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Abstract

Weather features, such as extratropical cyclones, atmospheric rivers (ARs), and fronts,
contribute to substantial amounts of precipitation globally and are associated with dif-
ferent precipitation characteristics. However, future changes as well as the representa-
tion of the precipitation characteristics associated with these weather features in climate
models remain uncertain. We attribute 6-hourly accumulated precipitation and cyclones,
moisture transport axes (AR-like features), fronts, and cold air outbreaks, and the com-
binations thereof in 10 ensemble members of the CESM2-LE between 1950 and 2100 un-
der the SSP3-7.0 scenario. We find that, despite some biases in both precipitation and
weather features, CESM2-LE adeptly represents the precipitation characteristics asso-
ciated with the different combinations of weather features. The combinations of weather
features that contribute most to precipitation in the present climate also contribute the
most to future changes, both due to changes in intensity as well as frequency. While the
increase in precipitation intensity dominates the overall response for total precipitation
in the storm track regions, the precipitation intensity for the individual weather features
does not necessarily change significantly. Instead, approximately half of the increase in
precipitation intensity in the storm track regions can be attributed to a higher occur-
rence of the more intensely precipitating combinations of weather features, such as the
co-occurrence of extratropical cyclones, fronts, and moisture transport axes.

Plain Language Summary

Most precipitation is associated with weather features such as storms, atmospheric
rivers, and fronts. Different combinations of these weather features are associated with
different precipitation characteristics, but how these characteristics are represented in
climate models as well as their possible future changes is not known. We attribute 6-hourly
accumulated precipitation to weather features, such as storms, fronts, and atmospheric
rivers, from 1950 to 2100 under a high greenhouse emission scenario in a climate model.
Despite some biases, the climate model represents the precipitation characteristics as-
sociated with these weather features well. We find that the weather features with the
largest contribution to precipitation in the current climate also contribute the most to
future changes in precipitation. The changes are caused by changes in both frequency
of occurrence and precipitation intensity.

1 Introduction

Although the global mean precipitation increase by 1-3% per degree of global warm-
ing (Held et al., 2006) is well constrained (Pendergrass & Gerber, 2016; Mitchell et al.,
1987; Held et al., 2006), there are large regional differences related to local forcing, en-
ergy and water fluxes, as well as circulation features (Thackeray et al., 2018; Giorgi et
al., 2019). Some of the regional differences, particularly in the extratropics, are associ-
ated with synoptic-scale features, such as cyclones, fronts, atmospheric rivers (ARs, or
moisture transport axes, MTAs), and cold air outbreaks (CAQOs), as these are respon-
sible for the bulk of the precipitation (Catto et al., 2012; Catto & Pfahl, 2013; Hénin et
al., 2019; M. K. Hawcroft et al., 2012; Utsumi et al., 2017; Riidisiihli et al., 2020; Kon-
stali et al., 2024). Given that these systems are of distinct dynamical origin, they might
respond differently to climate change. We therefore attribute precipitation to these weather
features and quantify their contributions to the projected precipitation changes.

Attributing precipitation to these weather features establishes a link between the
precipitation and the precipitation-generating mechanism, providing a more direct in-
terpretation of the precipitation changes and the assessment of regional impacts. How-
ever, to have confidence in future climate projections, it is imperative that models sim-
ulate the current climate adequately, also with respect to weather features (Trenberth
et al., 2003; M. Hawcroft et al., 2018). As the representation of precipitation character-
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istics associated with different combinations of cyclones, fronts, MTAs, and CAOs in cli-
mate models has not been established, we attribute precipitation to weather features in

10 ensemble members in the Community Earth System Model version 2 (CESM2, Dan-

abasoglu et al., 2020) Large Ensemble (LE, Rodgers et al., 2021) and assess the fidelity

of the model with respect to the attributed precipitation, including future changes.

Although underestimated, the precipitation associated with fronts is less underes-
timated than non-frontal precipitation (Catto et al., 2015). Furthermore, the frequency
of fronts in CMIP5 simulations aligns well with observations (Catto et al., 2014). How-
ever, the frequency of frontal precipitation is overestimated, suggesting too many pre-
cipitating fronts (Catto et al., 2015). M. Hawcroft et al. (2018) found precipitation as-
sociated with cyclones in a high-resolution climate model to match observations quite
well. However, challenges still remain regarding the representation of the weather fea-
tures, as cyclones tend to be dynamically too weak in climate models compared to re-
analysis (Govekar et al., 2014; Zappa et al., 2013)

In addition, precipitation remains a notoriously difficult parameter to model and
its representation in climate models has been termed ”dreadful” (Stephens et al., 2010).
Although seasonally accumulated precipitation is quite well represented, there are still
large biases in frequency and intensity, with models precipitating too often, but too lit-
tle (Dai, 2006; Sun et al., 2007; Stephens et al., 2010). After a decade of model devel-
opment, this issue remains in the latest generation of climate models (CMIP6, Ahn et
al., 2023). However, there has not been a systematic evaluation of how biases in precip-

itation relate to different weather features and their combinations, with precipitation linked

to weather features providing a more mechanistic understanding of precipitation biases.

Given that different weather features are characterized by different precipitation
intensities (Konstali et al., 2024), changes in frequency as well as intensity of weather
features can yield changes in precipitation. Cold fronts have been linked to observed pre-
cipitation trends over the Western North Atlantic (Hénin et al., 2019), while the pro-
jected decline of precipitation in the Mediterranean has been linked to a decreasing num-
ber of cyclones entering the region (Zappa et al., 2015). The precipitation increase in
Western North America has been attributed to an increase in ARs (Gershunov et al.,
2019) and Bldzquez and Solman (2018) found that both non-frontal and frontal precip-
itation in the Southern Ocean has been increasing, underpinning the importance of con-
sidering multiple weather features when evaluating trends.

