleretal. 2015), the latest version of which covers
1890-2019 (Tanguy et al. 2021) or from HadUK-Grid, the latest
version of which covers 1891-2024 (Hollis et al. 2025). Recently,
aversion of CEH-GEAR with an hourly time-step was produced,
covering GB for 1990-2016: CEH-GEAR1hr (Lewis et al. 2018,
2022). This provided the opportunity to compare national-scale
grid-based hydrological model performance using daily versus
hourly precipitation data for simulation of daily mean river flows
(Kay and Brown 2023). The analysis showed that, on average,
use of hourly precipitation data provided a clear improvement
for high flows and a small improvement for average flows but
little difference for low flows. Performance in faster-responding
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catchments typically improved more. But performance for sim-
ulation of sub-daily river flows was not assessed.

Recent computing advances have also enabled the use of higher
resolution ‘convection-permitting” models (CPMs), nested in lower
resolution global or regional climate models (GCMs/RCMs), for
climate change projections (Kendon, Prein, et al. 2021). The finer
resolution of CPMs better represents landscape details like orog-
raphy and coastlines (Kendon, Prein, et al. 2021; Lucas-Picher
etal. 2021), and simulates the atmosphere at a scale closer to that of
convection so parameterisation schemes are not required (Fosser
et al. 2020). Sub-daily precipitation data generated by CPMs are
considered more realistic in terms of duration and extent than those
from coarser resolution climate models (Kendon et al. 2012), and
the characteristics of sub-daily precipitation may be particularly
affected by climate change (Kendon et al. 2014; Chan et al. 2023).
For example, analysis of CPM sub-daily rainfall extremes showed
that events exceeding 20mm/h occur much more frequently by
the 2070s than in a historical baseline period, with increasing vari-
ability and a tendency to cluster (Kendon et al. 2023). Such changes
in sub-daily precipitation could have consequential effects on
future river flow projections. Kay and Brown (2023) used daily
and hourly precipitation from UKCP18 Local CPM Projections
(Kendon, Short, et al. 2021) with a national-scale grid-based hy-
drological model for GB and showed that future changes in annual
maxima derived from daily mean flows simulated using hourly
precipitation were only slightly larger than those simulated using
equally disaggregated daily precipitation. But changes in sub-daily
peak flows may differ, for smaller catchments in particular.

Thus, the aims of this paper are to first assess the performance
of a grid-based hydrological model for simulating hourly mean
river flows across GB using hourly observation-based precipita-
tion data, before using the model with hourly CPM precipitation
data and comparing future changes in peak flows derived from
hourly and daily mean flows. More specifically:

1. How does hydrological model performance for hourly
flows compare to that for daily flows, and vary with catch-
ment properties?

2. Could previous assessments of future changes in flood haz-
ard based on daily flows have under-estimated the potential
impacts compared to estimates derived from hourly flows,
at least in some places or for some types of catchments?

A broad-scale assessment is presented, across the whole of GB.
While a small set of case study catchments is used to help illus-
trate hourly versus daily flows, an in-depth analysis of specific
catchment issues is beyond the scope of this paper.

2 | Data and Methods

2.1 | The Observation-Based Precipitation Data
and Gauged Flow Data

The 1km CEH-GEAR daily data are derived from rain-gauge
data using natural neighbour interpolation (Keller et al. 2015).
The daily rain-gauge data undergo several stages of quality con-
trol before use, including manual checking of very high daily
totals (Keller et al. 2015, Section 4). The CEH-GEARI1hr dataset

uses a more limited network of sub-daily rain-gauge data to
distribute CEH-GEAR daily values through the day (Lewis
et al. 2018), so CEH-GEARI1hr daily (9AM-9AM) totals are
consistent with CEH-GEAR daily. The sub-daily rain-gauge
data also undergo several stages of quality control before use
(Lewis et al. 2018, Section 3). The limited availability of histor-
ical sub-daily rain-gauge data means that CEH-GEAR1hr only
starts in 1990 and currently only extends to 2016.

For days/locations for which it was not possible to directly use
sub-daily gauge data to temporally distribute precipitation in
CEHGEARTI1hr (i.e., where the nearest operating sub-daily gauge
was too far away or the sub-daily gauge gives zero daily rainfall
but the daily dataset gives a non-zero value), a set of national aver-
age storm profiles was used for the daily to hourly disaggregation
(Lewis et al. 2018). The average profiles were constructed from
all available GB sub-daily gauge data, varying only by season
(‘winter’ Nov-Apr and ‘summer’ May-Oct) and by a daily rain-
fall threshold (0, 1, 5, 10 and 20mm). The number of grid cells
requiring profile-based disaggregation varies but it is mostly used
for small daily rainfall totals so is considered unlikely to have a
large effect on hydrological simulations (Lewis et al. 2018).

Observed quality-controlled daily mean flows are available
from the National River Flow Archive (NRFA; nrfa.ceh.ac.
uk/) for over 1500 catchments across the UK. Recently, a
quality-controlled dataset of 15-min observed flows for the UK
has been made available (UK-Flow15; Fileni, Fowler, Lewis, Fry,
et al. 2025), covering a large subset of the NRFA catchments.
The dataset is used here to assess performance of hourly mean
flow simulations driven by CEH-GEARI1hr (see Section 2.3).

