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Abstract.

Atmospheric fronts are closely linked to extreme precipitation across the mid-latitudes, which is projected to intensify in
many regions under global warming. Understanding the physical drivers of these changes is essential to improve confidence in
climate projections. Here, we analyze projected changes in seasonal heavy and extreme frontal precipitation events over Europe
using the CMIP6 and EURO-CORDEX ensembles, combining event frequency analysis with frontal composite cross-sections
to assess the changes of the underlying thermodynamic and dynamic processes. We find that the number of heavy frontal
precipitation events increases by up to 50 % per degree of global warming, while extreme events are projected to more than
double per degree. Large-scale circulation changes account for most regional reductions in frontal extremes, but contribute only
weakly to the widespread increases. Thermodynamic changes, however, dominate the intensification of extremes. Increases in
specific humidity are the primary driver of more intense events, while changes in the frontal circulation are minimal, likely

because a more stable atmosphere counteracts potential strengthening from enhanced latent heat release.

1 Introduction

Extreme precipitation events have severe impacts on ecosystems, infrastructure, and societies, often leading to floods, land-
slides, and substantial economic losses (Field et al., 2012; Dottori et al., 2018; Coronese et al., 2019). These extremes are
projected to intensify in many regions worldwide in response to global warming, driven by a combination of thermodynamic
increases in atmospheric moisture and changes in circulation patterns (Trenberth et al., 2003; O’Gorman and Schneider, 2009;
Westra et al., 2013; Shepherd, 2014; Pfahl et al., 2017; IPCC, 2023). However, reliably assessing how weather extremes will
evolve remains a major scientific challenge, as thermodynamic and dynamic drivers can act in opposite ways and may either
amplify or suppress extreme precipitation (Emori and Brown, 2005; Marotzke et al., 2017; Zappa et al., 2013). By first identi-
fying the physical mechanisms underlying extreme events and then evaluating how accurately climate models represent these
processes, confidence in projections can be increased and the reliability of regional impact assessments improved (Catto et al.,
2010; Knutti et al., 2010; Maraun et al., 2017; Collins et al., 2018; Eyring et al., 2019). Process-based analyses, in particular,
support this effort by clarifying how large-scale and mesoscale circulation and thermodynamic mechanisms contribute to the

occurrence and intensity of extreme precipitation events (Boutle et al., 2011; O’Gorman, 2015).
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In the mid-latitudes, a large fraction of extreme precipitation is associated with frontal systems, which are often accompanied
by strong wind gusts that further amplify their impacts. In the current climate, approximately 60 —-90 % of extreme precipi-
tation events in the mid-latitudes are related to fronts (Catto and Pfahl, 2013). Frontal precipitation is governed by processes
operating across a wide range of scales, from mesoscale frontal dynamics to synoptic circulation (Bjerknes and Solberg, 1922;
Browning and Monk, 1982; Browning and Pardoe, 1973). Hourly cold frontal extreme precipitation is highly dependent on a
set of thermodynamic, synoptic, and mesoscale dynamic features (Schaffer et al., 2024). Climate models are generally able to
capture these key frontal characteristics and their structure adequately, with higher resolution models improving the dynamic
representation, which is especially beneficial for cold fronts and the associated precipitation. However, climate models exhibit
notable biases in front frequency and the frontal heavy precipitation (Schaffer et al., 2025).

Observational and reanalysis-based studies have already indicated notable trends in frontal precipitation: over Europe, fronts
characterized by strong thermal gradients, which are often linked to more intense precipitation, have become more frequent
in recent decades (Schemm et al., 2017). At the same time, regional analyses have revealed spatially heterogeneous trends
in frontal precipitation, likely associated with a poleward displacement of the storm track (Hénin et al., 2019). Only a few
studies have investigated future projections of frontal systems and their impacts. For example, an analysis of CMIP5 RCP8.5
simulations reported a general decline in frontal activity across both northern and southern Europe (Catto et al., 2014). Other
studies have found a considerable increase in frontal precipitation, based on a single model evaluation (Konstali et al., 2025),
limiting the robustness of their conclusions. A comprehensive analysis of future changes in frontal precipitation has not been
conducted, let alone an assessment of changes in the underlying physical drivers.