Utsumi et al. (2016) pointed out that even though changes in total precipitation
could be small, precipitation associated with different weather features could change sub-
stantially. However, despite numerous studies, a global view of how the different weather
features, and combinations thereof, contribute to regional precipitation changes is still
missing. Allowing for combinations of multiple weather features yields a more detailed
attribution and interpretation (Konstali et al., 2024). Considering multiple weather fea-
tures co-occurring is particularly important because the combination of weather features
is generally associated with more intense precipitation than when weather features oc-
cur in isolation (Catto & Pfahl, 2013; Dowdy & Catto, 2017; Prein et al., 2023; Konstali
et al., 2024).

To address the outlined shortcomings, we follow the attribution method of Konstali
et al. (2024) to assess how CESM2-LE, with a subset of 10 ensemble members, performs
in simulating the precipitation characteristics associated with the different weather fea-
tures in the present climate compared to ERA5 (Hersbach et al., 2020). We subsequently
quantify precipitation biases associated with CESM2-LE attributed to the weather fea-
tures. Lastly, we explore precipitation changes in CESM2-LE from a weather feature per-
spective to determine which combinations of weather features dominate the response and
whether this response is mainly attributable to changes in the frequency or intensity of
precipitation associated with the respective weather features.
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2 Data and Methods
2.1 CESM2-LE

The large ensemble (LE) is initialized from the Community Earth System Model
version 2 (CESM2, Danabasoglu et al., 2020) and is described in (Rodgers et al., 2021).
The LE has 100 members, but only members 91-100 (the MOAR outputs) are stored with
the required atmospheric fields at sufficiently high temporal resolution for our analysis.
We use these 10 ensemble members for the period 1950-2100, where the period 2015-2100
follows the SSP3-7.0 emission scenario (O’Neill et al., 2016). We did all analyses for ev-
ery member separately, but we present the ensemble mean unless otherwise noted.

All atmospheric fields, except for precipitation, are available at a 6-hourly tempo-
ral resolution and on a 1° grid. Precipitation is available as 3-hourly accumulated val-
ues, which we aggregate to 6-hourly precipitation centered on the 6-hourly output of the
other fields.

2.2 ERAS5

We use ERA5 on a 0.5°x 0.5° grid with 6-hourly resolution. 3-hourly accumulated
precipitation is obtained from the short-term forecast as described in Konstali et al. (2024)
and aggregated to 6-hourly data centered on the same timesteps as the historic period
for CESM2-LE. ERAS5 generally represents precipitation well in the extratropics, although
there are some dry and wet biases in summer (Lavers et al., 2022).

2.3 Detecting weather features

To detect cyclones, we use the Wernli and Schwierz (2006) algorithm, with the mod-
ifications described in Sprenger et al. (2017). The algorithm looks for minima in sea level
pressure and searches the outermost contour of a closed low-pressure system. As the al-
gorithm occasionally also detects tropical cyclones, we refer to these features as cyclones
and make no attempt to separate them further (see Konstali et al., 2024, for a discus-
sion).

For fronts, we use the Spensberger and Sprenger (2018) algorithm, which uses the
gradient of equivalent potential temperature (6.) and returns frontal volumes. We in-
terpolate the temperature and humidity from model levels to 850 hPa and define the frontal
objects at 850 hPa. This practice differs slightly from Spensberger and Sprenger (2018)
and Konstali et al. (2024), who use three levels (925 hPa, 850 hPa, and 700 hPa) for de-
tection, but retain the intersection of the frontal volumes at 850 hPa as their frontal ob-
jects. To test the sensitivity, we detected fronts using all three pressure levels for one en-
semble member in CESM2. The frontal occurrence frequency-climatologies from the one-
level and three-level frontal detections differed only by +1% in the extratropics. Further-
more, the trends for the different detection methods only differed by +2% along the storm-
tracks, indicating that detecting fronts only at 850 hPa is sufficient. For all ensemble mem-
bers, we therefore only used the equivalent potential temperature at 850 hPa to detect
fronts.

The best practice of detecting fronts is to choose a threshold such that approxi-
mately 10% of the global area are considered fronts (Thomas & Schultz, 2019). How-
ever, we found the 0, gradient-climatology between ERA5 and CESM2 to differ substan-
tially. While the 0.-gradient was of similar magnitude in the mid-to-high latitudes, it
was weaker in the tropics in CESM2. Thus, choosing a threshold based on the 90th per-
centile detected considerably more fronts in the mid-to-high latitudes in CESM2 than
in ERAS5. Because fronts are considered a phenomenon associated with extratropical cy-
clones rather than tropical weather phenomena, we choose the threshold such that the
climatology of frontal occurrence is similar between CESM2 and ERA5 in the midlat-
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itudes over the stormtrack regions. We found the 95th percentile of the 6. gradient in
CESM2 suitable.

We use the MTA-detection algorithm (Spensberger et al., 2024) rather than other
AR detection algorithms that are mostly based on integrated water vapour transport (IVT,
Rutz et al., 2019, and references therein) and thus highly sensitive to the moisture con-
tent and global mean temperature (O’Brien et al., 2022; Shields et al., 2023). Instead,
the MTA algorithm traces lines of well-defined maxima in the IVT field (Spensberger
et al., 2024). We detect MTAs by first calculating the 12.5th percentile of the shear gra-
dient of the IVT vector field in natural coordinates in the historical period and use this
as our threshold, following Spensberger et al. (2024).

Given that the MTA algorithm returns lines rather than areas, we add an area with
a 300 km radius around the axes in both ERA5 and CESM2 to compare frequency of
occurrence across different grids. ERAS has twice the resolution, thus the chance of an
MTA occurring in a grid cell is smaller in ERA5 than in CESM2. Adding a fixed radius
therefore allows for a fair comparison while keeping both datasets on their original grid.

CAOQOs are identified where the potential temperature difference between the sea sur-
face (SST) and 850 hPa exceeds 3K. This definition is similar to the method by Papritz
et al. (2015), albeit with a lower threshold to detect the leading edge of the CAO, fol-
lowing Konstali et al. (2024). We interpolate the SST and sea ice concentration field us-
ing bilinear interpolation to the regular atmospheric grid.