The UK-Flow15 dataset includes a flag for each time-step, indi-
cating the outcome of several quality control procedures includ-
ing checks against daily mean flow data and cross-validation
with rainfall data and with flow data from neighbouring sta-
tions. Only data for those time-steps with no issues flagged
(Flag=000) were used here, with remaining values set to miss-
ing. For the performance assessment, the 15-min observed
flows are then averaged up to hourly mean flows in a way which
makes them as consistent as possible with the hourly mean flow
derivation within the hydrological model (Section 2.2). Hours
with any missing 15-min data are set to missing.

2.2 | The Hydrological Model
and Observation-Based Run

The Grid-to-Grid (G2G) is a grid-based hydrological model that
is typically run for GB on a 1km grid at a 15-min time-step
(Bell et al. 2009), with an optional snow module that is in-
cluded here (Bell et al. 2016). The model requires 1 km gridded
precipitation, potential evaporation (PE) and temperature data
(for the snow module). It is generally configured using spatial
datasets (e.g., soil types) rather than via specific calibration
to observed flows, with the limited number of model param-
eters (e.g., routing wave speeds) using nationally-tuned values
(Bell et al. 2009). Most previous applications of G2G for climate
change assessment have used daily precipitation equally disag-
gregated to the 15-min model time-step, then averaged the 15-
min simulated flows up to daily for output. These simulations
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perform well for a wide range of catchments (Bell et al. 2009,
2016; Rudd et al. 2017; Formetta et al. 2018), especially where
the regime is not affected significantly by artificial influences
like abstractions or discharges (Rameshwaran et al. 2022). A
previous application focussing on the Thames basin, Southeast
England, used a limited period of 1km gridded 15-min rain-
fall data for a regional calibration against 15-min gauged flow
data for 34 catchments (Bell et al. 2012). The Thames regional
parameterisation using 15-min rainfall data was only slightly
different to the national one using daily data; the latter is used
with the hourly rainfall data here as it has been assessed over a
wider range of catchments and soil types. Note that application
of G2G for operational flood guidance and warning across GB
employs 15-min precipitation inputs, incorporates data assim-
ilation of gauged river flows, and outputs forecasts as gridded
time-series of 15-min instantaneous river flow out to ~6days
(Moore et al. 2012; Price et al. 2012; Cranston et al. 2012).

The observation-based G2G run (hereafter ‘SIMOBSh’) uses:

« Hourly 1km CEH-GEARI1hr precipitation divided equally
over each of the four 15-min model time-steps within an hour.

« Monthly 40km grids of short grass PE from MORECS
(Hough and Jones 1997), copied down to the 1km grid and
divided equally over each model time-step within a month
(as used originally by Bell et al. 2009).

+ Daily 1km grids of min and max temperature from HadUK-
Grid (Hollis et al. 2019), interpolated through the day using
a sine curve (Kay and Crooks 2014).

The simulation covers Jan 1990-Dec 2016, initialised using
a states file saved at the end of a prior simulation using CEH-
GEAR daily precipitation to end-Dec 1989. Outputs were only
analysed for Oct 1990-Sep 2016 (i.e., whole water years).

The G2G outputs time-series of daily mean river flows (m3/s)
for selected 1km grid cells corresponding to NRFA catch-
ments, and was adapted to also output hourly mean river
flows (m3/s) for the same grid cells. Previously, when using
daily precipitation, outputs have usually only included catch-
ments of at least 50 km? (e.g., Kay, Bell, et al. 2023), but smaller
catchments (down to 10km?) are included here using hourly
precipitation data.

2.3 | Comparing Daily and Hourly Flow
Performance Using Hourly Observation-Based
Driving Data

The performance of the SIMOBSh daily and hourly flows (Oct
1990-Sep 2016) is assessed using several measures comparing
to observed flows for 692 catchments across GB (Figure 1a).
Catchments with more than 10% missing (hourly or daily)
gauged flow data in the required period are excluded. As
in Kay and Brown (2023), the performance measures are as
follows:

« The Nash-Sutcliffe efficiency calculated directly on the
flows (NS), on the square-root of flows (NSsqrt) and on the
natural logarithm of flows (NSlog).

« Bias in mean flow (bias, %).

« Bias in fitted flood frequency (ffr, %).

The ffr measure is calculated as the average percentage bias
in 2-, 5- and 10-year return period peak flows extracted from
flood frequency curves (as Kay et al. 2015), derived by fitting a
generalised logistic (GLO) distribution to sets of water-year (1st
Oct-30th Sep) annual maxima (AM) (Robson and Reed 1999).
All the measures are calculated with simulated flows set to
missing where observed flows are missing to provide a fairer
comparison.

