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HIGHLIGHTS

+ The uncertainty of bias-adjusted climate simulations is divided between 5 dimensions.
« Observational reference is often an important share of the uncertainty.
« The choice of reference can lead to different decisions in climate change adaptation.

ARTICLE INFO ABSTRACT
Keywords: Bias-adjusted climate simulations are increasingly disseminated through online platforms to support adaptation
Climate data adaptation actions. However, there is no consensus on an operational framework to choose what to include in these

Bias-correction

Climate simulations
Uncertainty
Observational reference
Reanalysis

“decision-ready” ensembles and for communicating the related uncertainty. In this paper, we use a systematic
approach to assess the uncertainty related to bias-adjusted climate simulations across five dimensions: internal
variability, greenhouse gases scenario, global climate model, observational reference and bias-adjustment
method. We calculate the fraction of uncertainty associated with each dimension for precipitation-based,
temperature-based and multivariate indicators over eastern Canada and focus particularly on three locations:
Montréal, Gaspé and Kawawachikamach. The results show that the uncertainty associated with the reference
dataset can be very large and in some instances can become the first or second largest source of uncertainty.
Using simple examples, we show that the resulting differences could lead to different conclusions with respect
to some adaptation solutions or possibly create confusion with users. These results raise questions on the
robustness of climate projections distributed through these web platforms and the ethical responsibility of
data providers to adequately evaluate and communicate the underlying uncertainty.

Practical implications (mathematical algorithms to bring the output of the model closer to
the reference). The researchers focused on precipitation, temperature,

Bias-adjusted climate simulations are shared online to help people and combined indicators for eastern Canada, with special attention to
make decisions about adapting to climate change. However, there
is no standard way to create or share these simulations, especially
when it comes to explaining their uncertainty. This study looks at
the uncertainty in these simulations by examining five key factors:
natural climate variability (how much the indicators change year-to-
year), future socioeconomic scenarios (how much greenhouse gases

Montréal, Gaspé, and Kawawachikamach. They found that the choice
of reference data can cause the value of the indicators calculated
from bias-adjusted climate simulations to change widely, sometimes
being the largest or second-largest source of uncertainty. They also
showed how these differences could lead to conflicting conclusions

will be released in the atmosphere by humans), global climate models about adaptation strategies. This study should raise a flag with climate
(physical models of the Earth), reference data used (observation data services providers to better consider how to include the uncertainty
assumed to represent the truth), and the methods for adjusting biases reference data in their bias-adjusted climate simulations ensemble.
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1. Introduction

There is a growing demand for climate information. This demand is
fuelled by a growing awareness of the impacts of anthropogenic climate
change, but also by the need to inform national adaptation strategies
as countries aim to reduce the risks associated with a changing cli-
mate. To facilitate the implementation of adaptation strategies, climate
information is often made available through web portals developed
by government agencies or boundary organizations, such as regional
climate service providers.! Future projected changes are largely based
on simulations produced within the context of the Climate Model
Intercomparison Project (CMIP; Eyring et al., 2016). However, owing
to the coarse resolution and inherent biases present in the initial model
outputs, it is frequently deemed necessary to perform an additional step
of downscaling and bias adjustment. Downscaling can be done through
the use of regional climate models (RCMs), through coordinated exer-
cises like CORDEX (Mearns et al., 2017) or the use of in-house RCMs,
but is also often performed through statistical downscaling or simple
bias adjustment. Several studies have made recommendations on how
to properly apply a statistical downscaling and a bias adjustment (Can-
non et al., 2015; Pierce et al., 2015; Chadwick et al., 2023) or how
to evaluate such methods (Maraun et al.,, 2015; Sun et al., 2020).
However, these evaluation frameworks are not always implemented by
the community when documenting their choice of method. Moreover,
there exists no agreed upon operational framework for the complete
production and documentation of these “decision-ready” ensembles.
Many assumptions and choices made in the construction of these
datasets have the potential to substantially alter the results and, ulti-
mately, impact decision outcomes. The transparency and understanding
of these choices can vary greatly for users: some choices can be readily
available, some might require a deeper understanding of the field and
access to scientific journals while others can be completely hidden.
The limited capacity of users to comprehend these kinds of constraints
fosters overconfidence in the robustness of climate information and can
potentially produce contradictions (real or perceived) between datasets.

Methodological choices made by scientists in the construction of
these ensembles include the selection of the future greenhouse gases
scenarios, the selection of the global climate models and the down-
scaling methodology. Lafferty and Sriver (2023), hereafter referred to
as LS23, have shown that the latter can be an important source of
uncertainty, sometimes more important than the other two. However,
embedded (and hidden) in a statistical downscaling approach is the
selection of the observational reference used for the bias adjustment.
Typically, the reference dataset is selected from available observational
products, such as reanalysis or gridded observations, which possess
the necessary spatial and temporal properties for the application. This
choice can be made based on various factors, such as perceived overall
quality or ease of access, but the motivation behind the selection is
rarely communicated to users. However, it is well known that there can
be significant differences between observational datasets, particularly
for precipitation (Gebrechorkos et al., 2023; lizumi et al., 2017; Rastogi
et al., 2022; Gampe et al., 2019; Wootten et al., 2021). The impact of
this selection and the uncertainty that it introduces in the statistically
downscaled ensemble is often, if not always, overlooked. LS23 showed
that a large share of the uncertainty associated with the bias-adjusted
ensemble could be linked to the downscaling procedure and provided
qualitative evidence that, in many cases, the uncertainty was origi-
nating from disagreements in the historical record and not necessarily
in the statistical procedure per se. However, their methodology did
not allow them to distinguish between the two. Here, using a system-
atic approach instead of an ensemble of opportunity (as was done in