Here, we provide the first multi-model-ensemble-based analysis of frontal precipitation events under future climate condi-
tions, with a focus on identifying the driving mechanisms of these changes. We begin by evaluating how the frequencies of
frontal heavy precipitation events (HPEs) and extreme precipitation events (EPEs) change with warming. To determine the
primary driver of these changes, we decompose the total change signals into thermodynamic and large-scale dynamic contri-
butions. A key element of this study is the use of frontal composites to examine how the structure and mesoscale dynamics
of frontal systems change in a future climate. By comparing composites from historical and future periods, we directly assess
changes in moisture, circulation, and stability within frontal systems, providing a process-based evaluation of the mechanisms
behind the increase in extreme frontal precipitation. These analyses address three main questions: How does the frequency of
frontal heavy and extreme events change with warming? What is the relative importance of thermodynamic versus large-scale

dynamic drivers? And how does the frontal structure respond to future warming?

2 Methods and Data

The methods applied in this study build on previous work on cold fronts (Schaffer et al., 2024) and have been extended to
include the analysis of warm fronts (Schaffer et al., 2025). The following section provides an overview of all methods used,

while detailed descriptions can be found in these earlier studies.
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2.1 Data

We analyze 10 GCMs from the CMIP6 ensemble (Eyring et al., 2016) and 9 RCM simulations from EURO-CORDEX (Jacob
et al., 2014) for the historical period 19702005 and the future period 2065 —2100. The future CMIP6 simulations are based
on the SSP5-8.5 scenario, while the EURO-CORDEX simulations follow the corresponding RCPS8.5 scenario. These high-
emission scenarios are selected to capture a strong climate change signal and to explore the upper range of plausible future
climate responses. Within the EURO-CORDEX ensemble, two RCMs are driven by four and five GCMs from the CMIP5
ensemble (Taylor et al., 2012). 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 S1.
2.2 Front Detection

Fronts are identified using an objective scheme based on thermal gradients, following established methods (e.g., Hewson,
1998; Jenkner et al., 2009; Hewson and Titley, 2010). Specifically, we detect fronts from the smoothed equivalent potential
temperature gradient (V6,.) at 850 hPa. While potential temperature (¢) is commonly used in a strictly dynamical framework,
0. is better suited for identifying frontal zones in moist, non-adiabatic conditions and has therefore been widely adopted in
previous studies (e.g., Schemm et al., 2017; Hénin et al., 2019; Riidisiihli et al., 2020; Konstali et al., 2025).

To account for model-dependent variability and climate change effects, the V8, threshold is computed separately for each
model and period (historical and future) as the seasonal mean plus one standard deviation over a North Atlantic reference
region (20°W-12°W, 40°N-58°N). This ensures a comparable number of detected fronts between periods and emphasizes
spatial changes in frontal occurrence.

Frontal locations are defined as grid points with maximum V6, where the Thermal Front Parameter (TFP) approaches zero:

V.

TFP = — V|V0,| - o

&)

This method avoids explicitly identifying TFP maxima, which can introduce inconsistencies from higher-order derivatives,
especially at higher resolution.

Detected points are classified using the cross-frontal wind component (u ), distinguishing cold fronts (uy > 1.5 m s~') and
warm fronts (us < —1.5 m s~1), while fronts with weaker u s are discarded. Frontal points are then aggregated into continuous
features, and only systems exceeding 500 km in length are retained. Additional filters are applied to remove non-synoptic
frontal features. For cold fronts, we exclude cases where the angle between V@, and the geopotential height gradient exceeds
120°, which removes spurious coastal and orographic boundaries. For warm fronts, we require a positive potential temperature
difference between points 300 km ahead and behind the front to eliminate false detections associated with strong humidity

gradients near warm conveyor belts (Schaffer et al., 2025).
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2.3 Frontal frequency and precipitation

A circular area of 300 km around each frontal point is defined as frontal area. These areas are used to compute the front
frequency (Fig. S1), as well as the frontal precipitation. Precipitation is considered frontal if it occurs within the defined frontal
area. We further classify precipitation as heavy (extreme) if the 6-hourly total exceeds the historical 99.5th (99.95th) percentile
at each grid point, corresponding to a 50 (500) day return period. If precipitation falls within the 300 km radius of both front
types, it is split between cold and warm fronts. In such cases, precipitation is partitioned proportionally to the number of grid
points associated with each front type. The total frontal precipitation is computed by adding up the precipitation for each front
type. The number of frontal events is computed by summing the occurrence of events exceeding the thresholds.

