Responses to Anonymous Referee #1

We thank the Anonymous Referee #1 for their time and effort to review our manuscript, which
helped to further improve the quality of the paper. We provide a detailed response to the
Referee’s comments.

Below, reviewer comments are marked in red.
Responses to the comments are marked in blue.
Changes that have been made in the manuscript are marked in izalic.

General Comments:

1.

The paper describes the method used to empirically quantile map hourly rainfall and
daily temperature from the UKCP18 CPM model using observed datasets. The article
is well presented and very clearly described, enabling readers to understand the
underlying methods and reasoning with relative ease.

We appreciate the referee’s positive assessment of our manuscript.

Some additional content would improve the justification of the method — specifically
the impact of using the bias controlled dataset relative to the original. This update
should be relatively simple and not significantly add to the length of the paper. The
paper also alludes to river catchments — it should be stated why this is as it is otherwise
out of context.

Thank you for this suggestion. We agree that the manuscript should more clearly justify
the impact of using bias-corrected data relative to the original (raw) CPM outputs and
clarify why catchments are introduced. We have strengthened the Discussion to better
justify the use of the bias-adjusted dataset relative to the raw CPM output. We now
emphasise that the raw UKCP18-CPM precipitation and temperature data show
systematic biases across multiple temporal and spatial scales, which could affect
downstream impact assessments if used directly. We have also added references to
previous studies to place these biases in a broader context.

The second paragraph in Discussion (lines 413-422) has been revised to: “Before
bias correction, the UKCPI18-CPM simulations show considerable biases in both
precipitation and temperature across various temporal and spatial scales. In general,
UKCPI18-CPM simulations show wet precipitation biases (especially in winter) and
cool biases in temperature. These broad patterns are consistent with previous
evaluations of UKCPI18-RCM simulations (Reyniers et al., 2025) and the UKCPIS-
CPM science report (Kendon et al., 2019). These residual biases are consistent with the
broader CPM literature, which shows that although kilometre-scale models can
improve the representation of precipitation compared with convection-parameterised
RCMs, systematic biases and model uncertainty may remain, particularly for sub-daily
precipitation and across different regional settings (Ban et al., 2021; Correa-Sanchez
et al., 2025; Soares et al., 2024). After bias correction, both precipitation and
temperature show substantially improved agreement with observations at monthly and



diurnal timescales (Figs. 4 and 5). This suggests that bias correction provides a more
reliable basis for downstream impact assessments than raw UKCP18-CPM output.”
The opening sentence of the last paragraph in the Discussion (lines 451-452) has
been revised to: “This high-resolution bias-corrected dataset offers enhanced
reliability, making it suitable for a wide range of climate change impact simulations
and studies.”

Regarding catchments, we agree this required clearer framing. We have revised Section
2.1 to clarify that catchments are used only to define the analysis mask (i.e., to select
which grid-cells are included). The bias correction itself is applied at the grid-cell level,
and no hydrological modelling is performed in this study. This clarification is now given
in the revised opening paragraph of Section 2.1. We have also revised Figure 1 to show
the processed 1 km grid cells (displayed by their centre points) and removed the gauges,
as they were not necessary for explaining how the analysis mask was defined.

The paragraph in Section 2.1 has been replaced with: “This study focuses on
England (Fig. 1), with the primary aim of assessing the bias-correction method.
Catchment boundaries are obtained from 249 catchments in the National River Flow
Archive (NRFA) and are used only to define the analysis mask, i.e., to identify the 1 km
grid cells included in the analysis. The processed HadUK-Grid cells within this mask
are displayed in Fig. 1 by their centre points. Given computational and storage
constraints, restricting the analysis to grid cells within these catchments provides a
practical and hydrologically meaningful subset for the study. The catchments were
selected based on the availability of complete gauged records for December 1990 to
November 2000, overlapping with both the CEH-GEARIhr observational dataset and
the UKCPI18-CPM baseline period (see Sect. 2.2.2; hereafter referred to as the
reference period), and on minimal anthropogenic influence. Bias correction was
applied independently at the grid-cell level to UKCPI18-CPM precipitation and
temperature for 62,488 1 km grid cells. Across the processed grid cells, the mean annual
precipitation is approximately 2.64 mm d!, and the mean annual temperature is around
9.3 °C, based on the CEH-GEAR1hr and HadUK-Grid datasets, respectively.”
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Figure 1: Study domain in England. Catchment boundaries (249 catchments from NRFA) are
used to define the analysis mask. The processed 1 km HadUK-Grid cells are displayed by their
centre points.

3. The purpose of the paper should also be stated more clearly from the abstract and
introduction. Is the paper there to develop a method, to build a dataset for others to use,
to demonstrate the inadequacy of the data in its raw form, or to demonstrate the
importance of quantile mapping. Whichever the motivation, some additional content is
required — either clearly stating that this approach is new and how others can use it,
stating within the article where the data can be found and how it can be used, clearly
stating that the raw data should not be used for the authors purpose, or by demonstrating
more directly the impact of the BC on the future datasets.

Thank you for the comment. We agree that the purpose of the paper and the justification
for using the bias-corrected dataset needed to be stated more clearly. We have therefore
revised the Abstract (including the purpose sentence and final sentence) and added a



clearer statement of scope and aim in the Introduction, as detailed in our response to
the first Specific Comment below.

Regarding the bias-correction method, we have expanded the Discussion to clarify this
bias correction method and how we use it and the suggestion of other use it.

The following paragraph has been added after the first paragraph in Discussion
(line 413): “We applied empirical QM to daily mean temperature to address seasonal
biases and distributional differences using a reproducible procedure. It is widely used
because it can correct not only mean biases but also biases in variability and quantiles
(Fang et al., 2015; Themefl et al., 2011; Wilcke et al., 2013). For hourly precipitation,
we used DBC by hour of day, because applying a single mapping across all hours can
overlook systematic diurnal-cycle biases in sub-daily precipitation. Figure 5 supports
this choice, showing that the bias-corrected ensemble more closely reproduces the
observed hour-of-day pattern. This hour-of-day treatment is intended to reduce
discrepancies that matter for sub-daily impact applications, consistent with the broader
argument that correcting the diurnal cycle can improve sub-daily bias-correction
strategies (Faghih et al., 2022). Therefore, we recommend using DBC for sub-daily
variables. However, in this study we applied a 3 h moving window in the DBC. By
incorporating hourly data from the previous and following hours, this may have
contributed to some of the remaining discrepancies. It may be worth exploring whether
omitting the moving window gives better results when the training period sample size
is sufficiently large.”