1 portraits.ouranos.ca, climatedata.ca,atlas.globalchange.gov, WWW.

climatechangeinaustralia.gov.au/en/projections-tools, www.nccs.admin.
ch/nces/en/home/climate-change-and-impacts/swiss-climate-change-
scenarios/ch2018-web-atlas.html,
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LS23), we explore the share of uncertainty of a bias-adjusted ensemble
along five dimensions: greenhouse gases scenario, global climate mod-
els, bias-adjustment methodology, observational reference and internal
variability. This allows us to isolate the share of uncertainty linked
to the reference dataset and thus better understand the impact of
neglecting this factor in the creation of a bias-adjusted ensemble.

In Section 2, we describe the various datasets (models, scenarios,
observational references and bias-adjustment methodologies) included
in this study, as well as the mathematical framework for the partition
of uncertainties. In Section 3, we show results for three specific loca-
tions as well as for eastern Canada more broadly while in Section 4,
we discuss the results in a decision-making context. We conclude in
Section 5.

2. Data and methods
2.1. Datasets

The datasets in this study combine 4 greenhouse gases scenar-
ios, 11 global climate models, 4 observational references and 4 bias-
adjustment methods to create a complete ensemble. Fig. 1 shows the
data available. The domain of the study is centred on eastern Canada
(55-83°W, 42-63°N). The domain and size of the datasets was in-
formed by computational resources constraints.

The selection of bias-adjustment methods and observational refer-
ences used in this paper were made to reflect important climate and
hydrological portals available in Quebec and Canada. For the Canadian-
wide climate portal www.climatedata.ca, the Pacific Climate Impacts
Consortium (PCIC) created CanDCS-M6 (using the MBCn method and
the PCICBlend reference; Sobie et al., 2024) and CanDCS-U6 (using
the BCCAQv2 method and a reference dataset similar to PCICBlend,
NRCANmet v2012). For the Quebec-specific climate portal Portraits
climatiques,? Ouranos created ESPO-G6-R2 v1.0 (using the DQM method
and the CaSR v2.1 reference; Lavoie et al., 2024a) . A similar dataset,
ESPO-G6-E5L v1.0, (using the DQM method and the ERA5-Land refer-
ence) is available on Ouranos’ data distribution server PAVICS (Power
Analytics and Visualization for Climate Science). For the Hydroclimatic
Atlas of Southern Quebec,® Ouranos developed the DQM-EV method
in order to properly capture extremes in precipitation, which are very
important for hydrological modelling of high water flows. Thus, the
new datasets presented here were created around the techniques and
data used in the production of these existing datasets.

First, we present an overview of the various observational refer-
ences. These are being used as is, without any extra processing or
correction.

1. Canadian Surface Reanalysis (CaSR v2.1): The Canadian reanal-
ysis was created by Environment and Climate Change Canada
(ECCC) using the Regional Deterministic Reforecast System
(RDRS). Unlike other reanalysis products, it includes a final
step that re-assimilates observed precipitation from the Canadian
Precipitation Analysis System (CaPA) (Gasset et al., 2021).

2. The land component of the fifth generation of European ReAnal-
ysis (ERA5-Land): This well-known global reanalysis was created
by the European Centre for Medium-Range Weather Forecasts
(ECMWF) (Copernicus Climate Change Service, 2019).

3. PCICBlend: This gridded observation dataset was constructed by
the Pacific Climate Impacts Consortium (PCIC) by blending 3
station datasets: PCIC meteorology for Northwest North America
(PNWNAmet) (Werner and Cannon, 2015), NRCANmet v2018
daily maximum and minimum temperatures (McKenney et al.,
2011), and daily precipitation from NRCANmet-Adjusted (Wang

2 portraits.ouranos.ca
3 cehq.gouv.qc.ca/atlas-hydroclimatique/carte-indicateurs/index-en.htm
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Fig. 1. Data included in the study. Black triangles means that this dataset exists, grey means that it is unavailable. Coloured contours indicate an official dataset

presented on a provincial or national portal.

et al.,, 2017). We note however that PNWNAmet only covers
the western part of North America and is not included in our
domain.

4. Ensemble Meteorological Dataset for North America (EMDNA):
This reconstruction combines outputs from three larger resolu-
tion reanalyses (ERA5, MERRA-2 and JRA-55) and the Serially
Complete Dataset for North America (SCDNA) station data. It
contains 100 members, but for this study only one member,
constructed using optimal interpolation, is used. This reference
is not currently used by any climate portal, but was included
here to increase the number of reference datasets given that its
resolution is similar to that of the other references (Tang et al.,
2021).

