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ABSTRACT: Extratropical cyclones are responsible for most precipitation falling north of 40°N, especially in winter.
Greater moisture availability in a warmer world is expected to boost the intensity of cyclone-associated precipitation
(CAP), but how changes in cyclone frequency and intensity impact this trend is uncertain. Here, we use two atmospheric
reanalyses and 18 climate models participating in phase 6 of the Coupled Model Intercomparison Project (CMIP6) to up-
date projections of future CAP. Models project that nearly the entire Northern Hemisphere exhibits increasing winter
CAP with continued warming [by at least 5% (1°C) " global warming throughout, and over 30% in the Arctic and eastern
Asia). Summer CAP increases over the Pacific Ocean (2%-10%) and Arctic (up to 20%) but decreases over midlatitude
continents and the Atlantic Ocean (exceeding 20% in places). These outcomes result from the relative balance between
two overarching and often opposing trends: Extratropical cyclones (and therefore CAP events) become less frequent
(except in the Arctic), but the average event produces more precipitation in the future (especially by more intense precipi-
tation rates). Historically, CAP intensity trends are driven more by moisture availability than cyclone intensity (i.e., stron-
ger winds); projections indicate future CAP intensity enhancement will be driven almost entirely by moisture availability.
The strongest CAP trends historically are increases on the west side of the midlatitude oceanic storm tracks, but projec-
tions indicate that the Arctic Ocean will exhibit the strongest positive future trends because of exceptional increases in
moisture availability combined with little change to storm frequency or intensity.

SIGNIFICANCE STATEMENT: Large storms called extratropical cyclones are responsible for most precipitation
falling in the midlatitudes and the Arctic, especially in winter. We examined 18 state-of-the-art climate models to up-
date projections of how precipitation associated with these storms is likely to change with continued global warming.
Overall, two dominant trends were that there are fewer storms in the future and that typical storms produce more pre-
cipitation in the future than today. These trends counteract each other. In winter, the trend toward more intense precip-
itation wins out, so storm-associated precipitation increases nearly everywhere. Notably, increased precipitation
intensity is not related to the strength of the storms. Instead, the increase occurs almost entirely because of greater
evaporation as the world warms.

KEYWORDS: Northern Hemisphere; Extratropical cyclones; Precipitation; Climate models

1. Introduction enhanced evaporation, especially in the subtropics (Wentz et al.
2007; Liu and Allan 2013), greater poleward moisture transport
(Held and Soden 2006; Rinke et al. 2019), and greater precipita-
tion, including in the Arctic (Rawlins et al. 2010; Liu and Allan
2013). However, radiative cooling at the top of the atmosphere
provides an energetic constraint on condensation, and therefore

The intensification of the water cycle is a well-known atmo-
spheric response to modern global warming (Bengtsson et al.
2011; O’Gorman et al. 2012; McCrystall et al. 2021; Allan et al.
2022). The Clausius—Clapeyron relationship shows a 7% increase
in atmospheric water-holding capacity per degree of warming
(Trenberth et al. 2003; Liu and Allan 2013), leading to an intensi- ~ Precipitation trends (Pendergrass and Hartmann 2014; Pithan

fication of the hydrological cycle. This intensification comprises ~ and Jung 2021). Consequently, global precipitation does not
increase as rapidly as the atmosphere’s water-holding capac-

ity (Allan et al. 2022), especially in model simulations (Wentz

et al. 2007; Lorenz et al. 2010; O’Gorman and Muller 2010).
~ ©@Denotes content that is immediately available upon publica- For the mid- and high latitudes, the role of extratropical cy-
tion as open access. clones is essential to understanding any observed or projected
precipitation trend (Villamil-Otero et al. 2018; Naakka et al.
& Supplemental information related to this paper is available at ~ 2019; Fearon et al. 2021). Indeed, precipitation associated
the Journals Online website: https://doi.org/10.1175/JCLI-D-24-  with extratropical cyclones [hereafter “cyclone-associated
045351 precipitation (CAP)”] accounts for over 80% of the precipita-
tion in the North Pacific and North Atlantic storm tracks
Corresponding author: Alex Crawford, alex.crawford@ (Hawcroft et al. 2012) and 74% of the annual poleward mois-