We have also clarified in the Data availability section that the bias-corrected dataset can
be accessed from the existing Zenodo archive (line 489).

In addition, we revised the Discussion (lines 413—422) to make clearer that the raw
UKCP18-CPM outputs exhibit substantial biases across multiple temporal and spatial
scales and are therefore not suitable for our intended impact-assessment purpose
without bias correction. The revised text also explains that the bias-corrected data
provide a more reliable basis for downstream impact assessments than the raw CPM
output. This is addressed in our response to the second General Comment above.

There are several additional comments/queries/suggestions, but all are minor edits and do not
require any amount of additional work. While not ground breaking (or intending to be), this is
a good clear paper of direct interest to those in this field and looking to use bias correction.

Specific Comments

Abstract — is the purpose of this paper to simply present a dataset? Or to present a method? Or
to present findings on the biases? Unclear. Also worth stating around line 91. The paper needs
a very minor reframing of its purpose (maybe only a sentence or two) and a bit of additional
material to complete that purpose. See general comment.

Thanks for the comment. The main aim of this paper is to present and assess a bias-correction
method for UKCP18-CPM hourly precipitation and daily temperature, and to quantify how
closely the bias-adjusted UKCP18-CPM simulations align with observations relative to the raw
simulations. The bias results are included to motivate the need for correction and to assess the



method performance, rather than to present a dataset as the main outcome. We have revised the
Abstract and added a clear purpose sentence in the Introduction (around line 91).

Line 11 in the Abstract has been revised to: “In this study, we present and assess a quantile
mapping (OM) bias-correction method for UKCPI18-CPM hourly precipitation and daily
temperature and to quantify how closely the bias-adjusted simulations align with observations
relative to the raw simulations.”

The last sentence of the Abstract (line 19) has been revised to: “Overall, the applied bias-
correction method brings UKCP18-CPM simulations into closer agreement with observations
for both mean behaviour and extremes, providing a more reliable basis for high-resolution
hydrological impact assessments.”

The following sentence has been added at the beginning of the last paragraph of the
Introduction (around line 91): “The purpose of this paper is to present and assess a bias-
correction method for UKCP18-CPM hourly precipitation and to quantify how closely the bias-
adjusted UKCP18-CPM simulations align with observations relative to the raw simulations.

In this study, we bias-correct and evaluate...”

Line 48 — *...the ensemble generally underestimates values across the mean, cold, and hot tails
of the distribution’ — is that correct? This sounds like it just underestimates everything. (Though
I suppose it is possible that it overestimates the shoulders and underestimates the middle/ends).
Thanks for the comment. The sentence could be misleading in suggesting that temperature is
underestimated at all parts of the distribution. Our intention was to summarise the findings of
Reyniers et al. (2025) that, at the annual scale, UKCP18-RCM shows an overall cold bias (as
reflected by the mean and the indices used to represent the cold and warm ends of the
distribution), while the sign and magnitude of the biases vary by season and region. We have
therefore rephrased and condensed the sentence to avoid implying a systematic underestimation
everywhere and to provide a concise annual/winter/summer summary.

The sentence around line 50 has been revised to: For temperature, the ensemble shows an
overall cold bias at the annual scale in the mean and extremes. In winter, biases vary spatially
and suggest overestimated variability, whereas in summer temperatures are more consistently
underestimated across the UK (Reyniers et al., 2025).

Line 76 — what distributions? Perhaps a timescale or few extra words would help. E.g.
‘distribution of rainfall within the period’.

Thanks for the comment. We have clarified that the limitation refers to the distribution of daily
precipitation values within each month.

The sentence around line 76 has been revised to: However, this monthly scaling applies a
uniform adjustment to all daily precipitation values within each month. It corrects monthly
means but does not explicitly adjust the within-month distribution (e.g., quantiles and extremes).

Line 87 — What is the temporal resolution of the ‘1 km HadUK-Grid dataset’?

The HadUK-Grid temperature product used here is at a daily resolution.

The sentence around line 87 has been revised to: Therefore, bias correction was performed
on the UKCP18-CPM daily temperature using the Met Office’s 1 km daily HadUK-Grid dataset
(Hollis et al., 2019; Met Office et al., 2022).



Section 2.1 is the first mention of catchments and hydrology — until this point I thought that
this was a climate paper, but maybe it will become a hydrology paper. Introduce the use of this
data being for hydrological purposes earlier in the paper (and abstract?) so that this is not out
of place. Looking forward there does not seem to be future mention of hydrology/rivers — why
was this process only done for some river catchments — would it not have been simpler, and
more useful to others, to have conducted the processing nationally rather than for such vocation
specific areas? Justify/explain this or consider presenting data for whole of England. If the
purpose of this paper is to provide a dataset then it would probably be more useful to process
all of England and to present it alongside a table of which catchments have missing data.
Thank you for this comment. The main aim of this paper is to present and assess a bias-
correction method for UKCP18-CPM hourly precipitation (and daily temperature), and to
quantify how much it improves the raw CPM simulations against observations. We agree that
it should be introduced earlier in Abstract and Introduction.

Catchments are used only to define a hydrologically relevant analysis domain (i.e., which grid
cells are included), while the bias correction itself is applied at the grid-cell level and no
hydrological modelling is performed in this study. Given computational and storage constraints,
restricting the analysis to grid cells within some catchments provides a practical and
hydrologically meaningful subset for the study. In this paper we focus on England and four
members to provide a clear benchmark for the method, and the work is directly extensible to
additional members and a larger domain.

