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Abstract. Atmospheric cold and warm fronts are a major driver of extreme-heavy precipitation over Europe. To assess future
changes in extreme weather, it is therefore essential to understand how frontal systems respond to a warming climate. This
requires the analysis of climate model projections. A crucial first step is a process-based evaluation of frontal dynamics in
present-day simulations, as this increases confidence in the models and the reliability of their future projections.

In this study, we compare the representation of frontal frequencies, frontal extreme-heavy precipitation, and frontal structure
in the CMIP6 and EURO-CORDEX ensembles, using ERAS as a reference. To assess the added value of higher resolution, we
analyze the models on their native grids and compare them with ERAS data remapped to similar resolutions.

We found that all models exhibit substantial biases in frontal frequencies and associated extreme-heavy precipitation, which
are possibly related to storm-track position biases and an underrepresentation-inadequate representation of land—atmosphere
interactions. Warm frontal extremes-are-precipitation is generally better captured than cold frontal extremesprecipitation. In-
creasing model resolution leads to significant improvements for cold frontal biases, whereas warm frontal biases remain largely
unaffected. The analysis of frontal structures supports this interpretation: while synoptic-scale conditions are well represented
across models, mesoscale gradients and circulation patterns exhibit a pronounced sensitivity to grid spacing. Because warm
fronts extend over larger spatiat-horizontal scales, they are already reasonably well simulated at coarse resolution. Cold fronts,
by contrast, are governed by smaller-scale processes and therefore show notable improvements at higher resolution.

These findings provide an important step toward evaluating climate models in their ability to simulate extreme-impactful
weather phenomena. While warm frontal extremes-appear-precipitation appears robust across model resolutions, reliable sim-
ulations of cold frontat-extremes-fronts require higher-resolution models to adequately capture their dynamics and associated

extreme-heavy precipitation.

1 Introduction

Extreme weather in the mid-latitudes is frequently caused by atmospheric fronts (Catto et al., 2012). Cold fronts are typically
associated with strong wind gusts and intense short-duration precipitation, often leading to localized flooding. In contrast,

warm frontal precipitation is generally more widespread but less intense, potentially causing flooding across larger catchments.
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Numerous studies have demonstrated the connection between frontal systems and extremes in Europe. For example, half of
all hail events in Switzerland have been linked to cold fronts (Schemm et al., 2016), while in Germany convective cells are
twice as likely to form in the vicinity of cold fronts during the warm season (Pacey et al., 2023). The proportion of precipitation
associated with all fronts over Europe range from 30— 80 %, with strong regional and seasonal differences (Catto et al., 2012;
Hénin et al., 2019; Riidisiihli et al., 2020). For extreme-heavy precipitation events, the estimated contribution increases to
60-90 % (Catto and Pfahl, 2013).

Given their central role in generating high-impact weather, future changes in frontal systems need to be studied in detail to in-

crease confidence in projections of extremes i — : = Marotzke et al., 2017; Collins et al., 2018)

. Therefore, it is essential to first assess how well climate models represent atmospheric fronts in the current climate and, based
on these process-based evaluations, assess projections of extremes (IPCC, 2023).

In our previous work, we examine-examined the drivers of cold frontal extremes (Schaffer et al., 2024) and anatyze-analyzed
the cold frontal life cycle in reanalysis data (Lichtenegger et al., 2025). Building on these findings and methodologies, we now
assess the performance of a range of climate models. Catto et al. (2014) were the first to evaluate front frequencies in climate
models under both present and future conditions, finding good agreement between ERA-Interim and CMIP5 datasets. They
also projected decreases in both the frequency and intensity of fronts across many regions under the RCP8.5 scenario.