umanitoba.ca ture flux at 70°N (Fearon et al. 2021).
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Most studies of CAP trends have identified an increase in
CAP in response to global warming, in line with the overall
intensification of the water cycle (Finnis et al. 2007; Crawford
and Serreze 2017; Yettella and Kay 2017). They also some-
times decompose such trends into “thermodynamic changes”
(related to the Clausius—Clapeyron relationship) and “dynamic
changes” (related to changes in cyclone frequency or intensity).
Dynamic changes may reinforce, counteract, or even overwhelm
thermodynamic changes. Finnis et al. (2007) found that the ther-
modynamic increase in Northern Hemisphere CAP in a future
simulation by the Community Climate System Model was par-
tially offset by a decline in cyclone frequency. Later studies
with the Community Earth System Model Large Ensemble
found that, in strong warming scenarios, thermodynamic fac-
tors dominate dynamic ones in driving simulated precipita-
tion trends throughout the Arctic and the Icelandic low region
(Crawford and Serreze 2017; Yettella and Kay 2017). By con-
trast, Oh et al. (2020) found dynamic factors to be dominant in
forcing CAP trends in both a set of models from phase 5 of
the Coupled Model Intercomparison Project (CMIP5) and
in dynamically downscaled projections from version 2 of the
Canadian Earth System Model. Their projections showed in-
creasing winter CAP around the Aleutian low associated with
increased storm frequency and intensity and decreasing winter
CAP around the Icelandic low associated with decreased storm
frequency and intensity. Similarly, Stroeve et al. (2011) attrib-
uted a 10-yr increase in autumn Arctic CAP in the early 2000s
to more frequent and intense storms. Reconciling these oppos-
ing conclusions may require a more detailed decomposition
of the drivers of CAP. Additionally, since most prior work
has used the same family of models, addressing the same ques-
tions with the larger (and newer) set of CMIP6 climate models
may also improve confidence in projections.

In this study, we advance our understanding of the future
of CAP in three ways. First, we employ an ensemble of 18 cli-
mate models participating in CMIP6, which have shown im-
proved ability to simulate Northern Hemisphere -cyclones
compared to prior modeling efforts (Harvey et al. 2020; Priestley
et al. 2020; Song et al. 2021). Second, we evaluate the consistency
of trends between historical observations (from an atmospheric
reanalysis) and the CMIP6 projections. Third, we decompose
historical trends and future projections of CAP in more detail
than previous work, assessing the relative importance of CAP
intensity, event frequency, and average event duration. Trends
in CAP intensity are further decomposed into trends in mois-
ture availability and cyclone intensity, and trends in total CAP
hours are further decomposed into trends in cyclone hours and
CAP probability (the ratio of hours with CAP to hours of cy-
clone activity). These decompositions provide deeper insight
into the relative importance of the various factors driving CAP
changes.

Using these advancements, we address the following re-
search questions:

1) How has CAP changed in the recent past (1979-2021),
and how will it change under future warming?

2) What are the contributions to this trend from CAP inten-
sity, frequency, and duration?
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3) What are the contributions to trends in CAP by thermo-
dynamic and dynamic factors?

2. Data
a. ERAS5 and MERRA-2

ERAS is the fifth major global reanalysis produced by the
European Centre for Medium-Range Weather Forecasts
(Hersbach et al. 2018, 2020) and has been used extensively to
study the climatology of extratropical cyclones (e.g., Rohrer
et al. 2020; Vessey et al. 2020; Hu et al. 2023), the global water
cycle (e.g., Allan et al. 2022; Sun et al. 2022), and interactions
between them (Papritz et al. 2021; Crawford et al. 2022;
Serreze et al. 2022). Downloaded fields have an hourly tem-
poral resolution and 0.25° X 0.25° spatial resolution. Sea
level pressure is used for cyclone detection. The sea level
pressure gradient and zonal and meridional winds at 850 hPa
are used for cyclone intensity. Total and large-scale precipita-
tion are used for the CAP analysis. Trends focus on the re-
cent past (1979-2021).