To ensure comparability among models, the differences between the historical and future period are normalized by the pro-
jected global mean 2 m surface temperature change (AGMST). In the case of CORDEX, AGMST of the driving CMIP5 models
are used. We chose GMST over local temperatures to avoid introducing artificial variations arising from spatial differences in
local warming. Moreover, because frontal systems are synoptic-scale phenomena, the associated air masses may originate from
regions far from areas affected by the fronts. Using AGMST allows us to evaluate changes in the number of heavy and extreme
precipitation events relative to a given level of global warming, providing a consistent framework to compare responses across

models and ensembles. AGMST values for DJF and JJA for each model are presented in Table S1.
2.4 Decomposition into large-scale drivers

To decompose the changes in frontal EPEs into the thermodynamic and large-scale dynamical contribution, the frequency of

frontal EPEs is expressed as
Ngpg = Nrrp, 2)

where Ngr is the front frequency and p is the conditional probability that a front causes an EPE. This formulation separates
changes in the frequency of frontal systems from changes in their conditional severity. The total change in EPE frequency

between the historical (h) and future (f) period is

ANgpe = Nipp' — Nipp". 3)
Expanding this expression yields

ANgpg = Npp Ap +p" ANgr + ANpr Ap, 4)

where the first term represents the thermodynamic contribution, that is, the increased probability of frontal EPEs occurring,
while keeping the front frequency at the historical level. The second term represents the contribution from changes in the
frequency of frontal systems, keeping the probabilities at historical values. The third term quantifies nonlinear higher-order
interactions, typically small in magnitude. The three terms sum exactly to the simulated total change in EPE frequency. A
comparison of the first two terms provides a clear diagnostic of the dominant mechanism. A similar analysis was presented by

Crawford et al. (2025) for precipitation trends of northern hemisphere cyclones.
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Because the front frequency changes potentially mainly depict the change signal in weak fronts, which do not cause EPEs,
we also performed the analysis with respect to the change in HPE frequency Nypg. Fronts causing HPEs are more likely to
be able to cause EPEs, quantifying the frequency change in a more meaningful way. However, HPEs are defined using a his-
torical percentile threshold. This term thus includes both large-scale dynamical changes in frontal activity and thermodynamic
threshold-crossing effects that cause additional events to exceed the HPE threshold. We therefore interpret this term as a mixed
contribution of large-scale dynamical changes and thermodynamic amplification of HPEs. For completeness, this analogous

decomposition method using frontal HPE frequency is provided in Fig. S2.
2.5 Frontal composites

Frontal composites are constructed to represent the structure of the most intense frontal systems using a targeted sampling
approach. For each frontal object, precipitation is characterized based on its most active segment. Frontal grid points are ranked
according to standardized precipitation (anomalies normalized by their standard deviation), and the subset corresponding to
approximately 200 km of frontal length is selected. The mean precipitation of these points is then used to represent the intensity
of the frontal object, ensuring comparability across models with different resolutions and front geometries.

To avoid repeated sampling of the same system, only one frontal object per 24-hour period is retained. From this subset,
the top 10 % of events are selected for compositing. The analysis focuses on three European regions: Northwestern Europe
(48°N-61°N, 12°E-3°W), Southwestern Europe (36°N-48°N, 11°E-4°W), and Central Europe (48°N-58°N, 3°W-25°W).
Frontal events from all regions are pooled into a single dataset prior to composite calculation.

For each selected event, a 1200 x 1200 km domain centered on the frontal system is extracted. The reference position is
defined by the frontal point with median standardized precipitation among the selected high-intensity segment, which reduces
sensitivity to frontal endpoints and occlusion regions. Fields are rotated into a front-relative coordinate system and interpolated
onto common pressure levels (925-200 hPa at 25 hPa intervals) before averaging.