Here, we evaluate the Coupled Model Intercomparison Project Phase 6 (CMIP6) dataset (Eyring et al., 2016), together with
the latest generation of the European Centre for Medium-Range Weather Forecasts atmospheric reanalysis (ERAS) (Hersbach
et al., 2020) as a reference. Our analysis extends previous work by investigating the added value of higher-resolution models
in simulating atmospheric fronts and by quantifying biases in the associated extreme-heavy precipitation. To explore a broader
range of model resolutions, we further analyze the Coordinated Downscaling Experiment over Europe (EURO-CORDEX)
dataset (Jacob et al., 2014). Extending the analysis from GCMs to RCMs enables us to evaluate the benefits of resolving fronts
at the 10 km-scale. A key focus is to link potential biases in extreme-heavy precipitation to deficiencies in the representation

of the frontal structure and processes. To this end, for the first time, we perform an analysis of frontal cross-sections in a

elimatologieal-model-study-study based on climate model simulations.



Table 1. Overview of all datasets used in this study, including horizontal resolution, number of available pressure levels and associated

sub-ensemble classification.

RCM GCM Resolution [°]  Number of levels Sub-ensemble
ERAS 0.25 x 0.25 102
ERA5 0.9° 0.9x0.9 102
ERAS5 1.25° 1.25x 1.25 102
ERAS 2° 2x2 102
ALADING63 CNRM-CERFACS-CNRM-CMS5 0.11 x0.11 5b CORDEX
ALADING63 MOHC-HadGEM2-ES 0.11 x0.11 5P CORDEX
ALADING63 MPI-M-MPI-ESM-LR 0.11x0.11 5b CORDEX
ALADING63 NCC-NorESM1-M 0.11x0.11 5b CORDEX
COSMO-crCLIM-vl-1  CNRM-CERFACS-CNRM-CM5 0.11 x0.11 8¢ CORDEX
COSMO-crCLIM-vl-1  MOHC-HadGEM2-ES 0.11 x0.11 8¢ CORDEX
COSMO-crCLIM-v1-1 ~ MPI-M-MPI-ESM-LR 0.11x0.11 8¢ CORDEX
COSMO-crCLIM-vl-1 ~ NCC-NorESM1-M 0.11x0.11 8¢ CORDEX
COSMO-crCLIM-v1-1  ICHEC-EC-EARTH 0.11x0.11 8¢ CORDEX
RCA4 CNRM-CERFACS-CNRM-CMS5 0.11 x0.11 8¢ CORDEX
RCA4 MOHC-HadGEM2-ES 0.11 x0.11 8¢ CORDEX
RCA4 MPI-M-MPI-ESM-LR 0.11x0.11 8¢ CORDEX
RCA4 NCC-NorESM1-M 0.11x0.11 8¢ CORDEX
RCA4 ICHEC-EC-EARTH 0.11x0.11 8¢ CORDEX
RCA4 IPSL-IPSL-CM5A-MR 0.11 x0.11 8¢ CORDEX
GISS-E2-1-G 2x25 33/23d CMIP6 180 km
NorESM2-LM 1.875x 2.5 33 /234 CMIP6 180 km
MPI-ESM1-2-LR 1.875 x 1.875 33 /234 CMIP6 180 km
AWI-ESM-1-1-LR 1.8653 x 1.875 33 /234 CMIP6 180 km
MPI-ESM-1-2-HAM 1.8653 x 1.875 33/23d CMIP6 180 km
IPSL-CM6A-LR-INCA 1.25%x2.5 33/239  CMIP6 120 kmé®
IPSL-CM6A-LR 1.25x2.5 33/239  CMIP6 120 km®
MIROC6 14x14 33 /234 CMIP6 120 km
MRI-ESM2-0 1.125 x 1.125 33 /234 CMIP6 120 km
TaiESM1 0.9424 x 1.25 33 /234 CMIP6 90 km
NorESM2-MM 0.9357 x 1.25 33 /234 CMIP6 90 km
CMCC-CM2-SR5 0.9357 x 1.25 33 /234 CMIP6 90 km
CMCC-ESM2 0.9357 x 1.25 33 /234 CMIP6 90 km
MPI-ESM1-2-HR 0.9375 x 0.9375 33/23d CMIP6 90 km
EC-Earth3 0.7031 x 0.7031 33/23d CMIP6 90 km

21000, 925, 900, 850, 700, 600, 500, 400, 300, 200 hPa

b 925, 850, 700, 500, 200 hPa

€925, 850, 700, 600, 500, 400, 300, 200 hPa

4 1000-200 (25 hPa steps), with 10 levels missing geopotential data (725, 675, 625, 575, 525, 475, 425, 375, 325, 275 hPa).