For the Nash-Sutcliffe measures, NS focuses on high flows,
NSsqrt on average flows and NSlog on low flows (Rudd
et al. 2017). A value of 1 indicates perfect performance and a
value less than zero indicates performance worse than mean
flow. Threshold values are used to delineate performance bands:
Good, >0.7; Acceptable, > 0.5 but <0.7; Poor, <0.5. For the bias-
based measures, a zero is perfect performance, positive values
are over-estimates and negative values are under-estimates.
Threshold values are used to delineate performance bands for
the absolute values of bias (ffr): Good, <10% (20%); Acceptable,
<20% (40%) but >10% (20%); Poor, >20% (40%). The band
thresholds are similar to those used by Crooks et al. (2014),
and while their definition is somewhat arbitrary, they provide
a useful means of comparing performance for hourly and daily
mean flows.

Of the 692 catchments, 102 have an area of at least 10km?
but less than 50km?; the other 590 catchments are larger.
Results for the two sets of catchments are shown separately,
to differentiate performance by catchment area. Dependence
of performance on several other catchment properties is also
assessed, including mean catchment altitude (‘altbar’), mean
drainage path slope (‘dpsbar’) and an estimate of the propor-
tion of river flow that comes from groundwater sources (the
baseflow index derived from soil classes, ‘BFIHOST19’) (see
nrfa.ceh.ac.uk/feh-catchment-descriptors); Figure 1c shows
the distributions of these properties across the set of 692
catchments. BFTHOST19 is an estimate of the baseflow index
(BFI) of a catchment but is derived from the proportions of hy-
drologically described soil classes in a catchment rather than
via hydrograph separation, and is thus unaffected by artificial
influences (Griffin et al. 2019).

2.4 | Climate Change Projections and Their
Application

One component of UK Climate Projections 2018 is UKCP18
Local (Kendon, Short, et al. 2021). This comprises an ~2.2km
CPM 12-member ensemble, which is nested in an ~12km RCM
12-member perturbed parameter ensemble (PPE) nested in
an ~60km GCM 12-member PPE, under RCP8.5 emissions.
Originally, only three 20-year periods were covered (Dec
1980-Nov 2000, Dec 2020-Nov 2040 and Dec 2060-Nov 2080),
although data for the intervening periods have now been pro-
vided. Data are available on the native ~2.2km rotated lat-lon
grid and re-projected to a 5km grid aligned with the GB national
grid (Met Office Hadley Centre 2019). The re-projected 5km
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FIGURE1 | The 692 catchments used to assess performance (top-left; green boundaries plus outlet points), the four case study catchments (top-

right; coloured boundaries plus black outlet points) and distributions of selected catchment properties across the 692 catchments (bottom; green

histograms). Also on the latter are vertical dashed lines showing the property values for the four case study catchments (from Table 1), colour-coded

as in the top-right map.

TABLE 1 | The four case study catchments, with values of selected properties and the ranges of those properties across the full set of 692

catchments.
Area (km?) altbar (m) dpsbar (m/km) BFIHOST19
Case study catchments
Catchment number River @ location
28091 Ryton @ Blyth 231.0 71 31.5 0.731
42008 Cheriton Stream @ 75.1 121 54.2 0.918
Sewards Bridge
62001 Teifi @ Glanteifi 893.6 209 109.8 0.463
79003 Nith @ Hall Bridge 155.0 330 121.6 0.360
692 catchments
Minimum 12.0 25 11.4 0.216
Median 141.4 149 75.3 0.462
Maximum 9948.0 675 487.9 0.934

CPM data for ensemble member ‘01’ are used here; this member
represents the standard RCM/GCM parameterization (the CPM
parameters are not adjusted between members). Using a single

ensemble member is sufficient here, where the aim is to com-
pare peak flow changes derived from daily versus hourly flows
simulated using hourly precipitation. For a fuller picture of the
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potential impacts of climate change, use of the full ensemble
would be recommended.

The precipitation, PE and temperature data required to drive the
hydrological model are derived from the available CPM data as
follows:

« Hourly 5km CPM precipitation data are corrected by apply-
ing a simple bias-adjustment, using monthly factors derived
by comparing baseline data against CEH-GEAR (Kay and
Brown 2023). These data are then downscaled to 1 km using
fixed patterns derived from observed standard average an-
nual rainfall (Kay, Rudd, and Coulson 2023). The hourly
1km data are then divided equally over the four 15-min
model time-steps within an hour.

 Daily 5km CPM PE data are estimated using the Hydro-PE
method of Robinson et al. (2023) (based on Penman-
Monteith), copied down to 1km, and divided equally over
the model time-steps within a day.

+ Daily 5kmmin and max CPM temperature data are down-
scaled to 1km using a lapse rate with elevation (Bell
et al. 2016), and interpolated through the day using a sine
curve (as for observed temperature, Section 2.2).

The precipitation, PE and temperature data are then used to
drive G2G for baseline (Dec 1980-Nov 2000) and far-future (Dec
2060-Nov 2080) periods (hereafter ‘SIMCPMh baseline’ and
‘SIMCPMh far-future’, respectively). The baseline simulation is
initialised using states saved at the end of a prior simulation (Jan
1970-Nov 1980) using observed driving data, and the far-future
simulation is initialised using states saved at the end of a prior
simulation (Dec 2055-Nov 2060) using data from the equivalent
RCM (as in Kay 2022).