2.4 Attributing precipitation to weather features

We only consider accumulated precipitation >0.25 mm/6hr, which corresponds to
1 mm/day. The slightly higher threshold drastically reduces the frequency bias of pre-
cipitation (Catto et al., 2015). To attribute the precipitation to weather features, we fol-
low the method of Konstali et al. (2024). First, we filter out precipitation associated with
CAOQOs and attribute it to CAOs directly, because precipitation occurring within CAOs
is generally weak and without clearly defined maxima (Konstali et al., 2024). We then
organize the remaining precipitation into precipitation objects using a watershed algo-
rithm (Beucher & Lantuejoul, 1979), where each object features a precipitation maxi-
mum. If one or multiple features overlap with the precipitation object, the entire object
is classified as belonging to that feature or the combination of the features. With our
four different weather features (cyclones, fronts, MTAs, and CAOs), we end up with 10
different precipitation categories: cyclones only (C), fronts only (F), MTAs ounly (A), cy-
clones and fronts (CF), cyclones and MTAs (CA), MTAs and fronts (AF), cyclones, MTAs,
and fronts (CAF), CAOs (CAO), as well as cyclones and CAOs (CCAO). CAOs can over-
lap with cyclones, but not with fronts or MTAs (see Konstali et al., 2024, for a discus-
sion).

2.5 Comparing precipitation distributions to ERA5

To compare the precipitation to ERA5, we use a modified version of the Klinga-
man bins (Klingaman et al., 2017)

(1)

0.5

where b is the bin and ¢ is the bin number. We vary ¢ between 0 and 55, and divide the
interval into 300 bins to to enhance the resolution, particularly for the low intensities.
The resulting bins, b, span from 0.25mm/6hr to 80mm/6hr. The bins are designed such
that approximately the same number of events occur in each bin, which allows for eas-
ier comparison between observations and models with different resolutions (Klingaman
et al., 2017).
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2.6 Changes in precipitation

We perform a linear regression of precipitation onto global mean temperature for
all ensemble members, as recommended by Pfahl et al. (2017). Regressing the changes
onto temperature rather than considering different time slices removes the uncertainties
associated with the different warming levels and removes some of the internal variabil-
ity. In addition, regressing the changes onto the global mean temperature makes it straight-
forward to compare the result from CESM2 with other climate models and different forc-
ing scenarios, particularly because CESM2 has a relatively high climate sensitivity com-
pared to the other models (Gettelman et al., 2019).

Following Zappa et al. (2015), we decompose the changes in precipitation into con-
tributions from frequency and intensity

AP=AN-I,+AI-N,+AN-AI, (2)

where P is total precipitation, I is intensity, and N is the number of events. A denotes
the linear trend of the respective variable per degree of warming between 1950 and 2100
and the subscript h denotes the average of the respective quantity over the historical pe-
riod, which we set to be between 1950 and 1980. The decomposition in Equation (2) can
also be applied in relative terms and for each of the different precipitation categories.
Because the interaction term is small, we do not show it.

The intensity of total precipitation can either change due to an intensification of
the precipitation categories themselves (referred to as intensity-intensity, I7) or due to
relatively more precipitation falling within a category associated with relatively stronger
precipitation (referred to as intensity-frequency, Ir). We disentangle these contributions

into
k=9

Al = (Al Fu/Iio,) (3)
k=0

k=9

Alp = Z(AFk “n/Lior,) (4)
k=0

where we sum over all the weather categories (denoted by subscript k). I;s, is the to-
tal intensity irrespective of the precipitation categories and F' is the frequency of pre-
cipitation events.

3 Representation of current climate
3.1 Precipitation

The climatology of total precipitation is similar in CESM2 compared to ERA5 (Fig-
ure la,b, Figure 2a,b, and Figure S1), where current climate refers to the period between
1979 to 2014. However, in the North Atlantic, CESM2 overestimates precipitation com-
pared to ERA5 south of Iceland (30-50%) and the fine precipitation structure in ERA5
over the Gulf Stream is not evident in CESM2. Along the North Pacific stormtrack, the
total precipitation is slightly overestimated in DJF (10-15%) while it is underestimated
downstream of the southern flank of the stormtrack in JJA in the Northwest Pacific (30-
50%). In the Southern Hemisphere, CESM2 precipitates too much between 30°S to 60°S;
and while the bias is present in both seasons, it is most pronounced in JJA. In contrast,
precipitation is underestimated over much of the NH continents in summer, particularly
over the Great Plains in the US and over Europe. However, the overall largest biases are
in the tropics, particularly south of India and over Brazil.

Precipitation frequency is overestimated in the zonal mean at all latitudes in the
winter hemisphere and is slightly more variable in the summer hemisphere (Figure le,f
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and Figure 2e,f in addition to their respective panels). Note that because we use a rel-
atively high precipitation threshold (0.25 mm/6hr), we have most likely reduced the pre-
cipitation bias considerably (Catto et al., 2015). In the extratropics, the largest frequency
bias in the North Atlantic is found just south of Iceland, coincident with the overesti-
mation of the total precipitation. Here, precipitation occurs more than 80% of the time
in CESM2, but only 60% in ERA5 in DJF (Figure le,f). There is no similar bias in JJA.
Precipitation is also overestimated in the North Pacific and in the Southern Ocean, but
not as severely as in the North Atlantic for DJF. Over the subtropical oceans, the fre-
quency is underestimated in CESM2 by more than 50% compared to ERAS5, while there
are large positive and negative frequency biases close to the ITCZ, probably related to
double ITCZ biases.

In contrast to frequency, intensity is underestimated in the mean at all latitudes,
but most in the zonal mean at 35°N to 40°N in the NH in JJA (Figure 2¢,d) and at 30°
in DJF (Figure 1c,d). In the SH, the precipitation intensity is underestimated over the
entire South America, except along parts of the Andes in DJF. Although the intensity
is underestimated over large parts of both the North Atlantic and the North Pacific Ocean,
the intensity bias is most pronounced over the continents in the summer hemisphere. For
example, precipitation intensity over the Great Plains in JJA is underestimated by more
than Imm/6hr (corresponding almost 50%, Figure 2¢,d). Precipitation in this region is
mainly associated with mesoscale convective systems (Feng et al., 2019), which are known
to be poorly represented in climate models (Kooperman et al., 2014). The intensity is
also underestimated over the Alps, as well as most of Africa and Australia, both in DJF
and JJA, likely related to parameterized convection (Stevens & Bony, 2013) as well as
poorly resolved topography (i.e., Munday & Washington, 2018).