The last sentence of the Abstract (line 19) has been revised to: “Overall, the applied bias-
correction method brings UKCP18-CPM simulations into closer agreement with observations
for both mean behaviour and extremes, providing a more reliable basis for high-resolution
hydrological impact assessments.”

The following sentence has been added at the beginning of the last paragraph of the
Introduction (around line 91): “The purpose of this paper is to present and assess a bias-
correction method for UKCP18-CPM hourly precipitation and to quantify how closely the bias-
adjusted UKCP18-CPM simulations align with observations relative to the raw simulations.
In this study, we bias-correct and evaluate...”

The paragraph in Section 2.1 has been replaced with: “7This study focuses on England (Fig.
1), with the primary aim of assessing the bias-correction method. Catchment boundaries are
obtained from 249 catchments in the National River Flow Archive (NRFA) and are used only
to define the analysis mask, i.e., to identify the 1 km grid cells included in the analysis. The
processed HadUK-Grid cells within this mask are displayed in Fig. 1 by their centre points.
Given computational and storage constraints, restricting the analysis to grid cells within these
catchments provides a practical and hydrologically meaningful subset for the study. The
catchments were selected based on the availability of complete gauged records for December
1990 to November 2000, overlapping with both the CEH-GEARI1hr observational dataset and
the UKCPI18-CPM baseline period (see Sect. 2.2.2; hereafter referred to as the reference
period), and on minimal anthropogenic influence. Bias correction was applied independently
at the grid-cell level to UKCP18-CPM precipitation and temperature for 62,488 1 km grid cells.
Across the processed grid cells, the mean annual precipitation is approximately 2.64 mm d-/,
and the mean annual temperature is around 9.3 °C, based on the CEH-GEAR 1hr and HadUK-
Grid datasets, respectively.”



Section 2.1 — Please also explain why only England (if there is a reason). Consider whether to
say England and Wales as you have ‘English’ catchments that cover much of Wales.

Thank you for the comment. We acknowledge that a small number of the selected catchments
extend into Wales. However, their gauging stations are located in England, and these cross-
border catchments were therefore retained in the analysis mask. We continue to describe the
study domain as England for simplicity, while recognising that a small number of selected
catchments extend across the England—Wales border. England was chosen because the primary
aim of the paper is to present and assess the bias-correction method rather than to produce a
national dataset, and limiting the domain also helps keep the computational demand and storage
requirements manageable.

Line 107 — CAMELS-GB is mentioned? Are you taking other parameters from this other than
catchment outlines? If not then NRFA is perhaps a more appropriate reference for these, or
consider stating ‘... catchment boundaries taken from the CAMELS-GB dataset...’).

Thank you for the advice. We only use CAMELS-GB to obtain catchment boundaries and do
not use any additional catchment attributes or parameters from the dataset. We therefore
removed the mention of CAMELS-GB. We have revised the text around line 107 accordingly
and added the NRFA.

The sentence in lines 106-107 has been replaced with: “7This study focuses on England (Fig.
1), with the primary aim of assessing the bias-correction method. Catchment boundaries are
obtained from 249 catchments in the National River Flow Archive (NRFA) and are used only
to define the analysis mask, i.e., to identify the I km grid cells included in the analysis.”

Figure 1 - Would be interesting to also see which catchments were removed due to issues with
either human or rainfall data or temperature data, but perhaps surplus.

Thank you for this suggestion. We agree that showing the catchments excluded during the
selection process could provide additional context. However, the main purpose of Figure 1 is
to present the final study domain and analysis mask used in this work, and adding excluded
catchments would make the figure considerably more crowded and less clear. Moreover,
exclusions were based on several considerations, including the availability of complete gauged
records during the reference period and the degree of anthropogenic influence, and these are
more appropriately described in the text (lines 107—110) than represented in a single map.
Information on catchment characteristics and anthropogenic influence is also available through
the NRFA. For clarity and focus, we have therefore kept Figure 1 as a presentation of the final
selected catchments only.

Line 127 — what strand are the CPMs? Or is this a different release/dataset?

Thank you for the comment. The CPM projections used here are the UKCP18 Local (2.2 km)
convection-permitting projections (released as an additional UKCP18 product rather than one
of the three land strands). The 12 CPM simulations are driven by (nested within) the 12-
member UKCP18 Regional (12 km) Strand 3 RCM ensemble. We have clarified this in line
127.

The sentence in line 127 has been revised to: “The UKCPI8 convection-permitting model
(UKCP18-CPM) projections are the UKCPI18 Local (2.2 km) product (Kendon et al., 2019b),



providing high-resolution climate information at ~2.2 km resolution and driven by the UKCP18
Regional (12 km) Strand 3 ensemble. ”

Line 224 — “As Reiter et al. (2018) pointed out, QM can correct the distribution’... Is this just
for a certain period? IL.e. ‘...annual QM can correct...’. Or ‘QM, taking the period as a whole,
can correct...’

Thank you for the comment. In Reiter et al. (2018), “QM can correct the complete distribution”
refers to applying QM to the calibration period as a whole (i.e., without sub-annual
subsampling), which improves the overall distribution but does not correct errors in the annual
cycle.

The sentence in line 224 has been changed to: “As Reiter et al. (2018) pointed out, when
applied to the full calibration period as a whole, QM can correct the overall distribution, but
it does not correct errors in the annual cycle.”

Section 2.3.2 — Presumably you calculate the two CDFs using the baseline period for 1990-
2000 and then apply the mapping function to the whole period of the modelled data? So that
the baseline periods have the same relative and absolute distributions and the 2000+ period has
the same relative values (i.e. distribution). If so, state that the CDFs are made using only the
1990-2000 period and that mapping is applied to the whole period.

Thank you for the comment. Yes, the empirical CDFs are estimated using the baseline period
only, and the same mapping function is then applied to the full model period.

The sentence in line 222 has been revised to: “In this study, the empirical CDFs for
observations and raw CPM are constructed using the baseline period, and the resulting
mapping function is applied to the full CPM time series (3 20-year time slices).”

Does using DQM have a significant effect?