Timeseries of the reference data at our three locations are shown in
Figs. S1 to S4 and standard deviation between the different references
are show in Figs. S5 to S7. It is important to keep in mind that these
product are used as the ground truth in the bias-adjustment procedure,
but they are not, in fact, direct observations or a perfect representation
of reality and have some inherent biases.

The various bias-adjustment methods selected are:

1. Detrended Quantile Mapping (DQM): Based on the widely rec-
ognized family of univariate methods of quantile mapping, this
methodology (Cannon et al., 2015) preserves the trend of the
original timeseries. For this study, the adjustment was applied
on a rolling 31-day window and, instead of directly adjusting the
minimum daily temperature, we adjusted the maximum daily
temperature and the diurnal range as a way to ensure that
the maximum temperature remains higher than the minimum
temperature. The method also includes a pre-processing step to
adapt the frequency of simulated dry days to the observations.
The complete method is described in Lavoie et al. (2024a).

2. Bias Correction/Constructed Analogues with Quantile Mapping
Reordering (BCCAQv2): This is a univariate method that com-
bines Bias Corrected Climate Imprint (BCCI; Hunter and Meente-
meyer, 2005), Bias Corrected Constructed Analogs (BCCA; Mau-
rer and Hidalgo, 2008)), and Quantile Delta Mapping (QDM;
Cannon et al., 2015). Marginal distributions of variables are ad-
justed using BCCI and QDM, while information about large-scale
patterns are obtained from spatial analogs using BCCA.

3. Detrended Quantile Mapping - Extreme Values (DQM-EV): This
univariate method is similar to DQM. However, a special adjust-
ment for extremes is applied to precipitation. The tail of the
distribution is adjusted using a Generalized Pareto distribution.
The method is described in Roy et al. (2024).

4. N-Dimensional Multivariate Bias Correction (MBCn): Inspired by

an image processing algorithm, this method successively applies
QDM to random orthogonal rotations of the data until the mul-
tivariate distribution matches the reference dataset. This is the
only multivariate method. The method is described in Cannon
(2018).
We note that DQM and DQM-EV return the same result for
temperature, since the correction of extremes is only applied to
precipitation in DQM-EV. Hence, there is effectively only three
different methodologies for temperature. Obviously, these are
not the only methods available for bias adjustment. Notable
other examples include scaled distribution mapping (SDM) (Swi-
tanek et al., 2017) and the multivariate method two-stage quan-
tile mapping (TSQM) (Guo et al., 2019). However, in the study,
to ensure the applicability of the methods, we decided to restrict
our choices to methods that are used operationally in Canada.
This choice might affect the results of this study, as consider-
ing additional methodologies could increase the share of the
variance associated with the correction method.

Given the constraints of limited computational resources and data
availability, 11 models were chosen for this study (see Table 1). They
were selected to span the full range of climate sensitivity. While this ap-
proach ensures a comprehensive representation of uncertainty across all
variables, it may also amplify temperature-related uncertainty due to
the inclusion of high-sensitivity models. To address this concern, known
as the “hot model problem” (Hausfather et al., 2022), some climate ser-
vices platforms, such as the Portraits climatiques by Ouranos, exclude
models whose transient climate response (TCR) falls outside the IPCC
ARG6’s likely or very likely range (Forster and Storelvmo, 2023). As this
method has not yet reached consensus among the community, in this
study, we opted to include a carefully balanced subset of models, in-
cluding some with a high climate sensitivity, without over-representing
them. On top of the complete ensemble shown in Section 3, results with
a constrained ensemble, including only models in the very likely TCR
range, are available in the Supplemental Information (Figs. S8 to S10).
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Fig. 2. Timeseries of annual total accumulated precipitation for Montréal. Grey lines show individual timeseries for each scenario, model, reference and method.
The coloured lines show the forced responses for a given reference and method, averaged across models and scenarios.

Table 1
Models used in this study. For temperature-only indicators, only the models
in the TCR very likely range, with a checkmark, were used.

Inside the TCR
very likely range

Global climate model Reference

ACCESS-ESM1-5 v Ziehn et al. (2019)
EC-Earth3 v EC-Earth Consortium (2019)
FGOALS-g3 v Li (2019)
IPSL-CM6A-LR v Boucher et al. (2019)
KACE-1-0-G v Byun et al. (2019)
MIROC6 v Shiogama et al. (2019)
MRI-ESM2-0 v Yukimoto et al. (2019)
CanESMS5 X Swart et al. (2019)
CNRM-CM6-1 X Voldoire (2019)
NorESM2-MM X Bentsen et al. (2019)
UKESM1-0-LL X Good et al. (2019)

Note that the methods DQM and DQM-EV use EC-Earth3 r1ilplfl
and KACE-1-0-G rlilplfl while BCCAQv2 and MBCn use EC-Earth3
r4ilp1fl and KACE-1-0-G r2ilp1fl due to availability at the institutions
who computed them. Also, the models outside of the TCR very likely
range are not available for the BCCAQv2 method (see Fig. 1).