3.2 Weather feature climatology

Both the qualitative patterns of cyclones, fronts, and MTAs are well represented
by CESM2 in the extratropics for both seasons (see supplement for details). There are
too many cyclones, particularly in the high latitudes, and there are too many fronts. MTAs
are well represented in the stormtrack regions, where they represent moisture convergence
along cold fronts, similar to atmospheric rivers (Dacre et al., 2015; Spensberger et al.,
2024). Low-level jets (LLJ), such as the Great Plains LLJ from the Gulf of Mexico to-
wards the Great Plains and the South American LLJ on the eastern side of the Andes
are less clearly defined in CESM2 than in ERAS5.

There are larger biases associated with CAOs than the other features. In DJF, there
are large biases in both the North Pacific and the North Atlantic (Figure S2). The over-
all frequency of CAQOs is overestimated in CESM2, particularly south of Iceland and in
the Northwest Pacific. In contrast, the CAO frequency is underestimated both over the
Kuroshio extension as well as over the Gulf Stream (Figure S2). In JJA, there are no
CAOs in the NH, but the frequency is overestimated in the SH (Figure S3). That CAOs
are less well represented is most likely due to SST biases in CESM2 (Danabasoglu et al.,
2020). Furthermore, the maximum frequency bias of CAOs coincides with the location
of maximum precipitation frequency bias in the North Atlantic, indicating that this bias
can most likely be linked to CAOs occurring too frequently.

3.3 Precipitation attribution to weather features

The spatial distribution of precipitation attributed to weather features compares
well with ERA5 (Figure S2 and Konstali et al. (2024), their Figure 4). Considering the
entire precipitation distribution rather than aggregated results, we analyze how much
the different intensity bins of the precipitation distribution (Klingaman et al., 2017, Equa-
tion 1) contribute to the total precipitation in the different precipitation categories. Note
that the shape of the distribution is quite sensitive to the number of bins, but that the
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Figure 1. Comparison of ERA5 to the CESM2 in DJF (1979-2014) in terms of total precipi-

tation (a,b), average precipitation intensity of precipitation events exceeding 0.25 mm/6hr (c,d),
and frequency of precipitation events exceeding 0.25 mm/6hr (e,f). The panels on the right show
the zonal mean difference (denoted A.) between CESM2 and ERAS5 for total precipitation, inten-

sity and frequency.



manuscript submitted to JGR: Atmospheres

Total
Latitude

L

T T T
-25 0 25
Az[mm/month]

7l

150 200 250 300
Total precipitation [mm/month]

Intensity
T
o
Latitude

-05 0 05
A;[mm/6hr]

&
7_22

T
-0.1 0 0.1
A[Fraction]

Frequency
Latitude

0.0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9
Precipitation frequency [fraction]

Figure 2. As Figure 2, but for JJA.



301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

difference between CESM2 and ERA5 remains the same. We aggregate into latitude bands
to assess whether the precipitation characteristics associated with the different weather
features are comparable between CESM2 and ERA5 and to determine whether CESM?2
precipitates for the right reasons.

3.8.1 Midlatitudes (30°-60°)N/S

In CESM2, unclassified (U) is the most bottom-heavy precipitation distribution
in the midlatitudes, that is, the largest contribution to this category comes from inten-
sities below 1mm/6hr (Figure 3a). The mean precipitation in the unclassified category
is 0.9mm/6hr, which is slightly more intense within the categories for cyclones only (C,
1.1 mm/6hr), fronts only (F, 1.5mm/6hr), and MTAs only (A, 1.5 mm/6hr). The co-
occurrence of multiple weather features is associated with more intense precipitation, and

the most intense precipitation occurs when all three weather features overlap (CAF, 3.3mm/6hr).
CAF contributes most to precipitation in the midlatitudes (31%) followed by the co-occurrence

of MTAs and fronts (AF, 20%). Note that the thin, dashed lines on the right sides of
the contribution graph are the individual ensemble members and that the spread is gen-
erally very small.

Despite some biases in terms of both precipitation (Figure 1, Figure 2) and frequency
of features (Figure S2, S3), the different precipitation categories contribute similarly to
total precipitation in CESM2 and ERA5 (Figure 3a). The largest discrepancy is within
CAF, which contributes 31% in the total precipitation in CESM2, while only 28% in ERAS.
The mean precipitation intensity is underestimated in all the different categories, except
for CAOs, where precipitation intensity is overestimated. In contrast to Catto et al. (2015),
we do not find that precipitation associated with fronts is underestimated less than the
other precipitation categories. Rather, we find the intensity bias to be a systematic fea-
ture across all the precipitation categories.

3.3.2 Northern Hemisphere high latitudes (>60°N)

Precipitation intensity is generally smaller in the high latitudes compared to the
midlatitudes (Figure 3b). Most precipitation comes from cyclones only (C, 21%), followed
by unclassified (U, 15%). As in the midlatitudes, unclassified is the most bottom-heavy
precipitation category with an average precipitation rate of 0.6 mm/6hr. Relatively less
precipitation comes from CAF in the high latitudes compared to the midlatitudes, but
CAF is still associated with the most intense precipitation (2.1 mm/6hr).