2.5 | Assessing Impacts on Peak Flows Under
Climate Change

The SIMCPMh runs (Section 2.4) produce 1km grids of AM ex-
tracted from daily mean flows and hourly mean flows for the
baseline and far-future periods. AM is extracted for each water-
year, for each 1km grid-cell with a catchment area of at least
10km? (hereafter ‘river cells’). Flood frequency curves are fitted
to the sets of daily mean and hourly mean AM (19 for each pe-
riod and each river cell), and corresponding grids of 2-, 5-, and
10-year return period peak flows for each period are derived as
for the observation-based simulation (Section 2.3). The percent-
age change in peak flows between the baseline and far-future
periods is calculated for each return period and river cell, for
the flood frequency curves derived using daily mean AM and
hourly mean AM. Note that AM are used, rather than peaks-
over-threshold, since they are straightforward to calculate and
output on the 1km grid during the model run.

Differences in these impacts are investigated for different size
catchments across GB. There are a total of 45865 1 km river cells
across GB, with 27315 of these having catchment areas of be-
tween 10 and 50km?, and just 7866 having catchment areas of
200km? or more. Variation by location is explored using a simple
north/west to south/east split; the majority of higher-elevation

areas are in the north/west, while the south/east is flatter and
has the majority of groundwater-dominated catchments. Of the
45865 1km river cells, 30658 are to the north/west and 15207
to the south/east.

2.6 | Case Studies

For a small set of case study catchments, flow duration curves,
flood frequency curves and sample flow hydrographs are plot-
ted to help illustrate both the performance of observation-based
driving data and differing peak flow impacts under climate
change. Four catchments are selected (Table 1 and Figure 1b),
covering a range of catchment properties (Figure 1c) and show-
ing a range of behaviour. The Ryton at Blyth (28091) in central
England is a mid-sized catchment with relatively low relief but
a relatively high proportion of high permeability bedrock. The
Cheriton Stream at Sewards Bridge (42008) in southern England
is small with moderate/low relief but a very high proportion
of high permeability bedrock. The Teifi at Glanteifi (62001) in
Wales is quite large with higher relief and mainly impermeable
bedrock. The Nith at Hall Bridge (79003) in Scotland is mid-
sized and high relief with a mixture of bedrock permeabilities.
The two western catchments (62001 and 79003) are wetter than
those to the east (28091 and 42008), and all four are mainly rural.

Note that catchments 42008 and 62001 are part of the UK
Benchmark network (UKBN2; nrfa.ceh.ac.uk/hydrometry-uk/
benchmark-network), which means that they are ‘near-natural’;
they ‘can be considered reasonably free from human distur-
bances such as urbanisation, river engineering, and water
abstractions’ (however 42008 has a warning about low flows
potentially being affected by abstraction). Catchments 28091
and 79003 are not in the UKBN2: The NRFA notes a ‘moderate
net effect on flows by WRWs [water treatment effluent returns]
and abstraction’ for 28091 and ‘largely natural with controlled
storage of Afton Reservoir having occasional significant effect’
and ‘public water supply only affects low flows’ for 79003.

2.7 | Dates of Occurrence of Daily and Hourly AM

Typical dates of occurrence of peak flows, and potential future
changes in these, could be important for river ecology, due to
damage occurring at critical times for different species. As well
as outputting grids of AM flows, G2G outputs grids of the date of
occurrence of each AM (as the day in the year). These are used to
investigate any differences in the date of occurrence of daily and
hourly AM, and changes in each between SIMCPMh baseline
and far-future.

3 | Results

3.1 | Comparing Daily and Hourly Flow
Performance Using Hourly Observation-Based
Driving Data

Boxplots of the SIMOBSh performance measures across the set
of 692 catchments (Figure 2) show that, on average, performance
for hourly mean flows is less than that for daily mean flows.
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FIGURE 2 | Summary of SIMOBSh performance for daily and hourly mean flows (‘SIMOBSh_dm’, ‘SIMOBSh_hm’), split by catchment area
(grey outline 10-50km?; black outline > 50 km?). The boxes show the 25th-75th percentile range across the set of catchments, with the median shown
by the line across the box. The whiskers show the 10th-90th percentile range, with overall min and max shown by dashes beyond the whiskers (if

within the plotted range).

There is less difference for low flows (NSlog) than high flows (NS
and ffr), and little difference in terms of overall bias in simulated
flows. Performance for peak flows (ffr) shows an underestima-
tion of the order of 10% on average, but the range is substantially
wider for hourly than daily mean flows. On average, performance
for smaller catchments (area 10-50km?) is worse than for larger
catchments (area>50km?), and the set of smaller catchments
shows a wider variation in performance than larger catchments,
particularly for low flows (NSlog) and peak flows (ffr).