In CMIP6, the scenarios are called Shared Socioeconomic Pathways
(SSP). The analysis is performed using all the tier 1 scenarios: a low
(SSP1-2.6), a moderate (SSP2-4.5), a high (SSP3-7.0) and a very high
(SSP5-8.5) emissions scenarios. Once again, this choice makes sure that
we cover a very wide range of possibilities. We note that many studies
have shown that not all scenarios are equally likely (Hausfather and
Peters, 2020; Huard et al., 2022; Gillett, 2024). The middle two sce-
narios are recommended for most adaptation planning in the province
of Quebec (Ouranos, 2023). Additional results with a constrained, more
realistic, ensemble including only the scenarios SSP2-4.5 and SSP3-7.0,
as well as a smaller set of models, are shown in the Supplemental
Information (Figs. S8 to S10).

All bias-adjusted datasets included in the study have a similar
resolution around 10 km. For figures based on individual grid points,
the grid point closest to the coordinate is taken on the original grid.
For figures with maps, all datasets were regridded on a common 0.1°x
0.1°grid. The common grid is masked if any reference is missing data
over that grid point (e.g., over the sea).

Analysis and comparisons between the bias-adjusted datasets are
performed using nine annual climate indicators (Table 2) that are

derived from the daily simulations of minimum temperature, maximum
temperature, and daily precipitation produced using each method and
references. These derived indicators include both average and extreme
quantities of precipitation and temperature, as well as two commonly
used multivariate indicators.

2.2. Partitioning formulas

In this paper, we partition the uncertainty into five distinct dimen-
sions: internal variability, scenario, model, observational reference and
bias-adjustment method. The partitioning of the uncertainty is based
on LS23 and Hawkins and Sutton (2009), wherein we first isolate the
forced response by taking a 4th order polynomial of a yearly timeseries
for a given climate indicator at a given location from 2015 to 2100.
Fig. 2 shows an example of the forced response for total accumulated
precipitation for each method and reference, averaged over the models
and scenarios (colour), as well as for all the timeseries (light grey).

x(g,s,m,r,t) = X(g,s,m,r,t) +e(g,s,m,r,1), (@]

where x, .. is the original indicator timeseries based on global
climate model (g), scenario (s), method (m), reference (r) and time (z),
% is the forced response and ¢ is the residual.

The interannual variability (U,) is calculated as the centred rolling
11-year variance of the residual e, averaged over all four dimensions.

1
U, = N Z var_s.se(g, s, m,r,1), (2)
g.s.m,r
where N is the total number of datasets.
The scenario uncertainty is the variance over the scenario dimension

of the mean over the other dimensions:

U,(t) = var > s(g.s,mrnl, 3

1
S N(s) Pt
where N(s) is the number of datasets (combining model, method and
reference) available for a given scenario.

The model uncertainty is the weighted mean of the variance over

the models.
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Table 2
Climate Indicators used in this study.
Type Short form Description
preptot Annual total accumulated precipitation
Precipitation rxlday Annual maximum daily precipitation
r20mm Total number of days with at least 20 mm of precipitation
dry_days Total number of days with less than 1 mm of precipitation
tg_mean Annual mean temperature
Temperature tx_max Annual maximum temperature
tx_30 Total number of days with maximum temperature above 30 °C
The number of days with a freeze-thaw cycle
(where maximum daily temperature is above a 0 °C
L dlyfrzthw and minimum daily temperature is at or below 0 °C)
Multivariate Total accumulated solid precipitation.
Precipitation is considered solid
solidpreptot when the average daily temperature is at or below 0 °C

EEE scenario (4) EEE model (11)

a) prcptot mtl

Fraction of total variance (%)

d) rxlday mtl

‘/—/‘\_’/\

Fraction of total variance (%)

g) r20mm mtl

Fraction of total variance (%)

j) dry_days mtl

Fraction of total variance (%)

mmm reference (4)

b) prcptot gas

e) rxlday gas

h) r20mm gas

k) dry_days gas

method (4) mm variability

c) prcptot kaw

f) rxlday kaw

i) r20mm kaw

Fig. 3. Fraction of the total variance for precipitation indicators over Montréal (mtl), Gaspé (gas) and Kawawachikamach (kaw).

Uty =Y w,,, var, [5(g,s,m,r,0)], 4

Ss,m,r
where w are the weights,

&s,m,r

Wymp = o= )
o Zs,m,r 8s,m,r

where g, . is the number of model available for a given scenario,

method and reference.

The uncertainty associated with the bias-adjustment method is the

weighted mean of the variance over the methods.

Upn(t) = Y, w,  var,[%(g, s,m, r, D], (6

&5,

where w are the weights,

8,5,
W sy = S o )
8.5, 8,8, T
where m, .. is the number of methods available for a given model,

scenario, and reference.

The reference uncertainty is the weighted mean of the variance over

the references.
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Fig. 4. Partitioning of uncertainty in total precipitation over eastern Canada for two 30-year periods.
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where w are the weights,
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_ g,5,m
wg,s,m - Z r ? (9)
g,s,m " &,8,m
where r, ,, is the number of references available for a given model,

scenario, and method.
3. Results

This section presents the partition of uncertainty over time in three
locations: Montréal (mtl), Gaspé (gas) and Kawawachikamach (kaw).
These locations were chosen to represent different climates, observation
station densities and environments (inland vs. coastal). Furthermore,
we extend our analysis to encompass eastern Canada by illustrating
each category of uncertainty over a 30-year period. Although only a
subset of indicators is presented in this way, the rest of the indicators
can be found in the supplemental figures (Fig. S11 to S16).