While most precipitation comes from cyclones only (C) in both ERA5 and CESM2,
the contributions to total precipitation differ more in the Arctic than in the midlatitudes
(Figure 3b). Less precipitation comes from unclassified in CESM2 compared to ERA5
(15% compared to 21%), whereas relatively more is associated with cyclones and fronts
(CF, 20% compared to 15%) and cyclones, MTAs, and fronts (CAF, 19% compared to
15%). This discrepancy is consistent with the more frequent occurrence of fronts and MTAs
in high latitudes (Figure S2, S3). However, many of the additional fronts and MTAs are
associated with cyclones and precipitation, indicating that the detection of these weather
features is dynamically sound. Despite the comparable mean precipitation rate for to-
tal precipitation (1.2 mm/6hr in ERA5 vs 1.1 mm/6hrs in CESM2, rightmost contribution-
graph in Figure 3b), there are too many drizzle events (< 0.5 mm/6hr), mainly asso-
ciated with events occurring without any weather feature in CESM2 (Figure 3b, U).

3.3.3 Tropics (30°S-30°N)

The precipitation distributions in the tropics look vastly different from those in the
mid- and high latitudes in CESM2 (Figure 3c). Most precipitation is associated with MTA
only (A, 36%), followed by unclassified (U, 33%). Despite the relatively higher precip-
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itation intensities in the tropics in U compared to the mid- and high latitudes, U is still
the most bottom-heavy category in CESM2.

In general, there are larger biases in the tropics than in the other regions. More
precipitation is associated with fronts in ERA5 than in CESM2, related to the lower fre-
quency of fronts in the tropics (Figure S2, S3), though the precipitation attribution is
designed to work best in extratropics (Konstali et al., 2024).

4 Projected precipitation changes

As CESM2 has proved to simulate precipitation, weather features, and the precip-
itation associated with the weather features reasonably well, CESM2 appears to be a suit-
able tool to investigate precipitation changes from a weather perspective. Analyzing pre-
cipitation from a weather perspective has the advantage that we are able to link the pre-
cipitation changes directly to the weather features causing the change, thus obtaining
a more mechanistic understanding of the precipitation changes.

4.1 DJF

Globally, precipitation increases by 1.5%/K in CESM2, which is on the lower end
of the range of the expected precipitation change (Held et al., 2006). However, the spa-
tial pattern of the change is highly variable (Figure 7a). The midlatitude dry regions fea-
ture a drying, consistent with the results from the CMIP6 models (Douville et al., 2023),
while the midlatitude stormtrack, as well as the continents, show a general wettening.
This pattern is consistent with the dry-get-drier-wet-get-wetter paradigm that explains
the projected pattern of precipitation over the ocean (Allan et al., 2010; Chou et al., 2013).
The exception is the ”"North Atlantic Warming Hole” (i.e., Drijfhout et al., 2012; Ger-
vais et al., 2019) between Greenland and Iceland, within which precipitation is projected
to decrease.

The precipitation change can be decomposed into the contributions from intensity
and frequency using Equation (2). The regions where the total precipitation trend is neg-
ative coincides with the negative frequency trend, consistent with Polade et al. (2014)
(Figure 4c). In general, the frequency trend is negative over much of the SH and over
the NH oceans, whereas it is positive in the tropics, over the NH continents, and in the
high latitudes.

In contrast to frequency, the intensity contribution is positive everywhere in DJF
over land, while it is negative over most of the subtropical oceans (Figure 4b). Within
the NH stormtrack, the changes in intensity contribute more to the total change in pre-
cipitation compared to the changes in frequency (from 3 to 5%/K compared to from -

3 to 1%/K). The exception is the North Atlantic Warming Hole, where both changes in
intensity and frequency contribute approximately equally to the negative change. While
the intensity contribution is positive almost everywhere in the high latitudes, it is neg-
ative over the Atlantic sector in the Arctic, where it decreases between -5% /K to -3%/K.

4.2 JJA

The global mean change in precipitation varies little between JJA and DJF, but
the spatial pattern differs (Figure 4d). In JJA, the drying trends extend over most of
Europe up to 60°N and far into Russia. However, exactly how far north the drying will
extend in Europe is uncertain (Ritzhaupt & Maraun, 2023). North America, Canada,
and the Great Plains become drier, whereas the precipitation increases in Western North
America and in some regions around the Gulf of Mexico.
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Figure 3. Contribution of respective intensity bins in the different categories to the total pre-
cipitation (irrespective of categories) in a) the midlatitudes, b) the NH high latitudes, and c) the
tropics. The left distribution is ERA5, and the right is the CESM2-LE. Note that the total dis-
tribution is on a different x-axis and that the y-axis is logarithmic. Black horizontal lines within
distributions mark the mean precipitation within the category, and the number above gives the
mean intensity, while the gray line gives the 99.9th percentile. The thin black curve within the
distribution is the difference between the CESM2-LE and ERAS5 distributions, while the dashed
curves on the right side of the distribution mark the different ensemble members. The number on
the top gives the contribution from the different categories to the total precipitation for ERA5
(left) and CESM (right). CAO is precipitation in Cold Air Outbreaks, CCAO precipitation oc-
curring within CAOs and cyclones, U is unclassified, C is cyclones only, F is fronts only, A is
MTAs only, CF is cyclones and fronts, AF is MTAs and fronts, CA is cyclones and MTAs and
CAPF is cyclones, MTAs and fronts.
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Similar to DJF, the decrease in frequency contributes most to the negative change
in the NH midlatitudes (Figure 4f). The exception is Western North America and the
Gulf of Mexico, where the total precipitation is increasing, concomitant with an increase
in frequency.

The changes in intensity, on the other hand, are positive almost everywhere, ex-
cept for the southernmost part of the North Atlantic and in the subtropical SH (Figure 4e).
Over most of the North Atlantic, there is a decrease in both frequency and intensity. This
is in contrast to the North Pacific stormtrack, where most of the increase in precipita-
tion is due to an increase in the intensity of precipitation. In general, the intensity con-
tribution is smaller than that of frequency, consistent with Polade et al. (2014).

5 Changes in the frequency of occurrence of weather features

As different weather features are associated with different precipitation intensities
(Figure 3), changes in the frequency of occurrence of the weather features can have an
impact on the total precipitation change. We thus first discuss trends in the occurrence
of weather features and then relate them to precipitation trends in section 6.