To examine front-relative dynamics, atmospheric fields are further decomposed into synoptic- and mesoscale components
using a spectral filter. A low-pass scale of 1500 km and a transfer-function width of 500 km are applied, such that wavelengths
above roughly 1000 km represent the synoptic-scale flow, while smaller scales are attributed to mesoscale variability. This

decomposition is performed for each event prior to compositing.
3 Results

3.1 Change in frontal precipitation events

To assess how the frequency of frontal precipitation events changes under a warming climate, we first examine the projected
number of frontal HPEs across Europe and the North Atlantic. In DJF, the number of events increases markedly in a zonal
band across the North Atlantic and Europe (Fig. 1a—d). North and south of this band, a weak decrease is observed. Maximum

increases exceed 50 % K~! in CMIP6 and 40 % K~! in CORDEX for cold fronts. Changes in warm frontal events follow
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DJF
Cold fronts Warm fronts
(a) CMIP6 (b) CMIP6

JIA
(f) CMIP6

Heavy precipitation events change [% K™1]

Figure 1. Relative changes in the number of frontal HPEs per degree of AGMST, for DJF (a—b) and JJA (e—h), for cold (a, c, e, g) and
warm fronts (b, d, f, h). Panels (a, b, e, ) display CMIP6 and panels (c, d, g, h) the CORDEX averages. Stippling indicates areas where at
least all but one model agree with the sign of the change. Areas are shaded gray if the fraction of frontal events relative to total events is

below 10 % in the historical period or if they lie outside the EURO-CORDEX domain.

150 similar spatial patterns, but with lower magnitudes (up to +30 % K~!). In JJA, a pronounced northward shift occurs, with
more events over northern Europe and a decrease over the southern half of the domain (Fig. 1e—h). Both front types show

consistent patterns in CMIP6 and CORDEX, although CORDEX exhibits a slightly weaker northward shift and an increase
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in the Norwegian Sea. These patterns are broadly consistent with projected changes in the storm track (Simpson et al., 2014;
Harvey et al., 2020; Priestley and Catto, 2022; Oss6 et al., 2024). The weaker signal in CORDEX is consistent with the lower
155 storm track sensitivity of the driving CMIP5 compared to CMIP6.

DJF
Cold fronts Warm fronts
(b) CMIP6

JUA
(e) CMIP6 (f) CMIP6

T
-10
Extreme precipitation events change [% K™!]

Figure 2. Same as Fig. 1, but for extreme frontal precipitation events.

The changes in the number of EPEs events exhibit seasonal patterns similar to those of heavy events (Fig. 2). However,

the increases are roughly 2 —3 times larger, with peak values for cold frontal EPEs exceeding 130 % K~! in CMIP6 in some
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regions. In JJA, some regions (e.g., France and Central Europe) show a reversal in the sign of change, with frontal HPEs
decreasing while EPEs increase (Fig. 2e —h).

The large relative increase in frontal EPEs partly reflects their rarity in the historical period, as even modest shifts in the
precipitation distribution can substantially raise extreme-event frequencies (Folland et al., 2001). The differing sign of change
in frontal EPEs and HPEs in some regions indicates that the intensification reflects more than a simple shift of the precipitation
distribution. To further demonstrate this, changes in the 99.5th and 99.95th percentiles of frontal 6-hourly precipitation are
compared (Figs. S3, S4). In most regions and seasons, the higher percentile increases more strongly, indicating that nonlinear

effects contribute to the increase in frontal EPEs.
3.2 Decomposition of frontal extreme precipitation event changes

To assess whether the strong increase in the number of EPEs is driven by thermodynamic effects or by changes in the large-
scale circulation, we decompose the EPE change signal into three components: (i) a thermodynamic contribution, (ii) a front
frequency contribution, and (iii) a residual term capturing higher-order interactions (Fig. 3).

The decomposition shows that the thermodynamic contribution dominates the increase in frontal EPEs across most regions
and in both seasons, with particularly strong amplification along the storm-track. In contrast, regions with decreasing EPE
frequency, e.g. the northern part of the domain in DJF and southern and eastern Europe in JJA, are primarily driven by front
frequency changes, consistent with large-scale dynamical weakening of frontal activity. In JJA, parts of the Mediterranean
and the Iberian Peninsula depict a decreasing effect of the thermodynamics, possibly related to drier conditions in this region
(Feng and Fu, 2013; Scheff and Frierson, 2012; Liu et al., 2022). The residual remains small everywhere, confirming that the
decomposition captures the main effects. Using HPE frequency instead of front frequency in the decomposition (Fig. S2) yields
consistent results and further reinforces the conclusion that thermodynamic changes primarily drive the increase in frontal
EPEs. To identify the physical processes underlying this dominant thermodynamic forcing, changes in frontal conditions and

dynamic structure are assessed next using composite cross-sections.
3.3 Composites