3.1. Precipitation

Fig. 3 shows the partitioning of total uncertainty into contribu-
tions from each component for precipitation indicators at the three
aforementioned locations. Consistent with LS23, the largest share of
the total variance is generally associated with interannual variabil-
ity (dark green), with values ranging from 19% to 88%, depending
on the location and indicator. It is the most important for the total
precipitation.

The second largest source of uncertainty is generally associated with
the observational reference (light teal), except for the number of dry
days (bottom row) where it is the largest (more than half of total
variance). The uncertainty associated with the models, scenarios and
bias-adjustment methods is generally much lower than for the other
two factors, combining for ~10% of the variance, except for the total
precipitation over Kawawachikamach where they tend to be larger.

For the number of dry days (dry_days), the reference uncertainty
is much larger than for other indicators. It should be noted that the
number of dry days can vary widely between different observational
datasets (Beck et al., 2017), and this is reflected in the wide spread
between the different reference datasets (Fig. S1 j,k,1). LS23 also found
that the number of dry days was the indicator for which the downscal-
ing uncertainty (which included both reference and method) had the
largest share.

The share of the variance associated with natural variability and
the observational reference is generally consistent across the three
locations and indicators, except for preptot in Kawawachikamach and
r20 mm in Montréal where the share of the variance associated with

the reference tends to be larger. In both cases, the values of the
indicator for CaSR v2.1, ERA5-Land and PCICBlend are usually close
to each other, with EMDNA typically more of an outlier (519 c and g).
These results are similar when the constrained ensemble (with fewer
models and scenarios) is evaluated (Fig. S8).

Fig. 4 shows the partition of the uncertainty for eastern Canada
for two distinct 30-year periods. Unsurprisingly, we note that there is
generally good agreement between areas where the fraction of the total
variance associated with the reference is the largest and areas where
there is greater disagreement between the four different references, as
in Kawawachikamach (Fig. S5 a). We note that the pattern of increased
variance over the area limited by Baie-Comeau/Fort Mackenzie/Havre-
Saint-Pierre just north of the St. Lawrence River Estuary (centred
around 52N, 65W) corresponds to the region where the precipitation
is much higher in EMDNA than in the other references (not shown).

3.2. Temperature

For temperature indicators (Fig. 5), during the first half of the
21st century, much like precipitation indicators, the primary source of
uncertainty is typically interannual variability. However, its share of
the variance decreases over time as the uncertainty associated with the
scenarios grows larger and becomes dominant. This result is similar to
LS23, which showed a similar increase in the uncertainty associated
with the emissions scenarios over time (LS23 Fig.2a). This is also ex-
pected with the inclusion of four different scenarios. With a constrained
ensemble, including only the two more realistic scenarios, the models
become the first source of uncertainty at the end of the century (Fig.
S9). In both the constrained and complete ensembles, the uncertainty
associated with the models is often the second largest in the first half of
the century, except for tx_max in Gaspé and Kawawachikamach, where
the reference uncertainty is more important. Generally, the third source
of uncertainty is associated with the reference and is relatively constant
over time, but can vary significantly across locations (see Fig. 6).

Both Gaspé and Kawawachikamach are located in regions of Quebec
with sparse station coverage (Fig. S17), which can lead to disagree-
ments among the different reference datasets. For example, in Gaspé,
the average difference of tx_max between CaSR v2.1 and EMDNA in
the historical period is ~3.3 °C (Fig. S2). In LS23, the significance
of downscaling uncertainty increased notably in areas characterized
by sparse observations and observational discrepancies, for example,
in Lagos. This can also occur when certain features are present in
some references but not in others. For example, reference datasets that
represents lakes (CaSR v2.1 and ERA5-Land) will have colder maximum
temperatures above and around the lakes compared to datasets that
do not (EMDNA and PCICBlend). It is thus important to recognize
that biases are not spatially uniform in the reference dataset and that
they vary across regions depending on observational density, local
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Fig. 6. Partitioning of uncertainty in maximum temperature over eastern Canada for two 30-year periods.

physiographic features, and the representation of those features in the
reference datasets. As was the case with precipitation, the uncertainty
associated with the bias-adjustment method remains small throughout
the entire study period.

3.3. Multivariate indicators

Fig. 7 shows the partition of uncertainty for two multivariate
indicators: the number of daily freeze-thaw cycles and the total
amount of daily solid precipitation. The number of freeze-thaw
cycles (dlyfrzthw) was chosen because it is an important indicator
for climate change adaptation in northern countries (ClimateData.ca,
2025; US EPA, 2021). It combines both the maximum and minimum
daily temperature and, as such, should be very sensitive to biases
around the freezing point in the reference datasets. For this indicator,
at the beginning of the century, the uncertainty associated with
internal variability dominates near Montréal and Kawawachikamach,
but the uncertainty associated with the observational reference largely
dominates near Gaspé, being around twice that associated with the