Maps of each NS-based and bias measure, for daily and hourly
mean flows, are provided in Figures S1 and S2 respectively,
using the Good/Acceptable/Poor classification for each measure
defined in Section 2.3. Corresponding maps of the difference in
performance for daily and hourly flows clearly show that most
catchments have better simulation from daily flows, but some
are better with hourly flows, particularly in the south/east. For
most measures, about 68%-89% of catchments perform better
for daily mean flows, compared to only about 3%-27% of catch-
ments performing better for hourly mean flows, with little dif-
ference for about 8%-15% of catchments. For the absolute bias
though, there is little difference between performance for daily
and hourly mean flows for 82% of catchments, with only 10%
being better for daily and 8% better for hourly.

Figure 3 presents boxplots summarising properties across sub-
sets of catchments for which performance is categorised as

Good, Acceptable or Poor for each of the five performance mea-
sures, for daily and hourly mean flows. These confirm that per-
formance is, on average, better for larger catchments, but also
those with a higher mean altitude, higher mean slope and lower
baseflow index. For most measures there is little difference in
dependence of daily and hourly mean flow performance on
these catchment properties. But for high flows (NS) and flood
peaks (AbsFfr), where performance was most reduced for hourly
compared to daily flows (Figure 2), there are greater differences
between the properties of the catchments falling into the “Poor’
performance category.

Plots for the four case study catchments (listed in Table 1)
illustrate a range of features (Figure 4). For all four catch-
ments, hourly peaks in observed flows are larger than daily
peaks, so the flood frequency curve is higher, but the daily and
hourly flow duration curves are practically indistinguishable.
Catchment 28091 is low altitude with shallow slopes and a rel-
atively high baseflow index. The simulated hourly and daily
mean flows match the observed reasonably well, although
higher return period peak flows are over-estimated and the
low flow portion of the flow duration curve is under-estimated
for both daily and hourly flows (Figure 4a). Catchment 42008,
although small, has low latitude and shallow slopes and a
very high baseflow index and is very slow-responding. The
simulated hourly and daily mean flows are basically indis-
tinguishable from each other, indicating that the model is not
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FIGURE 3 | Boxplots summarising properties across subsets of catchments for which SIMOBSh performance is categorised as good, acceptable

or poor for daily and hourly mean flows (‘SIMOBSh_dm’, ‘SIMOBSh_hm’). Results are shown for each performance measure (left to right, using the

absolute value of the bias and ffr measures), for a range of catchment properties (top to bottom; catchment area, mean catchment altitude ‘altbar’,

mean drainage path slope ‘DPSBAR’ and baseflow index derived from soil classes ‘BFIHOST19’). The thresholds for the performance categories are

defined in Section 2.3. The numbers at the top show the percentage of the 692 catchments in each performance category, for daily mean flows (first)
and hourly mean flows (second). The grey boxplots on the left show the range of each catchment property across the 692 catchments, for comparison.

responding sufficiently to sub-daily precipitation inputs in this
catchment (Figure 4b). Catchment 62001 is quite large, with
relatively high altitude and steep slopes but a near-average
baseflow index. The simulated hourly and daily mean flows
match the observed very well, although hourly peak flows
are under-estimated more than daily peak flows (Figure 4c).
Catchment 79003 is high altitude with steep slopes and a low
baseflow index, so is fast-responding. The simulated hourly
and daily mean flows match the observed relatively well, al-
though peak flows are under-estimated, and there is a differ-
ence in the shape of the observed and simulated hourly flood
frequency curves (Figure 4d).

3.2 | Assessing Impacts on Peak Flows Under
Climate Change

Violin plots and scatter plots compare the percentage changes
in the 2-, 5- and 10-year return period peak flows derived from
daily and hourly AM from SIMCPMAh, for 1km river cells across
GB (Figure 5). The violin plots show that, on average, the peak
flow changes derived from hourly AM are higher than those
from daily AM. The difference increases by return period (GB
median 14.8% vs. 9.1% at 2-year return period, 18.0% vs. 8.5%
at 5-year return period and 20.2% vs. 8.4% at 10-year return
period). The scatter plots show a relatively linear relationship
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Flow duration curves, flood frequency curves and a short flow hydrograph for the four case study catchments (Table 1), from

SIMOBSh daily and hourly mean flows (‘SIMOBSh_dm’, orange dashed lines; ‘SIMOBSh_hm’, red dot-dashed lines), compared to gauged daily and
hourly flows (‘Obs_dm’, black solid lines; ‘Obs_hm’, grey dashed lines).

between peak flow changes from hourly and daily AM, although
the scatter increases with return period. Some river cells show

very large differences.

Boxplots summarising the differences in 10-year return period
peak flow impacts from hourly and daily AM for river cells split

by catchment drainage area show relatively limited differences

for larger catchments (median

~6%) but greater differences for

catchments smaller than 50km? (median ~12%), and some river
cells (of any size) show large differences (Figure 6 top). For larger
catchments, those in the SE tend to show greater differences in

peak flow impacts than those i

n the NW (Figure 6 bottom), but
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the opposite is true for smaller catchments, with those in the
NW tending to show greater differences than those in the SE.
Differences in 2-year return period peak flow impacts are gen-
erally smaller than for 10-year peak flows, and show much less
influence by catchment size (Figure S3).