Yes. Diurnal quantile mapping (DQM) has a clear effect on hourly precipitation because it
corrects hour-of-day dependent biases and improves the simulated diurnal cycle. This is
consistent with previous studies showing that applying bias correction separately for each hour
of the day improves the representation of the precipitation diurnal cycle (Faghih et al., 2022).
In our results, the bias-corrected ensemble follows the observed diurnal pattern much more
closely than the raw UKCP18-CPM output (Figure 5).

Line 255 — not sure I agree with °...although the spatial differentiation between north and south
is relatively moderate on an annual basis.” There seems to be a clear difference in north and
south biases. Is relatively moderate high or low?

Thank you for the comment. We agree that “relatively moderate” was unclear. We have revised
the sentence to avoid this ambiguous wording and to describe the north—south contrast more
directly.

The sentence in line 254 has been revised to: “From a spatial perspective, the annual bias
(ANN) shows a consistent pattern across the four ensemble members, with wetter biases in the
north and drier biases in the south. This north—south contrast is clearer in seasonal results
than in the annual mean.”



Line 278 — Unsure whether treating EMOS as a separate, instead of part of the same continuous
range is odd...

Thank you for the comment. We agree that treating EMOS as a separate case is unnecessary.
The sentence in Lines 277-279 has been revised to: “For the annual mean temperature
(ANN), the ensemble members show a generally cool bias across England relative to HadUK-
Grid, with mean biases ranging from -0.87 °C (EM04) to +0.02 °C (EM0S8), with three out of
four members have negative mean biases.”

Figure 5 — Where are the thin yellow lines on the plot? These are presumably buried beneath
the thicker yellow line. Would it be simpler to remove these and explain that a single line
represents all EMs? If not then please state whether the thin yellows are beneath the red of the
thick yellow.

Thanks for the advice. We agree that the thin yellow lines are not distinguishable because the
individual ensemble member curves overlap closely and are effectively hidden by the thicker
ensemble-mean line.

To improve clarity, the figure caption has been updated to: “Figure 5: Diurnal cycle of
mean hourly precipitation before bias correction (blue lines: UKCP18-CPM ensemble) and
after bias correction (vellow lines: UKCP18-CPM ensemble BC) for the reference period. The
CHE-GEARI1hr (observations) are shown as a red solid line with circles. The ensemble mean
before bias correction is shown as a darker blue line (UKCP18-CPM ensemble mean), and the
bias-corrected ensemble mean is shown as a darker yellow line (UKCP18-CPM ensemble
mean BC). The thin yellow lines (individual members) are overlain by the thick yellow line
(ensemble mean), as the diurnal cycles are similar across the four members.”

Line 323 — You say that the 3hr window is used to remove unrealisable observations — is this
due to a data accuracy/ error? If so, does the large number of values used in each hourly
calculation (10 years x 30 days?) not drown out the impact of these naturally?

Thank you for the comment. Because precipitation is intermittent, the sample within any single
hour can be limited. We therefore used a 3 h moving window to increase the sample pool and
make the training more robust. This approach helps to stabilise the estimation of the hour-of-
day empirical CDFs and the resulting mapping and reduces noisy hour-to-hour variability in
the derived correction, particularly for the upper tail.

The sentence in line 323 has been replaced by: “These discrepancies are mainly related to
the 3 h moving window used in the DBC process, which pools data from the target hour and its
neighbouring hours to stabilise the hour-of-day correction.”

Figure 6 - What causes banding in Observations? Limit of resolution in recording
measurements?

Thank you for the comment. The apparent banding in the observations is likely related to the
discrete nature of the gridded hourly precipitation values and the use of a percentile-based
metric, rather than to the bias-correction itself. Because precipitation is intermittent, many
hourly values are repeated or clustered at a limited set of values, and the estimated P9s can
therefore also take repeated values across many grid cells. This effect may be further enhanced
by the finite precision or rounding of the stored values. As a result, many cells share the same



observation value on the x-axis while differing in their raw UKCP18-CPM or bias-corrected
values on the y-axis, which appears as vertical banding in the scatter plots.

Line 358 — This ‘almost perfect’ match should be treated as a mathematical function as a result
of the method of mapping the modelled to the observed, rather than a success or proof that it is
working well. Similar comment for line 361 — need to be careful using the word ‘correct’ — it
should be used to mean ‘adjust’ rather than ‘right’.

Thank you for the comment. We have removed the relevant wording to avoid over-interpreting.
We have also replaced “correct” with “adjust” where appropriate in the text, to avoid implying
that the outputs are “right”.

The sentences around lines 357-362 have been revised to: “After bias correction, the fitted
slope and R? values for all four ensemble members are close to 1 in the reference period. Figure
8 complements this analysis by displaying violin plots of the distributions of Tes and Ts for the
observations (black), raw UKCP18-CPM (light pink), and bias-adjusted UKCP18-CPM (dark
pink). The plots for Tos (left side) and Ts (right side) 360 clearly show that bias correction not
only adjusts the central tendencies of the temperature extremes but also adjusts their
distribution.”

Figures 10 and 11 — Colour scale is difficult to use — figures are interpreted as ‘red’ — consider
adding another colour into the colour bar to differentiate between the temperature increases.
Or consider cropping colours to 0-10 degrees if there is no cooling.

Thank you for the comment. We revised Figures 10 and 11 by limiting the colour bar range to
0-10 °C, because the future changes show warming only (no cooling). In addition, we added
Figure 12 as a heatmap to show the projected changes in the 2030s and 2070s for each ensemble
member, so that the values can be read more clearly than from the maps alone. The updated
figures are as follows.
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Figure 10: Projected changes (°C) in the annual maximum (Tmax), annual mean (Tmean), and
annual minimum (Tmin) of daily mean temperature from bias-corrected UKCP18-CPM
simulations. Results are shown for the 2030s relative to the baseline period, for each processed
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grid cell within the analysis mask. Columns show individual ensemble members (EM01, EM04,
EMO07, and EM08) and the ensemble mean (EMean).
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Figure 11: Projected changes (°C) in the annual maximum (Tmax), annual mean (Tmean), and
annual minimum (Tmin) of daily mean temperature from bias-corrected UKCP18-CPM
simulations. Results are shown for the 2070s relative to the baseline period, for each processed
grid cell within the analysis mask. Columns show individual ensemble members (EM01, EM04,
EMO07, and EMO08) and the ensemble mean (EMean).
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Figure 12: Projected changes in (a) annual maximum 1 h precipitation (Rx1h) and annual total
precipitation (Ptot), and (b) annual maximum (Tmax), annual mean (Tmean), and annual
minimum (Tmin) of daily mean temperature for UKCP18-CPM simulations before (RAW) and
after bias correction (BC). Each value is the spatial average over the processed grid cells, shown
for the 2030s and 2070s relative to the baseline period.