Composite cross-sections provide the key mechanistic insight into how thermodynamic and dynamical processes shape future
changes in frontal precipitation. They reveal how warming modifies moisture availability, static stability, and the circulation
within frontal systems, thereby explaining why thermodynamic effects dominate the response of heavy and extreme events. To
account for the strong resolution dependence of frontal dynamics (Schaffer et al., 2025), the CMIP6 ensemble is divided into
low-resolution (CMIP6-LR) and high-resolution (CMIP6-HR) subsets. We focus on mechanisms that strongly influence pre-
cipitation and exhibit robust changes in a warmer climate, with additional Figures provided in the Supplementary Information.

The red and blue frontal lines drawn in the following figures (Figs. 4—9) are based on the TFP of 6. zero contour lines.
These lines strongly depend on the gradient of specific humidity, and thus on the amount of humidity in the warm air sector. In
JJA the amount of humidity within the lifting area is greatly increased and therefore its gradient dominates the total V.. As

a consequence, the TFP zero contours are more upright and tend to not follow the classical backwards bend in cold fronts and
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DJF
Thermodynamic Front frequency effect Residual

(b) CMIP6

JJA

(i) CMIP6

(k) CORDEX

Extreme precipitation events change [% K™!]

Figure 3. Decomposition of relative change in the number of frontal extreme precipitation events. The panels show the total EPE change
(as in Fig. 2) expressed as the sum of thermodynamic (a, d, g, j), front frequency effect (b, e, h, k), and residual contributions (c, f, i, 1) for
both front types combined. The decomposition is based on expressing frontal EPE frequency as Ngpg = Ngr p, where Nrr is the number
of fronts and p is the conditional probability that a front produces an EPE. Changes in EPEs can therefore be separated into (i) changes in p

(thermodynamic contribution), (ii) changes in Nrr (large-scale dynamical contribution), and (iii) a small nonlinear residual term.

forward slope in warm fronts. These lines are not meant to perfectly represent frontal boundaries in a meteorological sense, but
as guidelines to better understand the relative position of the detected fronts.
Atmospheric moisture is a key predictor of frontal precipitation, as sufficient humidity is a necessary precondition for the

formation of heavy rainfall (Doswell et al., 1996; Schaffer et al., 2024). Across both cold and warm fronts the specific humidity
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increases substantially in the warm sector. Low-level warm air specific humidity rises from 5—7 gkg~! by 0.3-0.5gkg ' K~!
in DJF and from 7—10 g kg~ ! by 0.5-0.7 g kg~' K~! in JJA (Fig. 4), broadly consistent with Clausius-Clapeyron scaling
of 7 % K. Within the cold air sector absolute specific humidity also exhibits increases, especially at lower levels, but less
strongly. However, the relative increases similarly follow the Clausius-Clapeyron scaling.

Relative humidity change patterns differ between seasons. In DJF, relative humidity remains nearly unchanged (Fig. 4
g-1), whereas in JJA it decreases markedly in the upper troposphere (Fig. 4 g-t), especially in CORDEX. This reflects a
slower increase in specific humidity compared to saturation vapor pressure, possibly due to limited moisture supply (Byrne
and O’Gorman, 2016). The resulting upper-tropospheric drying may influence cloud formation and precipitation efficiency.
A detailed figure of the relative humidity change is provided in the Supplementary Information (Figs. S5, S6). To assess
whether the reduction in relative humidity occurs consistently across all analyzed regions (NWEUR, SWEUR, and CEUR),
we further compare the change signals for each region individually (Figs. S7—-S12). While southwestern Europe exhibits
the strongest decrease in relative humidity, the other two regions show comparable declines, particularly in the CORDEX
ensemble, indicating a general trend toward relatively drier conditions over Europe in JJA.

These humidity changes also interact with modifications in atmospheric stability, further influencing frontal ascent. Across
all composites and both seasons, upper-tropospheric warming is pronounced, particularly in the warm sector (Fig. 5). The
temperature difference between 300 hPa and 850 hPa increases by roughly 0.9 K K~ 1, reflecting moist-adiabatic adjustment of
the vertical temperature profile. These values are roughly consistent in all models and seasons, highlighting a general increase
in static stability. As a consequence, convection within the frontal zone could be dampened, reducing the potential for heavy
and extreme precipitation.