Again, various features are illustrated by flood frequency curve
plots (Figure 7) for the four case study catchments (Table 1).
Catchment 28091 shows a decrease in higher return period daily
peaks, which is less clear for hourly peaks (although may be hap-
pening at even higher return periods). Catchment 42008 shows
a future increase in flood peaks at all return periods, which
is exactly the same for daily and hourly peaks (cf. Figure 4b).
Catchment 62001 shows essentially no change in daily flood
peaks, but some small changes in hourly flood peaks, which
vary by return period due to a change in the shape of the curve.
Catchment 79003 shows relatively small changes in daily flood
peaks, which vary by return period, but large increases in hourly
flood peaks.

3.3 | Dates of Occurrence of Daily and Hourly AM

To assess any differences in daily and hourly AM dates of occur-
rence (given by the day number in the water-year), the hourly
dates are subtracted from the daily dates for each annual event
at each river cell. Histograms of these date differences, across
all years (19) and all river cells (46865), show that the majority

of daily and hourly AM are from the same (or a very near) event
(Figure 8); the date difference is zero for 53% of events in
SIMOBSh, 68% in SIMCPMh baseline and 66% in SIMCPMbh far-
future, with the equivalent percentages for a date within +5days
being 77%, 77% and 75%. Some annual events have much larger
date differences though, especially for smaller catchments and
more negative date differences (less than around —150; Figure 8).

Contours on the 2D-histograms suggest little difference be-
tween the SIMOBSh, SIMCPMh baseline and SIMCPMh far-
future runs, although there may be a slight tendency towards
some more positive date differences for mid-sized catchments in
the far-future compared to the baseline (Figure 8).

Polar plots illustrate the distributions of the daily and hourly AM
through the year for the SIMCPMh baseline and far-future runs
(Figure 9). These show that, across GB in the baseline period,
there is a bimodal distribution with more peaks in both autumn
and winter but few in summer, with autumn hourly peaks more
likely than daily, and vice-versa in winter. In the far-future there
is a strong reduction in both daily and hourly autumn peaks and
an increase in winter peaks, with some peaks also occurring into
early spring. This pattern of changes is similar for river cells in
the NW, although the occurrence of autumn peaks is enhanced.
The pattern is much more complex for river cells in the SE, with
some baseline peaks in late summer, and a much-increased oc-
currence of peaks in early spring in the far-future. There is less
difference in the AM date distribution patterns for either smaller
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(10-50km?) or larger (>200km?) catchments, compared to GB
as a whole. The date distributions for SIMOBSh (Figure S4) are
relatively similar to those for SIMCPMh baseline (bimodal, with
autumn and winter peaks and few summer peaks), although
there are less clear differences between the distributions of daily
and hourly AM for SIMOBSh than SIMCPMh (Figure 9).

4 | Discussion

4.1 | Comparing Daily and Hourly Performance
Using Observation-Based Driving Data

A grid-based hydrological model has been driven with
observation-based hourly precipitation data, and the perfor-
mance of simulated daily mean and hourly mean river flows
compared against observed daily and hourly river flows

(respectively). On average, the performance for hourly mean
flows is less than that for daily mean flows, with more difference
for high flows and flood peaks (Section 3.1). For both hourly
and daily mean flows, on average, the performance is better for
larger catchments and those with a higher mean altitude and
slope and lower baseflow index, but for high flows and flood
peaks, there is some broadening of the range of properties of
the catchments falling into the ‘Poor’ performance category for
hourly mean flows.

Others studies show that performance for flows aggregated over
longer time-steps is better than for the model time-step, whether
that is sub-daily aggregated to daily (e.g., Tudaji et al. 2025) or
sub-daily or daily aggregated to monthly (e.g., Rudd et al. 2017;
Ahmed et al. 2022). Similarly, Baroni et al. (2019) show increased
temporal agreement between both evaporation and surface soil
moisture outputs from two hydrological models when these data

300 300
SIMOBSh
% 200 - 200 500
>
3
4% 100 A 100 475
S 450
§ 0 0 - —
£ 425
5 -100 1 -100
[]
g 400
QO -200 -200
375
-300 -300
0.00 0.01 0.02 0.03 10! 102 103 104 350
300 ) 300 K
SIMCPMh baseline 325
(]
= =
0y 200 300
© IS
© . Y4
#* 100 8 275 —
~ —_
[0] O
(V] Y
5 0 250 ‘2
L g
£ 100 £ 225 3
g ! =
a 200 £ 200 2
o
175 €
-300 S
L T T T 8
0.00 0.01 0.02 0.03 | 150
300 300
SIMCPMh far-future L 125
n 200
P 100
o
# 100
= - 75
(]
2 0
g - 50
£
5 -100 | 55
3
©
a

-200

-300

T T T
0.00 0.01 0.02 0.03
Density

T T
102 103 104
Area (km?)