Along the North Atlantic stormtrack in DJF, the cyclone occurrences increase over
the British Isles (> 1%/K) while the number decreases over the Mediterranean (-1.5%/K
to -1%/K, Figure 5a). Our results are largely consistent with Zappa et al. (2013), ex-
cept that we do not find a decrease in cyclones close to Greenland. Akperov et al. (2019)
found a large model spread in cyclone trends in the region. In the North Pacific storm-
track and in the SH, cyclone occurrence shifts poleward, while the North Atlantic shows
an extension of the stormtrack into Europe, consistent with Priestley and Catto (2022)
(Figure 5a). In JJA, the number of cyclones decreases in the North Atlantic (-1.5%/K
to -0.5%/K), but increases in the North Pacific (0.5%/K, Figure 5b).

In the NH in DJF, the frequency of fronts increases everywhere (Figure 5¢), with
the largest increase occurring just off the coast of the British Isles, consistent with the
maximum increase in cyclone frequency (Figure 5a). The frequency of fronts increases
less in the North Pacific than in the North Atlantic, whereas the frontal frequency in-
creases everywhere in DJF in the SH midlatitudes.

In JJA, in contrast, the frequency of fronts decreases off the coast of West Antarc-
tica, while it slightly increases everywhere else in the SH (Figure 5d). In the NH, fronts
become more frequent everywhere except for a decrease over central North America. The
largest increase in front frequency occurs along the coastlines in the summer hemisphere.
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This is most likely related to the thermal inertia of the ocean, with the land warming
faster, increasing the existing land-sea contrast.

That fronts are predominately increasing is in contrast to Catto et al. (2015), who
found the frequency of fronts to decrease. However, the overall number of our detected
front objects in the midlatitudes does not change (not shown). Thus, the increase in the
frequency of fronts is related to fronts becoming larger or more elongated. As Catto et
al. (2015) considered fronts as lines and not areas, their method would be less sensitive
to an increase in size, unless fronts become substantially longer rather than wider. Fur-
thermore, as Catto et al. (2015) considered annual mean changes, our results are not di-
rectly comparable.

The occurrence of MTAs decreases south of Iceland with increasing global mean
temperatures, while it increases over Europe and into Russia in DJF (Figure 5e¢). There
seems to be a poleward shift of the MTA frequency in the North Pacific and the SH storm-
tracks, consistent with the poleward shift of cyclones (Figure 5a,e).

In JJA, MTAs show a substantial increase in frequency in the Arctic (2%/K), most
likely due to the increasing moisture content (Figure 5f). However, there is a narrow band
of decreasing frequency extending diagonally from Florida to the British Isles. Such a
pattern is not visible in the North Pacific, where MTAs increase everywhere poleward
of 30°N. The difference in response in MTAs could potentially be related to the differ-
ence in cyclone frequency changes between the North Atlantic and North Pacific in JJA
(Figure 5b).

Although there are quite large changes in the MTAs, the pattern is mainly an am-
plification of the existing pattern (Figure S2, S3). The relative changes are small, par-
ticularly over the stormtrack regions where MTAs are frequent (not shown). The changes
in MTAs are consistent with the calculated changes in frequency of atmospheric rivers
using the TECA-BARD algorithm (O’Brien et al., 2020), whereas AR detection algo-
rithms using an integrated water vapour threshold show a more uniform increase every-
where (O’Brien et al., 2022).

Of all the weather features we consider, CAOs change the most (Figure 5g,h). The
frequency decreases by more than 2% /K in DJF over much of the North Atlantic and
North Pacific and the frequency moves poleward as the sea ice edge retreats (Figure 5g).
Thus, CAOs become more frequent in areas that are currently ice-covered. A similar pat-
tern is also visible in the SH in JJA, where CAOs move poleward as the sea ice edge re-
treats (Figure 5h).

6 Linking precipitation changes to weather features

6.1 Changes in precipitation intensity due to changes in occurrence or
intensity of weather features

The intensity of total precipitation (irrespective of the precipitation categories) can
occur in two ways: Either precipitation in the different categories becomes more intense,
or there is a shift in which categories contribute to the total precipitation. We refer to
the former as the intensity-intensity, and the latter as intensity-frequency, and calculate
their contributions as in Equation 3 and Equation 4. As the different categories are as-
sociated with different mean intensities (Figure 3), a shift in the contribution of the cat-
egories can cause a change in precipitation intensity, despite no changes in precipitation
intensity within the categories.

In DJF, there is an intensification of precipitation within the respective precipi-
tation categories (intensity-intensity) over much of the NH continents (Figure 6a). In
contrast, over the subtropics, intensity-intensity mostly decreases. A decrease in the sub-
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Figure 6. The contribution to total intensity change from changes in intensity-intensity in
DJF (a) and JJA (c) and from intensity-frequency in DJF (b) and JJA (d).

tropical intensity-intensity is consistent with Scheff and Frierson (2012), who found that
the precipitation intensity decrease was due to the dynamic contribution associated with
the expansion of the Hadley cell.

In comparison to intensity-intensity, the intensity-frequency contribution to inten-
sity changes has a smaller spatial variability in DJF (Figure 6), with a positive contri-
bution to the intensity increase (between 1%/K and 3%/K) over much of the stormtrack
regions. Northward of 60°N, the intensity-frequency contributes negatively to the change,
and the decrease is particularly strong at the northernmost edge of the Barents Sea, east
of Greenland, and over the Bering Strait, where it decreases between -5%/K and -3%/K.
A decrease in the intensity-frequency indicates that the weakly precipitating categories
are projected to contribute more to the precipitation in the future. In the high latitudes,
this implies an increase in the unclassified (U) or cyclones only (C) categories and a de-
crease in the contribution from the combined categories, for example CAF (Figure 3).

The most notable difference between JJA and DJF is that the intensity-intensity
decrease in JJA is more widespread over the continents (Figure 6). Intensity-intensity
decreases over the North Atlantic and the Mediterranean, whereas it increases poleward
of 30° in the North Pacific, probably also related to the expansion of the Hadley cell (Scheff
& Frierson, 2012), while the decrease over Eastern North America may be related to the
decreasing frequency of fronts and cyclones (Figure 5b,c).