Line 469 — If there was a seasonal pattern in temperature bias then please include that or state
otherwise earlier in the text.

Thanks for the comment. There is a seasonal pattern in temperature bias. We have added a brief
statement at the beginning of the temperature bias in Results to summarise the main differences
between DJF and JJA.

The sentence in lines 468-469 has been revised to: “Temperature biases show a clear
seasonal dependence, with winter (DJF) exhibiting larger spatial contrasts and summer (JJA)
showing a more consistent cool bias across all members. On an annual mean basis, the
temperature bias ranged from —0.87 °C (EM04) to +0.02 °C (EMO0S8), with three of the four
members showing a cool bias.”

Conclusion point 2 — as mentioned earlier — the bias corrected data may be ‘better’ and more

fit for purpose than the original, however you are treading the line of making it sounds as if the
alignment of BC data to the observations is proof that this is the case, when this is simply a
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direct result of remapping the UKCP18 data. I.e. Doubling a UKCP18 temperature 5°C and
matching the observation of 10°C does not prove that the bias controlled data is better, only
that the process is working as it should. Consider rephrasing and the appropriateness of
words/phrases like ‘marked improvement’ and ‘corrected’ rather than ‘bias corrected’. Perhaps
‘After bias correction, both precipitation and temperature simulations aligned well with
observational data. Monthly precipitation and temperature biases were substantially reduced,
with bias corrected outputs closely following observed monthly patterns. The diurnal cycle of
bias corrected precipitation captured the variability and magnitude of observed precipitation
across most hours of the day. The 95th percentile (P95) of hourly precipitation and temperature
extremes (T95) matched observational datasets after bias correction demonstrating that the
method had been correctly applied across the dataset, including the tails.’

Thank you for the comment. We agree and have revised Conclusion point 2 accordingly. The
text has been rephrased to avoid overstating the close agreement between the bias-adjusted data
and the observations as proof of improved performance, and to describe it more appropriately
as the expected outcome of the bias-correction procedure. We have also replaced potentially
overstated wording where appropriate.

The revised Conclusion point 2 now reads: “After bias correction, both precipitation and
temperature simulations aligned well with observational data. Monthly precipitation and
temperature biases were substantially reduced, with bias corrected outputs closely following
observed monthly patterns. The diurnal cycle of bias corrected precipitation captured the
variability and magnitude of observed precipitation across most hours of the day. The 95th
percentile (Pos) of hourly precipitation and temperature extremes (T9s) matched observational
datasets after bias correction demonstrating that the method had been correctly applied across
the dataset, including the tails.’
The following sentences have been added to line 61 in Introduction: “/n this paper, we use
the term bias correction (BC) following common usage in the hydrological and climate-impact

’

literature. However, these methods do not remove model biases in a physical sense; rather, they
statistically adjust model outputs to better match an observational reference over a calibration
period. We adopt this interpretation when discussing our results.”

Discussion — If possible, I would like to see a little more detail on how this compares with other
bias corrections, even if these are the RCMs rather than CPMs. The content on comparison is
limited other than saying that there is general agreement with Robinson (2023) and Kendon
(2019b). It would be interesting to hear whether the similarities are in the patterns, or the values
themselves and if there are any differences and why this may be. That said, it is difficult to
compare between datasets and so this may be difficult to do in depth or in a fully quantitative
manner.

Thank you for this helpful suggestion. We agree that the previous Discussion provided only a
limited qualitative comparison with earlier bias-correction studies and did not clearly indicate
whether the agreement referred mainly to spatial patterns or to the magnitude of the results. We
have expanded the Discussion to place our results in a broader context by comparing the main
precipitation and temperature bias characteristics, as well as the projected future changes, with
findings from previous studies. In particular, we now make clearer where the agreement is
mainly in the overall patterns and direction of change and provide additional supporting
references from related studies.
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The paragraph in Discussion (lines 413-422) has been revised to: “Before bias correction,
the UKCP18-CPM simulations show considerable biases in both precipitation and temperature
across various temporal and spatial scales. In general, UKCP18-CPM simulations show wet
precipitation biases (especially in winter) and cool biases in temperature. These broad patterns
are consistent with previous evaluations of UKCP18-RCM simulations (Reyniers et al., 2025)
and the UKCPI18-CPM science report (Kendon et al., 2019). These residual biases are
consistent with the broader CPM literature, which shows that although kilometre-scale models
can improve the representation of precipitation compared with convection-parameterised
RCMs, systematic biases and model uncertainty may remain, particularly for sub-daily
precipitation and across different regional settings (Ban et al., 2021; Correa-Sanchez et al.,
2025; Soares et al., 2024). After bias correction, both precipitation and temperature show
substantially improved agreement with observations at monthly and diurnal timescales (Figs.
4 and 5). This suggests that bias correction provides a more reliable basis for downstream
impact assessments than raw UKCP18-CPM output.”