Although modern reanalyses show good consistency in
Northern Hemisphere extratropical cyclone trends since 1979
(Vessey et al. 2020), precipitation trends vary (C. Li et al.
2021). To ensure that observational CAP trends are robust,
we repeat all observational analyses with the Modern-Era
Retrospective Analysis for Research and Applications, ver-
sion 2 (MERRA-2; Gelaro et al. 2017). In a comparison of
five reanalyses, ERAS and MERRA-2 were the best match to
the observational Global Precipitation Climatology Project
monthly analyses (C. Li et al. 2021). ERAS is used as the pri-
mary data source here because (i) differences with MERRA-
2 are relatively minor and (ii) ERAS slightly outperforms
other reanalyses at matching in situ observations of precipita-
tion at high latitudes (Barrett et al. 2020; Loeb et al. 2022), al-
though MERRA-2 is better in the subtropics (C. Li et al.
2021).

b. CMIP6

For making projections of future CAP, we used the historical
and shared socioeconomic pathway (SSP5-8.5) experiments
from CMIP6. “SSP5-8.5” stands for a “shared socioeconomic
pathway,” in which radiative forcing relative to the preindustrial
climate is about 8.5 W m~2 by 2100. This experiment provides
the broadest array of global annual temperature anomalies and
the most available models of all SSPs. Sea level pressure (“psl”)
was available every 6 h for both experiments in 18 climate mod-
els (Table S1 in the online supplemental material). Cumulative
total (“tp”) and large-scale (“Isp”) precipitation were available
every 3 h for 13 models and every 24 h for the other five. For
calculating global annual temperature anomalies, the monthly
surface air temperature (“tas”) was also acquired. Although
models with higher spatial resolution have been shown to yield
regional cyclone characteristics that better match atmospheric
reanalyses (Song et al. 2021; Crawford et al. 2023), our results
did not prove sensitive to spatial resolution for CAP trends.
Therefore, we present a simple multimodel mean derived from
a single run (“r1”) of each model in sections 4 and 5. Note that
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all following methods are applied separately to each model
prior to calculating the multimodel mean, which is always the
last processing step.

3. Methods
a. Cyclone detection and tracking

Synoptic-scale cyclones are identified and described using the
Centre for Earth Observation Science (CEOS)/NSIDC extra-
tropical cyclone tracking algorithm (Crawford et al. 2021),
which detects extratropical cyclones as local minima in sea level
pressure (i.e., grid cells must be lower pressure than all other
cells within 200 km) on a pole-centered Lambert’s azimuthal
equal-area grid. Cyclone detection is conducted at 3-h tempo-
ral resolution and 25-km spatial resolution in ERAS, a
3-h (100 km) ! in MERRA-2, and a 6-h (100 km) ~! resolu-
tion for CMIP6. Only minima for which the average pressure
difference between the low pressure center and the ring of grid
cells 900-1000 km away is at least 7.5 hPa are kept as “cyclone
centers.” Elevations over 1500 m are masked, and cyclone area
is initially defined as the highest isobar for which no sea level
pressure maxima and just a single cyclone center is enclosed.
Next, cyclone centers are combined as multicenter systems if
(i) they lie within 1200 km of each other and (ii) combining
them would at least double the area enclosed (relative to the
larger cyclone).

For tracking a cyclone center between two times (e.g., #
and ), a predicted location (%,) is calculated based on past
propagation when available (if not, £, = x, ). The cyclone cen-
ter from ¢, that is closest to %, is considered a continuation of
the given track with one caveat: Cyclone centers are not per-
mitted to travel faster than 150 km h™'. If no cyclone center
from 1, is within 150 km h™! of x;, cyclolysis occurs. Only cy-
clones that meet the following criteria are considered for fur-
ther analysis:

1) Lifespan is at least 24 h.

2) Track length is at least 1000 km.

3) The cyclone is observed at an elevation less than 500 m at
least once.

4) The cyclone is observed at least 500 km away from its
genesis point at least once.