¢ The IPSL model is included in the CMIP6 120 km sub-ensemble because its results aligned more closely with that group than with others.
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2 Data

We analyze 15 GCMs from the CMIP6 ensemble (Eyring et al., 2016), 15 RCM simulations from EURO-CORDEX (Jacob
et al., 2014), and the ERAS reanalysis dataset (Hersbach et al., 2020) for the period 1970 —2005. Within the EURO-CORDEX
ensemble, three different RCMs are each driven by between four and six GCMs. All simulations providing the necessary
6-hourly, three-dimensional fields of temperature, humidity, wind, geopotential height, and precipitation from the ensembles

have been selected. A complete list of all models used is provided in Table 1.



Cold fronts Warm fronts
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Figure 1. Front frequency in ERAS at (a, b) 0.25°, (c, d) 2°, (e, f) 1.25°, and (g, h) 0.9° resolution for (a, c, e, g) cold and (b, d, f, h) warm
fronts. Panels (a, b) show the number of timesteps with front occurrence per year while (c—h) depict the relative difference compared to

native-resolution ERAS.
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2.1 Resolution effect

To evaluate the added value of higher spatial resolution, all analysis is performed on the native model grids. However, the
analysis itself is inherently impacted by resolution because coarser grids introduce smoothing to all physical elds. The aver-
aging not only reduces the representation of smaller-scale physics, but for precipitation elds it potentially hides its extreme-

the horizontal grid resolution continues to strongly impact the results. To illustrate this effect, a comparison of front fre-
quencies in ERA5 compared with ERA5 remapped to three coarser resolutions (2°, 1.25° and 0.9°) is shown in Fig. 1. The
error introduced by resolution is of the same order as the model biases. Previous studies avoided potential methodological

biases from resolution disparities by remapping all data to the same coarge-gri@atto-etal{(2014)yKing-etak{(2024)

ERAGS is remapped to the three aforementioned coarser resolutions of 2° x 2°, 1.25° x 1.25°, and 0.9° x 0.9°. Based on their
resolution, the CMIP6 models are classi ed into three sub-ensembles: coarse (180 km), mid (120 km), and high resolution
(90 km). These sub-ensembles are compared with the remapped ERA5 data with the closest mean horizontal grid spacing
This step minimizes errors arising from resolution differences when comparing datasets. The EURO-CORDEX models are
analyzed similarly on the native grid and evaluated against the native ERA5 data. Because ERA5 has a coarser grid than

EURO-CORDEX, some methodological bias is introduced to this analysis. For comparison and plotting purposes, all results

The mid-resolution CMIP6 sub-ensemble consists of four models, of which two are from the IPSL. Unlike the other models,
these have distinct latitudinal and longitudinal grid sizes. As a consequence, their results align best with those of mid-resolution
CMIP6 models. For that reason, they are classi ed with this sub-ensemble. Because half of the sub-ensemble is made up of
IPSL models, they have a strong impact on the results. These effects are mentioned in the result section and are discussed |
more detail in the Appendix, but the evaluation of speci c causes is beyond the scope of this study.

3 Methods

The methods applied in this study closely follow those described in Schaffer et al. (2024). An overview of the approach,
including all modi cations, is provided here. For a more detailed explanation, we refer the reader to the previous study.

3.1 Front detection
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The threshold is de ned as the seasonal spatial mean plus one standard deviatigrowér the North Atlantic region (20°W —
12°W, 40°N —-58°N) for the period 1970-2005, computed separately for each model. This region was selected because it is
covered by all datasets, lies within the climatological storm track, and is free from orographic interference.