internal variability. In Gaspé, there is an average discrepancy of
45 days in the number of freeze-thaw cycles between the reference
with the highest (EMDNA) and the lowest (ERA5-Land) number of
occurrences (Fig. S3). This substantial difference could be explained
by the fact that the maximum daily temperature and minimum daily
temperature are not computed directly in EMDNA, but are derived from
the daily mean and diurnal range. On Fig. S2 ¢, we can see that the
mean temperature of EMDNA is very similar to the mean temperature
of the other references. However, the daily minimum temperature
(of EMDNA) is colder than all the other references while the daily
maximum (of EMDNA) is warmer than all the other references (Fig.
S4 b,e). In contrast, the daily minimum temperature in ERA5-Land is
warmer than in the other references (Fig. S4 e). As freeze-thaw cycles
are very sensitive to small changes in the distribution of temperatures
near 0 °C, biases such as these can have a large impact on the number
of cycles (Fig. S3 b).

We also note that, for freeze-thaw cycles, the choice of scenario
has a negligible impact on the variance. This occurs because, with
the warming of the climate, there is no detectable change in the
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frequency of freeze-thaw cycles; rather, there is a temporal shift of these
cycles from spring and fall into the winter months (Leduc and Logan,
2025). So we should not necessarily expect large differences between
different emissions scenarios until the warming becomes so large that
the number of cycles starts to decrease during the winter season.

The timing of the freeze-thaw season(s) also affects the spatial
distribution. Fig. 8 shows that there is higher model uncertainty over
the northern part of the province than over the southern part, especially
near the end of the century. This is due to the fact that models do not
agree on the sign of the change for dlfrzthw for that region. Over in
the south, the models project either a decrease or no change, while in
the north, they project a decrease or an increase (not shown). This may
be because the projected warming could transform the one freeze-thaw
season currently occurring in the summer into two seasons (similar to
the southern part) of varying lengths in the spring and fall.

Fig. 8 shows significant spatial variability in the variance associated
with the reference. In particular, we note higher values along the coast
of the St-Lawrence River and Estuary and some areas north of 50°N.
These areas with higher reference variance are co-located with the
local maxima in variance associated with the reference in tx_max,
which correspond to the locations of large lakes in northern Quebec.
As with previous indicators, these areas are where we note the largest
disagreement between the references (Fig. S7 a).

The estimated total amount of solid precipitation (solidprcptot)
was selected as it combines the three variables that were adjusted here:
minimum daily temperature, maximum daily temperature and total
precipitation, as we consider that there is solid precipitation only when

the mean temperature (derived from the maximum and minimum tem-
perature) is below 0 °C. In this case, the uncertainty associated with the
model is the largest (Fig. 7), second only to the uncertainty associated
with the internal variability. It should be noted that the uncertainty
associated with the bias-adjustment method reaches the highest value
of any combination of location/indicator for the total amount of solid
precipitation near Montréal (maximum of 13%). This variance is mainly
introduced by MBCn (not shown), the only multivariate method used
here. Fig. 9 shows that the methodology can represent an important
fraction of the uncertainty in the south of the province, but less so
in the north where temperatures remain below the freezing point for
most of the year. In the latter case, the indicator solidpreptot is mainly
dependent on precipitation rather than both near-surface temperature
and precipitation.

4. Impact of the observational reference uncertainty in a decision-
making context

The results from the previous section suggest that, in an ensemble
of bias-adjusted climate simulations, there is generally more uncer-
tainty associated with the observational reference than with the bias-
adjustment methodology itself. Although the uncertainty associated
with the models was larger than that associated with the reference for
temperature-based indicators, this was not the case for precipitation-
based indicators for which the reference was generally the second
largest source of uncertainty after the interannual variability (or the
first, in the case of the number of dry days).
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We can examine the impact of this uncertainty through the lens of
a climate service provider and three simple examples. In this section,
as we are working with realistic examples, we use the constrained
ensemble which is closer to an ensemble climate services might use
for such adaptation projects. First, in August 2024, the remnants of
Hurricane Debby broke the previous record of precipitation in Montréal
by dropping 154 mm of rain on a single day over the city (Laframboise,
2024; Environment and Climate Change Canada, 0000). The storm
caused widespread flooding over southern Quebec and became the
costliest insured event in Quebec’s history, even surpassing the 1998
ice storm (McCaffery, 2024). This event generated a great deal of media
interest in regard to future precipitation and, in particular, the extent
to which such extreme precipitation is likely to become more common
due to climate change. Fig. 10c, shows the probability distribution
for the maximum precipitation over a 24-h period (rx1day) for the
different datasets for Montréal for the 2061-2090 period. We see that
the extreme amount of rainfall that fell on Montréal that day would
be outside the range projected by the ensemble bias adjusted using
EMDNA and PCICBlend, which from a communication point of view is
quite problematic. Note that we are showing data from a few stations to
account for the different scale between a grid cell and a measurement
at a station. More generally, the climate indicator rx1day is a climate
indicator required for the climate adaptation plan of municipalities
in Quebec (MELCCFP, 2024) and we can see that the distribution of
that indicator for Montréal is significantly impacted by the reference
dataset, potentially leading to costly maladaptation solutions to climate
change. Another way to study extreme precipitation is to look at
return periods. For example, if we look at the annual maximum daily
precipitation for a return period of 20 years (Fig. S18), the difference
between CaSR v2.1 and EMDNA is around 30 mm.