The revised paragraph in lines 423-434 reads as follows: “Future changes were also
analysed for both precipitation and temperature in Figs. 9—12. In general, the bias-corrected
projections indicate a clear intensification of annual maximum 1 h precipitation (Rx1h) by both
the 2030s and 2070s, while changes in annual total precipitation (Ptot) remain smaller and
spatially variable (Figs. 9 and 12). This pattern (i.e., stronger changes in short-duration
extremes than in totals) is broadly consistent with CPM-based studies that report amplified
changes for sub-daily extremes and a strong dependence on dynamical factors and regional
setting (Dallan et al., 2024, Pichelli et al., 2021). The projected temperature changes are
consistent with findings from the UKCP18-CPM science report (Kendon et al., 2019), which
indicated that mean temperature is expected to increase across all regions and seasons. Our
findings also align well with existing literature, such as Robinson et al. (2023), who reported
similar projected changes for UKCP18-RCM. This suggests that the bias-corrected projections
remain broadly consistent with previously reported climate change signals.”

Discussion — The paper ticks off all of the expected content apart from a comparison with
unbiased corrected futures. In my view this would demonstrate the need / impact of the bias
correction and demonstrate to others that they need to employ (or at least consider) methods
such as this before using the raw data. This would also make the paper more applicable/relevant
and increase its impact. The difference in raw/BC data is discussed with regard to the reference
period, however this is the simple part as, simply due to the method, we expect the BC data to
align with the observations. I would like to see a few plots of future rainfall/temperature with
and without BC. Perhaps an annual timeseries for the 2035 or 2075 showing the difference, or
a seasonal plot of the impact as this has clear consequences for the hydrological/agricultureal
uses mentioned in the paper. Seasonal differences were discussed in the text in relation to biases
in the reference period, but a direct future example would be more impactful. The referenced
Robinson et al. (2023) shows seasonal breakdowns, clearly demonstrating the seasonality of
the impact of bias control. Another approach could be to add a column to the mapped figures
with EMean Raw, showing the un-bias corrected data.

Thank you for the suggestion. We agree that it is useful to compare future changes from the
raw CPM simulations with those from the bias-corrected simulations, to illustrate the impact
of bias correction on projected changes. We have therefore added Figure 12 (heatmaps) to
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summarise projected changes for both raw and bias-corrected simulations in the 2030s and
2070s.
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Figure 12: Projected changes in (a) annual maximum 1 h precipitation (Rx1h) and annual total
precipitation (Ptot), and (b) annual maximum (Tmax), annual mean (Tmean), and annual
minimum (Tmin) of daily mean temperature for UKCP18-CPM simulations before (RAW) and
after bias correction (BC). Each value is the spatial average over the processed grid cells, shown
for the 2030s and 2070s relative to the baseline period.

We revised the Discussion section on future changes (lines 423—434): “Future changes were
also analysed for both precipitation and temperature in Figs. 9—12. In general, the bias-
corrected projections indicate a clear intensification of annual maximum 1 h precipitation
(Rx1h) by both the 2030s and 2070s, while changes in annual total precipitation (Ptot) remain
smaller and spatially variable (Figs. 9 and 12). This pattern (i.e., stronger changes in short-
duration extremes than in totals) is broadly consistent with CPM-based studies that report
amplified changes for sub-daily extremes and a strong dependence on dynamical factors and
regional setting (Dallan et al., 2024; Pichelli et al., 2021). The projected temperature changes
are consistent with findings from the UKCPI18-CPM science report (Kendon et al., 2019),
which indicated that mean temperature is expected to increase across all regions and seasons.
Our findings also align well with existing literature, such as Robinson et al. (2023), who
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reported similar projected changes for UKCP18-RCM. This suggests that the bias-corrected
projections remain broadly consistent with previously reported climate change signals.”

Discussion on the limitations of BC in general would be benificial if possible. I.e. does bias
correction detract from the point of using a climate model in the first place?

Thank you for this helpful suggestion. We do not consider bias correction to detract from the
purpose of using a climate model. Rather, it is a statistical post-processing step that can improve
the usability of climate model outputs for impact applications by reducing systematic biases

relative to an observational reference. We also now talked more about the BC method we use.

The following paragraph has been added after the first paragraph in Discussion (line 413):
“We applied empirical QM to daily mean temperature to address seasonal biases and
distributional differences using a reproducible procedure. It is widely used because it can

correct not only mean biases but also biases in variability and quantiles (Fang et al., 2015;

Themefl et al., 2011; Wilcke et al., 2013). For hourly precipitation, we used DBC by hour of
day, because applying a single mapping across all hours can overlook systematic diurnal-cycle
biases in sub-daily precipitation. Figure 5 supports this choice, showing that the bias-corrected
ensemble more closely reproduces the observed hour-of-day pattern. This hour-of-day
treatment is intended to reduce discrepancies that matter for sub-daily impact applications,

consistent with the broader argument that correcting the diurnal cycle can improve sub-daily
bias-correction strategies (Faghih et al., 2022). Therefore, we recommend using DBC for sub-
daily variables. However, in this study we applied a 3 h moving window in the DBC. By
incorporating hourly data from the previous and following hours, this may have contributed to
some of the remaining discrepancies. It may be worth exploring whether omitting the moving
window gives better results when the training period sample size is sufficiently large.”

Technical Corrections:
e Line 33 —“...provide the...’
Corrected.
“The UK Climate Projections 2018 (UKCP18) provide the latest generation of national
climate projections for climate impact studies in the UK (Murphy et al., 2018).”

e Line 42 — What has been widely applied? CMPs (presumably not UKCP18-CPM)
Thank you for the comment. We agree that the subject was unclear. We have revised
the text to make clear that the sentence refers to convection-permitting models (CPMs)
in general, rather than specifically to UKCP18-CPM.

The sentences in lines 39-42 have been revised to “Convection-permitting models
(CPMs) have become a valuable tool in short-range weather forecasting due to their
enhanced ability to represent convective processes in detail, improve forecast accuracy,
and capture localized high-impact rainfall that coarser models often miss (e.g., Done
etal., 2004, Lean et al., 2008; Roberts and Lean, 2008; Weisman et al., 2008, Weusthoff
et al.,, 2010). CPMs have also been widely applied in Europe (Berthou et al., 2020;
Pichelli et al., 2021), Asia (Murata et al., 2017, Yun et al., 2020), and Africa (Kendon
et al.,, 2019a; Maurer et al., 2017), as well as other regions (Trapp et al., 2011), to
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enhance the representation of convective processes and improve the accuracy of climate
projections.”