The nal frontal points are identi ed as local maxima in ¢ where the Thermal Front Parameter (TFP) is closest to zero.

TFP= fr o ~—° @

are classi ed into cold frontsig > 1:5 m's 1) and warm frontsis < 1:5 m s 1). Points with weakeu; are excluded to

ensure that only mobile synoptic-scale fronts are retained. Connected frontal points are grouped into contiguous frontal objects.
To exclude non-synoptic features, a minimum length threshold of 500 km is applied.
The detected fronts still contain some unwanted objects. Along coasts and mountain ranges (e.g., the Norwegian coast, the

which are not relevant for our analysis. We remove these objects by comparing the angles of #rel geopotential height
gradient vectors. In synoptic-scale cold fronts, these vectors typically point in the same direction. By applying a threshold on
the absolute angle difference of greater than 120°, we not only remove non-frontal objects but also exclude lzsekdbemnt

fronts from the cold front analysis. Similarly, strong humidity gradients at the warm-side boundary of the warm conveyor belt
are often falsely detected as warm fronts. To Iter these objects, we require a positive potential temperature difference between
points located 300 km ahead and 300 km behind of the warm frontal points at 850 hPa. Because the warm conveyor belt
generally exhibits higher equivalent potential temperatures but lower potential temperatures than the air farther ahead of the
cold front, the criterion effectively removes many of these unwanted detections.

3.2 Frontal frequency and precipitation

After the detection, the frontal data consisting of grid points labeled either 1 or -1 depending on the front type. In this state, it is
not possible to compare the frequencies of the different models due to the dependence of the frontal width on the resolution of
the grid. Usinger-a grid-factor (e.g. number of high-resolution grid points per low-resolution grid point) is also not possible,
because of the varying extent and curvature of fronts in higher resolution data. To make the frequencies comparable, we de ne
a frontal area as a circular region with a 300 km radius centered on each frontal point. The resulting objestsi$iatent

are masked and subsequently summed up to estimate the frequency of fronts.

Precipitation is considered frontal if it occurs within the de ned frontal area. We further classify precipitatodrasie

Following Hénin et al. (2019), precipitation igtributedto-cold-orwarmfrontssplit betweencold andwarm frontal when it

to the number of grid points associated with each front tygae-totat-precipitationis-multiplied-by-the fraction-ef-eaeh



120 precipitation, wehencompute the fractionf-extremeprecipitationassociated with each front type.

3.3 Frontal composites

ated with each frontal objeatvaluatedy-averagingralueswithin
125
130
135

140 The frontal cross-section composites are generated by extracting 1200 >xkd2@@mospheric elds centered on the
frontal objects. The position of each frontal object is determined by the frontal point with the median standardized precip-

145 (925-200hPain_25 hPasteps)beforecomputingthe compositesWhile differencesin the native vertical resolutioncould



150 4 Results

4.1 Frontal frequency

look at the effect of horizontal resolution on the detection for ERA5. To this end we compare ERA5 on the native grid to
the three coarsened remaps, which will act as a reference to the model data. Figures 1a—b show the absolute front frequenc

155 based on native-resolution ERA5, which is qualitatively consistent with the hourly frequencies reported in Schaffer et al.
(2024). Quantitative differences arise from the differing temporal resolutions, as well as from the adapted frequency evaluation
methodology. In Fig. 1¢c—h, the previously discussed strong relationship between grid resolution and front frequency is evident.
The coarsest resolution data (2°) show over 50 % fewer cold and warm fronts across large parts of the study domain. The bias
is substantially reduced at higher resolutions (1.25° and 0.9°). In some regions, higher frequencies in the remap data compare

160 tothe native data can be observed (e.g., along the coast of Greenland, the Balkans, Anatolia). Positive resolution biases in thes
areas are likely due to the in uence of orography, which becomes increasingly smoothed at lower resolutions, thereby enabling
more continuous front detection in mountainous regions.