The second example highlights the impact of observational refer-
ence uncertainty in maximum temperatures on the safety assessment
of welded railway tracks, as presented on climatedata.ca, the portal
developed to support climate adaptation in Canada. In Canada, contin-
uous welded rail tracks must be stress-tested during their installation.
The historical value for this test across Canada has been 32.2 °C . This
value is known as the preferred rail laying temperature (PRLT; Chiotti
et al.,, 2017). The PRLT is usually chosen to be around the annual
maximum temperature. If the track experiences temperatures signifi-
cantly exceeding those during installation, this could result in the track
bending or buckling (Zarembski, 1988). A train company participating
in a climate change adaptation process might refer to a bias-adjusted
dataset to determine whether the PRLT needs to be increased based
on the projections of maximum air temperature. In Gaspé (Fig. 10a),
they would get significantly different results depending on the dataset
used as reference: an ensemble bias adjusted with EMDNA would find
that the threshold is too low, an ensemble bias adjusted with CaSR
v2.1 would suggest that the threshold will remain acceptable while an

ensemble bias adjusted with ERA5-Land and PCIC-Blend will return an
ambiguous result.

The third example addresses the dangers posed by slippery surfaces
on train platforms, also presented on climatedata.ca. Daily freeze-thaw
cycles are a hazard for passengers because the melting and refreezing
of snow back into ice increases the likelihood of slips and falls. Hence, a
transit authority that is renovating its infrastructure might consider us-
ing climate change projections of freeze-thaw cycles to decide whether
or not to install heathers on their platforms. Unlike in the previous
example, we cannot conclude unequivocally that the selection of the
reference dataset for the bias adjustment would influence the decision
because there is not a clear threshold for the decision. However, as
noted in Section 3, the projections of freeze-thaw cycles for the end of
the 21st century vary significantly between the 4 ensembles. Annual to-
tal freeze-thaw cycles over Gaspé differ by more than 40 days between
the medians of EMDNA and ERA5-Land (Fig. 10 b). This magnitude
of the difference is similar to the one found by Lavoie et al. (2024b)
who examined the same phenomenon for the Greater Toronto Area. In
that case, when comparing two different bias-adjusted climate datasets,
the authors concluded that it would be possible to reach contrasting
decisions due to dataset differences.

As these three examples suggest, the choice of reference data set
for bias adjustment can play an important role in determining the
outcome of a climate change adaptation strategy. This result raises
questions on the robustness of the bias-adjusted climate projection
disseminated through web platforms and the ethical responsibility of
the data providers in communicating the associated uncertainty.

5. Conclusion

LS23 highlighted the risk of underestimating the uncertainty of bias-
adjusted climate projections by neglecting the uncertainty associated
with the bias-adjustment procedure. Their results suggest a very large
uncertainty associated with this procedure, but their methodology did
not allow them to isolate the uncertainty associated with the reference
dataset used for the adjustment with the mathematical operation used
to perform the adjustment. Here, by using a systematic approach that
included four observational references and four bias-adjustment meth-
ods used operationally in Canada, we showed that, within this scope,
the choice of the reference dataset tends to introduce more uncertainty
than the bias-adjustment methodology used for adjusting the climate
simulations.

We calculated the fraction of uncertainty associated with each di-
mension for precipitation, temperature and multivariate indicators over
eastern Canada and focused particularly on three locations: Montréal,
Gaspé and Kawawachikamach. We found that internal variability is
usually the dominant uncertainty, especially near the present day. The
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reference is usually the next most important uncertainty for precipita-
tion indicators. For temperature indicators, the share of the uncertainty
associated with the reference tends to be smaller due to the larger
share of the uncertainty associated with the scenarios and the models,
but is nonetheless important for locations with fewer observations
(usually 2nd or 3rd most important source of uncertainty, excluding
the internal variability) and tends to be more important than the un-
certainty associated with the methodology. For multivariate indicators,
the dominant uncertainty depends on the indicators and the location,
though we note that this is where the bias-adjustment method has the
largest impact. This is consistent with results of Sobie et al. (2024)
who found large differences between the methods for multivariate
indicators. Hence, in cases where multivariate indices are important,
considering the method more thoroughly could be beneficial, while
bearing in mind that different methodologies will impact various sta-
tistical properties differently (Alavoine and Grenier, 2022). We also
note that we restricted our analysis to methods that are operational
in Canada; including additional bias-adjustment approaches that differ
substantially from the ones presented here might lead to an increase
in the fraction of the variance associated with the bias-adjustment
methodology.

This has significant implication in a world of limited resources
where one ought to balance the need to capture the full range of
uncertainty with the computing resources available: by ignoring the
uncertainty and the biases present in the observation-based dataset, one
reduces the full range of plausible values of future climate indicators
and can induce a false sense of confidence in the projections. This can
have serious consequences for the users of these datasets, which will
often use these ensembles to drive impact models (e.g., hydrological
models) where severe impacts often depend on non-linear effects. While
evaluating the impacts of the reference dataset on impact models driven
by bias-adjusted climate simulations is beyond the scope of this study,
we showed through simple examples that the choice of the reference
dataset used for the bias-adjustment could lead to different conclusions
in regards to the adaptation solution or possibly create confusion if the
related uncertainty is not properly communicated.