The intensity-frequency is generally positive, also in JJA (Figure 6). Unlike in JJA,
the contribution from intensity-frequency is positive in the Arctic, indicating that in win-
ter, more precipitation is associated with the combined categories rather than cyclones
only (C) or unclassified (U) (Figure 3). Similar to the Arctic in DJF, intensity-frequency
contributes negatively along the coast of Antarctica.

6.2 Midlatitudes
6.2.1 Ocean

In DJF, most of the positive precipitation change over the North Atlantic is caused
by the co-occurrence of cyclones, MTAs and fronts (CAF, Figure 7j). MTAs and fronts
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(AF) contribute the second-most, but the maximum contribution is displaced equator-
ward off the maximum contribution of CAF. Thus, the precipitation categories that con-
tribute the most to precipitation in the current climate also contribute the most to the
change in precipitation (Figure S4), consistent with Utsumi et al. (2016). On the other
hand, MTAs only (A) and cyclones and MTAs (CA) contribute negatively to the pre-
cipitation changes, in line with the more frequent occurrence of fronts (Figure 7). Over
the North Atlantic Warming Hole, where total precipitation is decreasing, the bulk of
the decrease occurs in the CAO category (Figure 7). A decrease in CAO precipitation

is consistent with Gervais et al. (2020), who found that the decrease in precipitation in
the North Atlantic Warming Hole is associated with a decrease in fluxes and lower SST.

The pattern is relatively similar in the North Pacific stormtrack in DJF, with CAF
and AF contributing to the bulk of the precipitation increase (Figure 7i). However, there
is a clear poleward shift in the contributions from CAF and AF consistent with the pole-
ward shift of the stormtrack. The categories for cyclones only (C), cyclones and MTAs
(CA), and MTAs only (A) show a decrease in the North Pacific, while CAO decreases
over the Kuroshio extension.

Along both NH stormtracks, there is a projected decrease in the frequency of pre-
cipitation and an increase in intensity, of which a substantial fraction is due to the intensity-
frequency contribution in DJF (Figure 6a,b). The intensity-frequency contribution is con-
sistent with the increased contribution from CAF, as well as a decrease from CA, A, and
C, as CAF is associated with relatively more intense precipitation (Figure 3). In addi-
tion, the CAF and AF intensities increase by 3-5%/K over much of the NH stormtracks
(Figure S6).

The change in the SH stormtrack is very similar to the North Pacific, but there is
little seasonality. The bulk of the change is due to changes in CAF and AF. Similar to
the North Pacific, most of the CAF and AF increase occurs poleward of the historical
maxima, consistent with the poleward shift of the SH stormtrack. C and A contribute
negatively to the change. There is a larger increase in CAF and AF in JJA than in DJF
(Figure 7, Figure 8), but the intensity change is similar between the seasons, indicating
that the difference between seasons mainly stems from changing frequency (Figure S8j,
S10j).

Unlike in the SH stormtrack, there are large seasonal differences in the NH storm-
track, particularly in the North Atlantic (Figure 8). The total precipitation decrease is
much more widespread in JJA than in DJF in the North Atlantic. Most of the decrease
comes from a decrease in frequency (-4%/K), although there is also a decrease in inten-
sity over the North Atlantic (-0.4%/K, Figure 4e,f). The largest contribution to precip-
itation in the present climate comes from CAF and AF (Figure S4), but CAF contributes
negatively to the projected precipitation change, consistent with the decrease of cyclones
(-1.5%/K, Figure 5b). The decrease in CAF is partly compensated by an increase in AF.
Nonetheless, the precipitation in the categories related to cyclones decreases in the North
Atlantic, yielding a net precipitation decrease (-3.6%/K). The difference in the frequency
change of cyclones between DJF and JJA in the North Atlantic seems to explain almost
the entire difference in the seasonality of the precipitation changes.

In contrast to the North Atlantic, both CAF and AF increase in the North Pacific
in JJA (Figure 8), but there is no poleward shift of the contribution, unlike in DJF. Changes
in CAF along the North Pacific stormtrack are associated with both frequency and in-
tensity (6.5%/K and 4.6%/K, respectively, Figure S8, S9). The category for cyclone and
front (CF) contributes substantially to the total precipitation change (15%), but mainly
south of the maximum contribution from CAF. In fact, some of the precipitation asso-
ciated with CAF and AF occurs south of 30°N. This precipitation is likely associated
with tropical cyclones (TC), which we do not explicitly detect in our analysis (see Kon-
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Figure 7. The absolute change in precipitation from the different categories in DJF.

stali et al., 2024, for a discussion). An increase in TC precipitation in this region is con-
sistent with Utsumi et al. (2017).

6.2.2 Mediterranean and continents

Downstream of the stormtrack and over the continents in DJF, precipitation as-
sociated with cyclones, MTAs, and fronts (CAF, AF) increases (Figure 7). CAF and AF
contribute most to the precipitation change in Europe (72% and 40%, respectively), mainly
due to an increase in frequency (15%/K, Figure S7). The precipitation increase in West-
ern North America is mainly due to AF (figure 7f), which increases in Western North
America both in terms of frequency and intensity (6%/K and 3%/K, respectively, Fig-
ure S6, S7).

In contrast, in JJA, precipitation decreases over most of the NH continents, except
for east Asia, Western North America, and around the Gulf of Mexico (Figure 4d). The
decrease is mainly due to the decrease in the frequency of precipitation, which decreases
everywhere where the total precipitation decreases (Figure 4f). Most of the decrease over
North America and Russia is linked to a decrease in cyclones only (C), cyclones and fronts
(CF), cyclones, MTAs, and fronts (CAF), and unclassified (U), while the decrease over
Europe is mostly due to C (Figure 8a). In Western North America, where precipitation
is increasing, both the frequency and intensity of CAF and AF contribute positively to
the precipitation change in JJA (Figure 8).

The negative precipitation trend over the Mediterranean in DJF is mainly due to
a decreasing trend in cyclones (Figure 5a), consistent with Zappa et al. (2015). The fre-
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Figure 8. As Figure 7, but for JJA.

quency of cyclones entering the Mediterranean decreases with 0.5% /K (Figure 5a), lead-
ing to cyclones only (C) precipitation occurring almost 20%/K less often (Figure S10).