FIGURE 8 | Histograms of the difference in dates of occurrence of daily mean AM and hourly mean AM, for SIMOBSh (top), SIMCPMh baseline
(middle) and SIMCPMh far-future (bottom). A positive value indicates that the daily AM occurs later in the water-year than the hourly AM. Standard
histograms are on the left, with 2D histograms on the right showing the date differences by catchment area. Contours on each 2D histogram de-
lineate areas with a count of least 300 events per bin, with the contour from the SIMOBSh histogram (light green solid line) also shown with the
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are aggregated over longer time-steps (although, interestingly,
this did not hold for deeper soil moisture). Potential issues with
the timing of flow variations make good time-series performance
for hourly mean flows harder than for daily mean flows, partic-
ularly if focussing on high flows (NS) or small catchments. It
is difficult to derive accurate sub-daily rainfall timing/distribu-
tion across wide areas from limited numbers of rain-gauges (and
for some locations/days it was necessary for CEH-GEAR1hr
to use profile disaggregation). Tudaji et al. (2025) note that “...
model input data, particularly rainfall, may have a lower signal-
to-noise ratio at higher temporal resolutions due to difficulties in

data validation and increased uncertainty in areal average rain-
fall estimates’. For smaller or more responsive catchments in
particular, there is less opportunity for errors in the driving data
(e.g., storm location, extent and heterogeneity) to be compen-
sated for when water is temporally and spatially accumulated
across the area. There can also be greater difficulties in gauging
river flows in smaller catchments, and they can be affected more
by errors related to the 1km flow network used by G2G.

A large set of catchments has been applied here, with no consid-
eration given to flow gauge reliability at different stages, or to the
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presence of artificial influences like abstraction and discharges.
This could potentially skew performance for types of catchments
that may be more likely to have artificial influences or data is-
sues—a factor also noted by Formetta et al. (2018). Previous
G2G performance assessments have generally used more lim-
ited catchment sets (e.g., Bell et al. 2009; Rudd et al. 2017), often
comprising catchments with limited artificial influences and
where gauging is considered reliable (e.g., Formetta et al. 2018;
Kay 2022), and showed no clear relationships between perfor-
mance and catchment properties. Kay et al. (2021) showed that
performance of standardised high flows for a large set of catch-
ments had a much broader spread of values compared to that
for a more limited set of benchmark catchments (with reliable
gauging and limited artificial influences), although both sets
had median values close to zero.

While model performance for hourly mean flows is generally
lower than for daily mean flows, it is still reasonable for most
catchments, even smaller catchments (other than for low flows).
This suggests that it is reasonable to use the model to look at po-
tential future changes in hourly as well as daily mean peak flows,
for smaller catchments as well as larger ones. Fileni, Fowler,
Lewis, McLay, et al. (2025) recommend ‘implementing [models
used for flood impact studies] at a sub-daily (~hourly) resolution
to accurately capture flood peaks in smaller catchments’.

4.2 | Assessing Impacts on Peak Flows Under
Climate Change

On average, future changes in peak flows derived from hourly
AM are higher than those from daily AM (GB median 20.2%
for hourly AM vs. 8.4% for daily AM at 10-year return period),
with greater differences for higher return period peak flows.
Some river cells show very large differences, while some cells
give lower peak flow changes from hourly AM than daily AM.
Smaller catchments (<50km?) in the north/west tend to show
larger differences. River flow in smaller catchments is typically
more responsive to short time-scale extreme precipitation than
flow in larger catchments (Stein et al. 2021), so future increases
in hourly extreme rainfall in the UKCP18 CPM (Chan et al. 2023)
will have a greater impact in such catchments. This suggests that,
at least for some locations, use of hourly CPM precipitation data
and analysis of changes in hourly mean peak flows could be im-
portant for the development of appropriate adaptation strategies
for changes in flood hazard under climate change.

The results here are consistent with an analysis of the impacts
of climate change on peak flows in 120 Norwegian catchments
(Carr et al. 2023), which showed that 3-h peak flow changes can
be considerably greater than daily peak flow changes, and that
catchment area was an explanatory factor (albeit weakly) for the
3-h changes. Similarly, Kim et al. (2018) show, using a bottom-up
sensitivity framework for a catchment in South Korea, that use
of daily flow indices can considerably underestimate the impact
of climate change on flood hazard compared to use of hourly
indices. Instantaneous peaks may be even more affected than
hourly peaks.

Peaks with higher than 10-year return periods were not studied
here since only 20-year time-slices of 5km CPM data were used.

But changes in higher return period peak flows are important in
flood risk planning (Willkofer et al. 2024), particularly as impacts
vary by return period (Figure 6 and e.g., Brunner et al. 2021;
Poncet et al. 2025). Increased availability of CPM data will en-
able investigation of higher return periods, and applying the full
UKCP18 Local CPM ensemble may allow better identification of
the effect of natural variability (Kendon et al. 2023), although this
is complicated by the use of perturbed parameter driving ensem-
bles in UKCP18. Application of a single model initial-condition
large ensemble (SMILE) with hydrological models can enable im-
proved estimation of very rare floods (e.g., Willkofer et al. 2024),
but the expense of very high-resolution CPMs means that CPM-
based SMILEs have so far not been possible.