Line 54 — ‘while in summer it shows spatial variability, being too wet in the north and
too dry in the south’. Would delete ‘shows spatial variability’, as that is good, being too
wet/dry is the issue.

Revised as suggested.

Line 54: “...while in summer it is too wet in the north and too dry in the south (Kendon
etal., 2021)”

Line 75 — “applies’ -> ‘applied’ ... ‘cannot’ -> ‘could not’

Corrected.

“However, the scaling method applied a uniform adjustment across all precipitation
values and could not account for the distribution.”

Line 78 — Comma before ‘which’.

Corrected.

“As a result, it may not accurately correct biases in extreme precipitation events. It also
fails to correct the diurnal cycle of precipitation which is a key feature of high-
resolution climate models (Bannister et al., 2019, Scaff et al., 2019).”

Line 83 — Incorrect ‘.’ before integrates.
Removed the *.".

Line 88 — Faghih reference seems slightly out of place — perhaps better with mention
of diurnal cycle in paragraph above.

Thank you for the comment. We moved this sentence to line 78 and revised it as follows:
“This is consistent with Faghih et al. (2022), who showed that accounting for the
diurnal cycle in bias correction can improve the representation of sub-daily
precipitation and temperature.”

Line 96 — is the driest member EMO1 or EM04? Unclear from list arrangement.
Clarified the member classification.

Line 96: “...including the default configuration EMOI (also the driest member), the
wettest members (EM04 and EMO07), and a moderate member (EM0S).”

Line 108 — Confusingly long bracketed sentence, consider making it its own sentence.
Split into two sentences for clarity.

The sentence has been revised to: “The catchments were selected based on the
availability of complete gauged records for December 1990 to November 2000,
overlapping with both the CEH-GEARI1hr observational dataset and the UKCPIS-
CPM baseline period (see Sect. 2.2.2; hereafter referred to as the reference period),
and on minimal anthropogenic influence.’

’

Line 109 — Typo in ‘datasetshereafter’.
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We revised the sentence, as described in our response to the comment on manuscript
line 108 under Technical Corrections above.

Line 112 — Unsure of purpose of giving mean annual rainfall/temp.

Thank you for the comment. These values were included to provide a brief climatic
context for the selected grid cells, giving readers a general indication of the mean
hydroclimatic conditions of the analysis domain.

Figure 1 — Reference data sources and resolution for elevation and catchment outlines.
Consider rounding Elevation upper bound to 1000m.

Thank you for the comment. As the elevation map is not relevant to this study, it was
not used to define either the analysis mask or the catchment selection, and we have
therefore removed it. We have also added the processed 1 km grid cells (shown by their
centre points) used in this study and removed the gauges, as they were not necessary
for explaining how the analysis mask was defined. The sentence describing the Figure
I in Section 2.1 has also been revised, as explained in our response to the second
General Comments above.

Line 122 - Duplicated? ‘Strand 3 is a new perturbed parameter ensemble (PPE) of
regional climate model (RCM) projections. It introduces a new ensemble consisting of
12 RCM simulations, which form a PPE of RCM variants derived from 12 out of the
15 GC3.05-PPE simulations (Murphy et al., 2018).” a Strand 3 is a new perturbed
parameter ensemble (PPE) of 12 regional climate model (RCM) projections derived
from 12 of the 15 GC3.05-PPE simulations (Murphy et al., 2018).

Thank you for the comment. We agree that the original wording was repetitive and have
revised the sentence for clarity.

The text at line 122 now reads: “Strand 3 is a perturbed parameter ensemble (PPE)
of 12 regional climate model (RCM) projections derived from 12 of the 15 GC3.05-PPE
simulations (Murphy et al., 2018).”

Line 163 — Sect. should presumably be ‘Section’ as in the text, not brackets.

Thank you for this comment. We have checked the HESS style guidance, which states
that “Sect.” should be used in running text and followed by a number unless it appears
at the beginning of a sentence. We have therefore retained “Sect. 2.2.1” here to remain
consistent with the journal style.

Line 174 — are the sizes correct? 576 GB of inputs to only 57 GB of outputs seems
unlikely...

Thank you for the comment. 576 GB inputs refer to the 1 km UKCP18-CPM data
obtained by using the Nearest Neighbour Interpolation used. The result is a compressed
version. | have removed this part of the content, as the level of detail was excessive for
the main text. We have therefore substantially shortened this paragraph, kept only a
brief justification and removed the specific runtime and storage numbers.

The sentences in lines 169-176 have been replaced with: “The UKCPI8-CPM
consists of 12 projections driven by the 12 km RCM ensemble. Due to computational
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and storage constraints, it was not practical to bias-correct the full CPM-PPE at 1 km
hourly resolution. We therefore selected a subset of ensemble members for bias
correction and implemented a parallel workflow on the University of East Anglia’s
high-performance computing (HPC) system to complete the processing within a
reasonable time. Four ensemble members were selected to represent the broad range
of possible precipitation outcomes within the ensemble.”

Line 246 — Should say Figure 2, not 2a. Should say ‘...and the change in the number of
events exceeding in the UKCP18 data relative to the CEH-GEAR data’.

Thank you for the comment. We describe figure 2a and figure 2b separately.

The text now reads: “Figure 2a shows the spatial distribution of relative biases (%) in
mean hourly precipitation in the raw UKCP18-CPM simulations compared with CEH-
GEAR 1 hr for the reference period. Figure 2b shows the change in the number of hourly
rainfall events exceeding 20 mm h™' in UKCP18-CPM relative to CEH-GEAR1hr over
the reference period. The 20 mm h'! threshold is commonly used as an indicator of
potential flash flood producing rainfall in the UK (e.g., Kendon et al., 2023).”

Figure 2 may benefit from actual figure titles rather than equations. I.e. Percentage
change in precipitation bias (%).

Thank you for the suggestion. We have removed the equations from the figure and
revised the caption accordingly.