Whereas cyclones contribute most to the decreasing trend in DJF, unclassified (U)
decreases the most in JJA in the Mediterranean (Figure 8). Given that the precipita-
tion in U around the Mediterranean is mostly convective, the decrease in U can mainly
be explained by a widening of the subtropical high and associated mean subsidence (Laua
& Kim, 2015), yielding an increase in static stability and convective inhibition (CIN) in
a future climate (Dai et al., 2020). As unclassified is not associated with strong exter-
nal forcing, locally forced convective events may not be able to overcome the increased
CIN and increased stability, yielding a decrease in the frequency of unclassified precip-
itation events.

6.3 High Latitudes

Precipitation increases by almost 17%/K poleward of 60°N in DJF, making it one
of the fastest-increasing regions worldwide (Figure 4a,d). Cyclones only (C) and unclas-
sified (U) precipitation contribute to almost 70% of the total change in the high latitudes
and are thus both dominating precipitation in the current climate and the projected change.
Most of the change in U and C is associated with an intensity change (Figure S6). The
occurrence of relatively more precipitation within these two weakly-precipitating cate-
gories (Figure 3) is consistent with the decrease in intensity-frequency poleward of 60°N
in DJF (Figure 6) and likewise consistent with the general increase in the number of cy-
clones poleward of 60°N in DJF (Figure 5a).
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In JJA, most of the precipitation increase stems from the CAF and AF categories,
while relatively less occurs within C and U (Figure 8a,j,i). Most of this increase is due
an increase in their frequency (Figure S10), consistent with a more frequent occurrence
of both fronts and MTAs intruding into the interior Arctic (Figure 5d,f).

7 Summary and concluding remarks

We analyzed precipitation in 10 ensemble members of CESM2-LE and attributed
it to cyclones, fronts, moisture transport axes (MTA), and cold air outbreaks (CAOs),
as well as their combinations. Qualitatively, CESM2 captures the precipitation patterns
well, but the model precipitates too often and too little. CESM2 places the weather fea-
tures mostly in the correct locations with frequencies similar to ERA5, but particularly
CAQOs are associated with substantial biases. Some of the precipitation bias can be di-
rectly linked to biases in the representation of weather features. For instance, the too
frequent occurrence of CAOs south of Iceland is associated with a large precipitation fre-
quency bias.

Despite these issues, CESM2 performs well in capturing the precipitation charac-
teristics of the different precipitation categories as well as the differences between regions.
The different precipitation categories contribute approximately the same towards the to-
tal precipitation compared to ERA5, but the mean intensity is underestimated across
all the categories. This points to a systematic bias; but unlike Catto et al. (2015), who
found frontal precipitation intensity to be less underestimated, we find all categories to
be approximately equally underestimated. Our results might still be consistent with Catto
et al. (2015) when considering the varying average intensities per category. In CESM2,
more frontal precipitation is part of the CAF category, which on average precipitates much
more than the other frontal categories, thus decreasing the bias in frontal precipitation
intensity.

The contribution from the frequency decrease dominates the regions where the over-
all precipitation trend is negative, consistent with Polade et al. (2014). In contrast, the
intensity change is mainly positive. However, because different weather features are as-
sociated with different mean intensities, a shift in the dominant category could lead to
an apparent intensity increase, despite there being no intensification of the individual
categories. We find this contribution, which we term intensity-frequency, to contribute
more than 50% of the total intensity change along the stormtracks, with the contribu-
tion predominately being positive. This indicates a shift towards a larger contribution
from the relatively more intensely precipitating categories, in addition to the categories
themselves intensifying.

In the stormtrack region, precipitation associated with cyclones, MTAs, and fronts
(CAF) contributes most to the projected precipitation change. As CAF is the most in-
tensely precipitating category, an increase in the contribution from CAF is consistent
with the positive intensity-frequency trend. MTAs and fronts (AF) contribute the sec-
ond most to the precipitation change. The changes in CAF and AF are mainly due to
changes in their frequency. On the other hand, cyclones only (C), MTAs only (A), cy-
clones and MTAs (CA), and unclassified (U) all contribute negatively to precipitation
changes over the stormtracks, both in JJA and DJF. Thus, despite there being fewer cy-
clones, more of these cyclones co-occur with MTAs and fronts.

Over the continents, frequency trends are negative in the summer season and pos-
itive in the winter season (at least poleward of 40° NH in DJF). The intensity increase
is mainly positive over the continents in DJF. Downstream of the stormtracks, CAF and
AF contribute the most to precipitation. Overall, our findings are consistent with Utsumi
et al. (2016), who found that features that contribute the most to precipitation in the
current climate also contribute most to the projected precipitation changes.
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646 As we have only used one climate model, the question of whether all CMIP6 mod-
647 els simulate the precipitation characteristics with the different weather features equally
648 well remains. Furthermore, the results may be sensitive to the feature detection algo-
649 rithms used, as pointed out by Shields et al. (2023) for the different atmospheric river
650 detection algorithms.

651 Our results show that the different precipitation categories respond differently to

652 the projected climate changes. This suggests that, in addition to the availability of mois-
653 ture, other factors determine how efficiently the different weather systems produce pre-

654 cipitation. While this study focused on changes in mean precipitation, future work should
655 entail changes across the entire distribution, as extreme precipitation is expected to in-

656 crease more than the mean.

657 8 Open Research

658 The CESM2-LE ensemble members are available in the Climate Data Gateway at

659 NCAR https://www.earthsystemgrid.org/dataset/ucar.cgd.cesm2le.atm.proc

660 .6hourly_ave.html and https://www.earthsystemgrid.org/dataset/ucar.cgd.cesm2le
661 .atm.proc.3hourly_ave.html. All feature detection algorithms as well as the attribu-

662 tion method can be found in Dynlib (https://zenodo.org/records/10471187; Spens-
663 berger, 2024).
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