4.3 | Dates of Occurrence of Daily and Hourly AM

Analysis of the dates of occurrence of daily and hourly AM
showed that the majority of annual pairs across GB are from the
same event, but some annual pairs for some locations have large
date differences (Figure 8). Many of the larger date differences
are likely to be where there were two events of a similar size in a
year, but the distribution of hourly rainfall pushes what was the
second highest event in terms of daily mean flows up to the high-
est in terms of hourly mean flows. The large negative differences
for smaller catchments are likely to be when the largest daily
AM occurred in winter but the largest hourly AM occurred from
an intense event in the following summer; such intense sum-
mer events are more likely to cause high flows in smaller fast-
responding catchments (Stein et al. 2021). The possible tendency
towards some more positive date differences for mid-sized catch-
ments in the far-future compared to the baseline may be due to
an increase in the occurrence of hourly events in autumn (near
the start of the water-year) rather than summer, with the daily
event in winter; the CPM analysis of Chan et al. (2020) shows the
season with the most hourly precipitation extremes shifts from
summer to autumn (or no clear seasonality) for much of GB.

AM date distributions were generally bimodal, with more peaks
in both autumn and winter but few in summer, with a strong re-
duction in both daily and hourly autumn peaks and an increase in
winter peaks in the far-future (Figure 9), likely due to significant
summer drying. A more complex picture of AM date distributions,
and changes in these, for the SE is likely due to differing behaviour
of slowly-responding groundwater-dominated catchments versus
catchments without significant long-term water storage.

A number of other studies have shown possible shifts in the tim-
ing of AM under climate change (e.g., Schneider et al. 2013; Xu
et al. 2021; Lane and Kay 2021; Dembélé et al. 2024), but they
have not looked at AM derived from daily versus hourly mean
flows. Xu et al. (2021) note that “.. the timing of peak daily av-
erage runoff can be different from the timing of peak instanta-
neous runoff’. Only dates of AM were studied here—analysis of
peaks-over-threshold may give a more complete picture.

5 | Conclusions

The availability of an hourly 1km gridded observation-
based precipitation dataset for GB (CEH-GEARI1hr; Lewis
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et al. 2018, 2022), along with sub-daily gauged flows for
a large number of catchments (Fileni, Fowler, Lewis, Fry,
et al. 2025), enabled an assessment of the performance of
hourly versus daily mean flow simulation using a grid-based
hydrological model (G2G) across GB. The assessment showed
that, on average, performance for hourly mean flows is less
than that for daily mean flows, although with less difference
for low than high flows and little difference in overall bias.
Future work could investigate how performance across dif-
ferent catchments varies between hydrological models, po-
tentially helping to highlight pros and cons of different model
components. How model performance relates to rainfall type
(e.g., frontal or convective) and the spatial and temporal res-
olution of PE and temperature in different catchments could
also be investigated.

The availability of hourly precipitation data from a convection-
permitting model (CPM) for baseline (Dec 1980-Nov 2000) and
far-future (Dec 2060-Nov 2080) periods, from the UKCP18
Local projections (Kendon, Short, et al. 2021), provided the op-
portunity to compare potential future changes in peak flows
derived from daily mean flows and hourly mean flows across
GB. A simple bias-correction was applied to precipitation be-
fore using it to drive G2G, producing 1km grids of the water-
year annual maxima of daily and hourly mean flows. Flood
frequency curves were fitted for baseline and far-future time
periods, and differences in baseline to far-future changes in
2-, 5- and 10-year return period peak flows assessed. On av-
erage, peak flow changes derived from hourly AM are higher
than those from daily AM, with greater differences for smaller
catchments in the NW and larger catchments in the SE. The
former might be expected but the latter result is somewhat
unexpected, and highlights the importance of understanding
and distinguishing between flood-generating mechanisms
when assessing flood changes under climate change (Zhang
et al. 2022). Future work will assess impacts using alternative
CPM ensembles (nested in a range of GCMs rather than just
the Hadley GCM/RCM; Short and Kendon 2024) and alterna-
tive hydrological models.

An analysis of the dates of occurrence of hourly and daily AM
showed that these were often, but not always, from the same
event. Future work could investigate where, when and why dif-
ferences occur. There was also a reduction in autumn peaks and
an increase in winter and early spring peaks in the far-future.
Future work will investigate whether this is also the case for
CPMs driven by alternative GCMs.

The analyses presented here help to inform where and when
use of hourly mean flows may be required. Orr et al. (2021)
suggest use of CPM data in applications that are sensitive to
small-scale variability in climate inputs and dominated by
short-term evolution of processes/events, such as future flood
risk in smaller/flashier catchments, but the analysis here sug-
gests it may be important in a wider range of catchments. The
analysis of potential future changes in pluvial flooding also
requires precipitation at high spatial and temporal resolution
(Rudd et al. 2020; Rong et al. 2024), as can analyses of urban
drainage system design (Chan et al. 2023) and soil erosion
(Ciampalini et al. 2023).
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