The caption of Figure 2 now reads: “Figure 2: Spatial distribution of (a) relative
biases (%) in mean hourly precipitation between UKCP18-CPM and CEH-GEARI1hr
and (b) differences in the number of events exceeding 20 mm h™' between UKCPIS§-
CPM and CEH-GEARI hr during the reference period across England. Rows represent
annual (ANN), winter (DJF: December, January, February), and summer (JJA: June,
July, August) results, while columns show individual ensemble members (EM01, EM04,
EMO07, EM0S) and the ensemble mean (EMean).

Figure 2b — The duration over which the sum is calculated should be emphasised — you
do state that this is for the reference period, but I missed this on first reading and it
could be taken as annual values in this period by a reader flicking through. Consider
stating ‘...GEARI1hr over the 10-year reference period...’.

Line 246 has been revised to: “Figure 2a shows the spatial distribution of relative
biases (%) in mean hourly precipitation in the raw UKCPI8-CPM simulations
compared with CEH-GEAR 1 hr for the reference period. Figure 2b shows the change in
the number of hourly rainfall events exceeding 20 mm h' in UKCP18-CPM relative to
CEH-GEARIhr over the reference period. The 20 mm h™! threshold is commonly used
as an indicator of potential flash flood producing rainfall in the UK (e.g., Kendon et
al.,, 2023).”

Figure 2 — A thin GB outline would make the figure geography clearer, if it does not
make the maps to cluttered.

Thank you for the suggestion. We agree that a Great Britain outline could provide
additional geographical context. However, as Figure 1 already shows the study domain
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within the wider GB context, we felt that adding a GB outline to every panel in Figure
2 would make the figure more cluttered while providing only limited additional
information. We have therefore kept the current layout for clarity.

Figure 3 — Same comments as for figure 2.
Thank you for the suggestion. We have responded in the same way as for Figure 2 above.

I do not think there should be a space between a temperature and the degrees symbol.
Thank you for the comment. We have checked the formatting of temperature units and
retained spacing between the number and °C in accordance with the journal style.

Line 321 — Should ‘darker’ be ‘thicker’? They look to be the same colour, but different
thicknesses.

Thank you for the comment. We agree that “thicker” is the more appropriate description
here, and we have revised the wording accordingly.

It now reads: “... (thicker yellow line) closely aligning...”.

Figure 6 — Backwards order of data — I would present chronologically (black, light blue,
dark blue from left to right). Minor point. Would also mean that order in figure matches
order in caption. And order in Fig 8.

Thank you for the suggestion. We have reordered the violin plots in the second row of
Figure 6 to follow the same order as the legend (black, light blue, dark blue).
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Figure 6: Comparison of 95th percentile (Pos) hourly precipitation values for the
reference period. The top row shows scatter plots of UKCP18-CPM Pos values for each
ensemble member, plotted against CEH-GEAR1hr observations for each 1 km grid,
with raw (light blue) and bias-corrected (dark blue) data. The bottom row presents
violin plots of Pos values for observations (black), raw UKCP18-CPM (light blue), and
bias-corrected (dark blue) data.

Line 350 — Does 5" percentile use all values beneath this threshold, or just those on it?
I was presuming that 95" percentile used all values on and above that threshold. ..
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Here, the 5th and 95th percentiles refer to the percentile values themselves, used as
summary measures of the lower and upper tails of the distribution, rather than to all
values below or above those thresholds. We added a clarifying sentence at the first
mention of the percentile.

A sentence has been added to line 334: “Here, the percentile refers to the percentile
value itself (i.e., the threshold value), rather than to all values above or below that
threshold.”

Figure 7/8 — ‘bias-corrected UKCP18-CPM BC’ does not need ‘BC’ to match other
figures.

Thank you for this suggestion. We have updated the caption of both Figures 7 and 8.
Now the caption of Figure 7 reads: “Figure 7: The 95th (Tos, top row) and 5th (Ts,
bottom row) percentile values of daily mean temperature for each ensemble member,
plotted against HadUK-Grid (observations). Raw UKCP18-CPM (light pink) and bias-
corrected UKCP18-CPM (dark pink) values are compared for the reference period.”
Now the caption of Figure 8 reads: “Figure 8: Violin plots of Tes and Ts values for
observations (HadUK-Grid, black), raw UKCPI8-CPM (light pink), and bias-
corrected UKCP18-CPM (dark pink) for each ensemble member during the reference
period.”

Figure 9 — would be clearer to mention Annual Total and Annual Maximum in caption
so that it is clear what abbreviations mean in plot.

Thank you for this suggestion. We agree that the caption should explain these
abbreviations more clearly. To avoid confusion between annual maximum 1 h
precipitation and annual maximum temperature, we have standardised these terms
throughout the manuscript. We now use annual maximum 1 h precipitation (Rx1h),
annual total precipitation (Ptot), annual maximum temperature (Tmax), annual mean
temperature (Tmean), and annual minimum temperature (Tmin). All related
abbreviations in the figures, captions, and main text have been updated accordingly.
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Figure 9: Projected percentage changes in annual maximum 1 h precipitation (Rx1h) and
annual total precipitation (Ptot) from bias-corrected UKCP18-CPM simulations for the (a)
2030s and (b) 2070s, compared with the baseline period.

Line 378 — ‘mostly positive’ sounds like a good thing, when it is meant as an increase.
Thank you for the suggestion.

The sentence now reads: “Ptot also increases, but the changes are less pronounced,
with values of 3 % (EMO0S8) and 9.4 % (EMO01).”

Line 397 — ‘minimum,by’ has missing space.

Corrected typo, and now it reads: “...i.e., maximum, mean, and minimum, by the 2070s.”

Line 454 — Future research... does not read correctly. Remove ‘that’ from ‘that would’?
Thank you for the comment. We have revised the sentence accordingly.
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Now it reads: “Future research could extend this analysis to other regions and
incorporate additional climate models, providing a broader understanding of the
impacts of climate change and helping to assess the applicability of these methods in

2

different contexts.

e Line 477 — ‘increasesin’ has missing space.
Corrected typo. “...increases in both precipitation and temperature.”
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