Due to limitations in computing resources, our analysis was limited
to a relatively small territory, so it is difficult to extrapolate our results
to other areas of the globe, in particular to regions that have a different
climate. However, we note that the density of observations over Canada
is highly inhomogeneous, with a high concentration of stations near its
southern border, where most of the population lives, and much fewer
observations in the northern part of the country (Fig. S17). This is
reflected in the uncertainty associated with the reference dataset, which
tends to be larger further north where there are fewer stations. In this
way, northern Canada is not unlike many other regions of the globe
where observations are relatively limited, such as the Global South, and
results obtained for Kawawachikamach might provide an indication of
the level of uncertainty associated with the observational reference that
should be expected for these regions.
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While applying our findings to different regions of the globe poses
a challenge, we can nonetheless identify certain conditions or certain
indicators for which the uncertainty associated with the observational
reference plays an important role:

regions with few observations or for which there are disagree-
ments in the historical record,

areas around lakes or near the coasts (for temperature-based
indicators),

the number of freeze-thaw cycles,

+ the number of dry days.

We note that the uncertainty introduced by the reference datasets is
reducible by nature. The fraction of the total variance could technically
decrease by reducing the biases in the different reference datasets by
increasing the number of observations that go into the observational
product or by improving the method by which that product is manu-
factured. It could also be done a posteriori by anchoring the dataset
to independent local stations and spatially interpolating correction
parameters. In fact, a number of recent studies have suggested adding
a pre-processing step wherein the reference dataset is adjusted using
station data (Cucchi et al., 2020; Niazkar et al., 2023; de Padua and
Ahn, 2024; Garibay et al., 2021). The latter technique could be helpful
in reducing the range of uncertainty created by the references for some
regions rich in observations. However, we note that many of the station
data available in Canada have already been used in constructing three
out of the four references (EMDNA, CaSR v2.1 and PCICBlend), and
because data is very sparse over large part of the country (Fig. S17),
the expected benefit of such technique in this case is not clear.

While the uncertainty introduced by the reference datasets is re-
ducible, this is not necessarily the same for all sources of uncertainty.
Indeed, as Parker (2013) explains, the natural variability is a type
of ontic uncertainty, which will always be present regardless of the
state of our knowledge. As we saw with the precipitation indicators,
this can still represent a very large part of the uncertainty. Including
multiple model members can address this often overlooked uncer-
tainty in decision-ready ensembles. The four other dimensions that
were examined (model, scenario, reference and method) are epistemic
uncertainties, meaning that they come from a lack of knowledge that
could technically be filled (Jebeile, 2024; Parker, 2013). Unfortunately,
this knowledge is currently lacking, and climate services providers must
accurately represent the current state of knowledge.

As mentioned in the Introduction, there are a growing number of
web platforms providing bias-adjusted climate information to stake-
holders. The results presented here suggest that neglecting the un-
certainty associated with the observational reference excludes an im-
portant component of the uncertainty in bias-adjusted datasets, which
could potentially lead to maladaptation. One solution worth exploring
is the use of equally defensible reference datasets in the creation of
these bias-adjusted ensembles, by making use of additional members of
the EMDNA dataset for example. In some other instances, the additional
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complexity that increasing the number of references introduces to the
projections could render it less interesting from a user perspective,
making alternative solutions more suitable, such as an in-depth analysis
for the choice of the single reference, possibly leading to choosing
different references for different indicators and regions. What seems
certain is that not taking this uncertainty into account will provide
users with a misleading level of confidence in climate projections.

Code and data availability

Files containing the 9 indicators for the 14 bias-adjusted datasets
used in the main paper are available in the Zenodo repository https:
//doi.org/10.5281/zenodo.14397866.

The input raw climate simulations can be accessed through ESGF
MetaGrid (https://aims2.1Inl.gov/search). The CaSR v2.1 reference is
available through CaSPAr (https://caspar-data.ca).
The ERA5-Land reference is available through Copernicus Data Store (h
ttps://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-lan
d?tab=overview). The EMDNA reference is available through the Feder-
ated Research Data Repository (https://www.frdr-dfdr.ca/repo/datase
t/4bb24ee2-73e1-43a8-a929-126d2eb2bfa3). The PCICBlend reference
is available through the PCIC data portal (https://data.pacificclimate.
org/portal/gridded_observations/map/). The code for DQM method is
available at https://github.com/Ouranosinc/ESPO-G. The code for the
DQM-EV method is available at https://github.com/Ouranosinc/info-
crue-cmip6. The MBCn method is available through the R package
“MBC” (https://cran.r-project.org/package=MBC;. The code for the
MBCn-EMDNA dataset is available at https://github.com/Ouranosinc/
info-crue-cmip6/tree/mben-narval. The BCCAQv2 method is available
through the R package “ClimDown” (https://github.com/pacificclim
ate/ClimDown). The code for the analysis of this paper is available
at https://github.com/Ouranosinc/partition. It is based on the xscen
(Rondeau-Genesse et al., 2025) and xclim (Bourgault et al., 2024)
libraries.
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