Despite these substantial thermodynamic changes, the horizontal potential temperature gradient (V) across the front re-
mains largely unchanged (Figs. S7, S8). In contrast, the equivalent potential temperature gradient (V6,) strengthens (Figs. S9,
S10), reflecting the stronger differential increase in moisture between the warm and cold air masses (Fig. 4) rather than a
change in dry temperature gradients.

Given the substantial increase in specific humidity within the frontal environment, corresponding changes in mesoscale
circulation driven by enhanced latent heat release could be expected. However, the composites show only minor dynamical
changes. Mesoscale convergence (Figs. 6, 7) and vorticity (Figs. 8, 9), which are both strongly linked to frontal precipitation
intensity through convection (Schaffer et al., 2024), exhibit no systematic strengthening under future warming. In JJA, both
cold and warm fronts even show a weakening of mesoscale circulation, consistent across all model subsets (Figs. 6, 7 g—1).
The enhanced static stability likely counteracts any intensification of vertical motion associated with increased latent heating,
aligning with the weak changes in mesoscale circulation.

On the synoptic scale, a key driver of frontal precipitation variability is the warm conveyor belt (Schaffer et al., 2024).
Located ahead of the cold front and ascending over the warm front, this air stream transports warm, moist air toward and
upward within the frontal zone (Browning and Pardoe, 1973; Browning, 1990; Heitmann et al., 2024), a process strongly
connected to intense precipitation in fronts (Catto et al., 2015). To quantify this inflow, we analyze along- and cross-frontal

wind components. Despite projected reductions in storm track activity, the composites show no substantial changes in these
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synoptic air streams in either cold or warm fronts (Figs. S17—S20). Minor reductions in the upper- and low-level jet speed can
be seen in the CMIP6 simulations in JJA consistent with the reduction of jet activity in this season over central and southern

Europe (Simpson et al., 2014; Oss6 et al., 2024).

4 Conclusion

In this study, we investigated projected changes in heavy and extreme frontal precipitation events over Europe using CMIP6
and EURO-CORDEX ensemble simulations. We combine an analysis of event frequency changes with frontal composite cross-
sections to assess the relative strength of large-scale dynamical and thermodynamic forcing, and to identify the processes within
the frontal structure and mesoscale circulation that drive these changes.

Frontal HPEs are projected to increase notably in DJF across a zonal band from the North Atlantic into central Europe, with
weak decreases north and south of this band. In JJA, a pronounced northward shift in events occurs, with increases over northern
Europe and decreases across the southern half of the domain. These patterns are consistent with projected changes in the storm
track (Simpson et al., 2014; Harvey et al., 2020; Priestley and Catto, 2022; Ossé et al., 2024). Frontal EPEs follow similar
spatial patterns, but exhibit substantially larger relative increases. In JJA, some regions show a divergence between frontal
HPE and EPE trends, with heavy events decreasing while extremes increase. A previous study of CESM2-LE simulations
found comparable increasing trends in frontal precipitation, while non-frontal precipitation stagnates or even decreases in
some regions (Konstali et al., 2025).

Our analysis shows that the strong increase in frontal EPEs is primarily driven by thermodynamic changes. While changes
in the large-scale circulation also influence EPE occurrence and are the main driver of decreases in EPEs, namely in Northern
Europe in DJF and Southern Europe in JJA, thermodynamic effects dominate the overall response. Similar results have been
found when looking into precipitation trends of northern hemisphere cyclones (Crawford et al., 2025). Minor decreasing
thermodynamic effects in southern Europe could be related to a future reduction in humidity in this region (Feng and Fu, 2013;
Scheff and Frierson, 2012; Liu et al., 2022). These results identify thermodynamic mechanisms as the primary driver of future
increases in the frequency of severe frontal precipitation events.

Frontal composite cross-sections show how these thermodynamic and dynamical forcings shape the frontal structure and
circulation. Specific humidity increases substantially ahead and behind the front, consistent with Clausius—Clapeyron scaling.
In contrast, relative humidity in JJA decreases in all analyzed regions in the upper troposphere, most notably in CORDEX
simulations, indicating enhanced upward moisture transport but limited moisture supply over the continent, consistent with
previous model-based findings (Byrne and O’Gorman, 2016). Observational trend studies show that such reductions in near-
surface moisture have not occurred in the recent climate (Simpson et al., 2024), suggesting that the projected drying reflects
conditions that may emerge only under stronger future warming.