Figure 2. Relative front frequency bias of the (a, b) coarse CMIP6, (c, d) mid CMIP6, (e, f) ne CMIP6 and (g, h) CORDEX models
compared to the respective ERA5 remap for (a, c, e, g) cold and (b, d, f, h) warm fronts. Grey indicate areas outside the EURO-CORDEX
domain. The pronounced negative biases of CORDEX near the northern and western domain boundaries are caused by the 500 km minimun

front length threshold, which excludes valid fronts that extend beyond the domain boundaries.

10
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Model biases in frontal precipitation may be explained primarily by underlying frontal frequency biases. Thus, in the fol-
lowing the relative front frequency biases of the different model ensembles are shown in Fig. 2. In general, the models simulate
lower front frequencies over the North Atlantic and higher frequencies over continental Europe. Notably, positive biases are
found over orographically complex regions such as the Alps and Anatolia, as well as on the leeward sides of major mountain
ranges (e.g., the Iberian Peninsula and Scandinavia). These patterns are consistent across all model resolutions and do n
improve when mountains are represented in more detail, suggesting that the smoothed orography is not the main cause. £
reduction of boundary-layer friction in the models could intensify frontal circulation and enhance frontogenesis, which would
strengthermr ¢ and could increase the likelihood of detecting fronts.

Looking more into the individual sub-ensemble results, it can be seen that CORDEX exhibits a clear positive bias over south-
ern Europe and a negative bias over northern Europe for cold and warm fronts alike (Fig. 2g—h). Previous studies have docu-

mented an overly zonal storm track in CMIP5 simulati@rarvey-et-al-2020;Priestley-etal;-20@®iestley et al., 2020; Harvey et al

, which may contribute to these regional differences in the EURO-CORDEX ensemble. A similar storm track bias may also
in uence CMIP6 simulations, although the same studies have indicated that the latest CMIP version has improved their per-
formance in this regard. The elevated front frequencies in a zonal band over the North Atlantic (approximately 43—-47°N) in
CMIP6 models may still be the result of the residual error in the storm track position.

The effect of these biases can be seen in both cold and warm frontal frequencies. Comparing cold and warm fronts in more

Europe, the differences are larger.
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Figure 3. Regression of model resolution with mean front frequency over selected regions for (a) cold and (b) warm fronts. The colored (*)
indicate ERA5 and its remaps, (x) CMIP6 and (+) CORDEX models. The colored dashed lines show the regression lines, with the values of
the slopes and regression coef cient$ i the legends. The colors indicate the regions. The y-axis shows the mean front frequency values.

The resolution values depicted on the x-axis are equal to the the geometric mean horizontal grid lengths at 50°N.

12
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Following the bias analysis, we investigate the effect of mean horizontal resolution on front frequencies across speci c
regions, as de ned in Fig. ALl. The regression between model resolution and front frequency is shown in Fig. 3 for cold (a) and
warm (b) fronts. Across all datasets, a strong negative relationship is found: smaller grid sizes are associated with higher front
frequencies. Increasing the resolution by 100 km results in the detection of approximately 15—60 additional fronts per year
within each region, corresponding to an increase of 8 —46 %. Cold fronts show slightly steeper regression slopes, ranging from
16 —-60 fronts per year per 100 km (12 —46 %), compared to warm fronts, which range from 17 —50 fronts per year per 100 km
(8—34 %). Overall, these results suggest that cold frontal frequencies exhibit a stronger sensitivity to horizontal resolution
compared to warm fronts.

The north-south bias in the CORDEX models, which we previously linked to the storm track position (Fig. 2g—h), is also
evident in the regression results. The NEUR and NWEUR region have lower mean front frequency values than expected from
the regression. For the NEUR region the strong domain boundary error may also have an impact. When CORDEX is excluded,

the relationship becomes stronger, with the steepness of the slope increasing from 5448intid. 7) (Fig. 3) to 86 and 40

that CORDEX tends to underestimate frontal frequencies in northern regions while overestimating them in southern Europe.

These results con rm and extend the resolution-related ndings from Fig. 1 to the full ensemble of climate model data. The

the potential resolution effects on it.
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