Enhanced static stability, with the upper troposphere warming more rapidly than lower levels, is consistently observed across
all models. The horizontal potential temperature gradient across the frontal boundary remains largely unchanged. Equivalent

potential temperature gradients, however, strengthen due to differential moisture increases of the warm and cold air, highlight-
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ing the dominant role of moisture in amplifying frontal intensity. Frontal circulation, reflected in mesoscale convergence and
vorticity, shows no consistent changes in DJF, suggesting a balance between latent-heating—driven strengthening and the stabi-
lizing influence of increased static stability. In JJA on the other hand, decreases in the frontal circulation can be seen. Together
with the findings of decreased relative humidity, the effect of increased static stability seems to be stronger than the effect of
increased latent heat release, potentially damping frontal precipitation in some regions. Larger-scale air streams, like the warm
conveyor belt, remain stable, suggesting that the observed intensification of frontal precipitation is primarily thermodynami-
cally driven rather than dynamically forced. Overall, these combined thermodynamic and minor dynamic adjustments lead to
more intense frontal precipitation events across most of Europe.

In conclusion, our results underscore the importance of thermodynamic amplification in shaping future frontal precipitation.
While large-scale circulation changes modulate event occurrence, thermodynamic changes, especially increased atmospheric
moisture, dominate the intensification of frontal extremes, consistent with the robust physical expectation that heavy precipita-
tion strengthens as the atmosphere warms. By contrast, dynamical circulation changes are less well constrained and contribute
more to projection uncertainty, so our confidence is higher in the thermodynamic than in the dynamical component (IPCC,
2023; Li et al., 2025). Together, these findings establish the physical mechanisms behind future changes in frontal weather
extremes and strengthen confidence in regional climate impact assessments and adaptation planning.

The extreme events defined here using a 500-day return period are still considered moderate, as the most relevant impacts
are typically associated with much rarer and more intense precipitation events (Schir et al., 2016). More detailed process-
based analyses of such extreme weather events would require very long time series, which in turn necessitates single-model
large-ensemble (SMILE) simulations with at least 6-hourly resolution (Maraun et al., 2025) and CMIP data at hourly resolu-
tion to adequately capture the relevant dynamic drivers. Furthermore, convection-permitting models, which explicitly resolve
convection within frontal systems and may therefore project different changes in frontal circulation and precipitation intensity
(Coppola et al., 2020), need to be performed over larger domains to be applicable to studies of synoptic-scale weather phenom-
ena. Incorporating such simulations in future work would provide a more comprehensive assessment of both thermodynamic

and dynamic contributions to extreme precipitation.
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Figure 4. Changes in humidity conditions of frontal composite cross-sections for DJF (a—f) and JJA (g—1). Cold fronts are shown in panels
(a, ¢, e, g, i, k) and warm fronts in (b, d, f, h, j, 1). Panels (a, b, g, h) show the low-resolution CMIP6 subset, (c, d, i, j) the high-resolution
CMIP6 subset, and (e, f, k, ) EURO-CORDEX. Filled contours indicate the absolute change in specific humidity per degree of global-

“IKh. Gray solid (dashed) contours denote increases (decreases) in relative humidity from -5 to

mean surface temperature change (g kg
5 %pt K~ in steps of 2. Blue and red lines mark the mean frontal position based on the TFP zero contour. The x-axis shows cross-frontal

distance relative to the detected front at 850 hPa, and the y-axis pressure levels from 925 -200 hPa.
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Filled contours in the panels (a, c, e, g, 1, k) indicate the historical mesoscale convergence (m s~1 100 km_l), (b, d, f, h, j, 1) the change per
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). Blue lines mark the mean frontal position based on the TFP zero contour. The x-axis shows

cross-frontal distance relative to the detected front at 850 hPa, and the y-axis pressure levels from 925 —200 hPa.
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Figure 8. Same as Fig. 6, but depicting mesoscale vorticity and its change in cold fronts.
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Figure 9. Same as Fig. 6, but depicting mesoscale vorticity and its change in warm fronts.
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