These criteria remove spurious systems that arise from arti-
facts around areas of complex topography and stationary heat
lows.

b. CAP

CAP is calculated following Crawford and Serreze (2017).
First, for each 3-h or 6-h period, contiguous areas for which
large-scale precipitation exceeds a rate of 1.5 mm day ! are
identified. If the temporal resolution is finer for the precipita-
tion data, then the precipitation is summed so that the instanta-
neous cyclone observations lie at the middle of the precipitation
summation period (e.g., for some CMIP6 models, 3-h precipita-
tion totals ending at 1200 and 1500 UTC are both assigned to
6-h cyclone data at 1200 UTC). For the CMIP6 models with

daily precipitation data, the precipitation rate is assumed to be
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constant for the entire day. Second, the total precipitation (in-
cluding large-scale and convective) from a precipitation area is
assigned to a cyclone if either (i) the precipitation area inter-
sects the cyclone area or (ii) the nearest part of the precipitation
area lies within 250 km of the cyclone center. Third, if one pre-
cipitation area is associated with multiple cyclones, the precipi-
tation area is partitioned, with each grid cell assigned to the
nearest cyclone center.

¢. Decomposition of CAP trend

The sum of CAP (mm) received by a grid cell over the
course of any period is equal to the product of the average
CAP intensity (R; mm h™ '), the number of CAP events
(N; events), and the average event duration [D; h (event) ']

[Eq. (D]:
CAP=R X N X D. (1)

Total CAP in some future period (CAP[) can be described
as total CAP in the present period (CAP p) plus the difference
in CAP between the two periods (ACAP). Likewise, the rela-
tive importance of a change in a component variable to a
change in CAP between a present P and future F period can
be estimated by decomposing the future value of each compo-
nent into the present value plus some change. Altogether, this
yields the following equation:

CAP, = CAP, + ACAP = (R, + AR)
X (N, + AN) X (D, + AD). @)

The expansion of Eq. (2) comprises eight terms, including
the present CAP value (CAPp), and four interaction terms.
Because the interaction terms together comprise only a small
fraction of the overall change in CAP, they are collected into
a single “error” term FE, and the total change in CAP is de-
composed as

CAP, — CAP, = ACAP = N,D,AR
+ R,D,AN + R,N,AD + E. 3)

For ERAS trend decompositions, the change for each vari-
able (e.g., R) is determined by calculating a linear trend (e.g.,
Br) for 1979-2021 and multiplying by At = 10 years to repre-
sent a change over one decade, for example:

AR = Arg. 4

Relative differences are calculated in reference to average
CAP 1979-2021, so, for example, a relative impact of a change
in CAP intensity AR+ to CAP is reported as

N,D AR
AR =L P~ % 100%.
CAP, 00% 5)
For each CMIP6 model (i), the linear trend of each variable
(e.g., BITe,,—) is calculated by regressing that variable (e.g., R;)
against the global annual surface air temperature anomaly
(T7), with respect to 1850-1900 for all temperature anomalies
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in the historical or SSP5-8.5 experiments from 1979 to 2099.
For example, the multimodel mean of AR represents the aver-
age change in CAP intensity exhibited by models for AT change
in global temperature:

2 ATBE,

AR = +—— 6

— ©)

where n = 18, the number of model simulations. The baseline

for relative differences is 1979-2014 (limited by the historical

experiment), and the interval of change AT is 1°C. As in

ERADS, differences are reported relative to the average base-
line CAP.

d. Decomposition of CAP intensity trends

Similar to how a trend in CAP can be decomposed into
trends in average intensity, event frequency, and average du-
ration, the trend in average CAP intensity (R; mm h™') can
be decomposed into a thermodynamic component (moisture
availability trend) and a dynamic component (cyclone inten-
sity trend) (Emori and Brown 2005; Yettella and Kay 2017).
With only two components, it is also more feasible to include
explicit consideration of the single interaction term. Following
Yettella and Kay (2017), we accomplish this in a three-step
process. First, for each 3-month period, we build a probability
density function of storm intensity by sorting each cyclone ob-
servation into bins of 850-hPa wind speed (V; averaged within
1200 km of the cyclone center) with an interval of 1 m s~ !
from V < 7toV > 18 m s .. Second, we calculate the total
precipitation that falls within a grid cell for a given 3-month
period for each possible storm intensity bin. Unlike the prior
analysis, this only includes “core” cyclone precipitation—that
falling within a radius of 1200 km from a cyclone center. This
omits some frontal precipitation falling far from a cyclone
center, which is less likely to be controlled by wind speed and
convergence in the cyclone core. Also, note that because a
single value for precipitation and wind is taken for each storm
observation, the data are essentially being smoothed. We use
a smaller radius than Yettella and Kay (2017) because we are
working with 3- and 6-h cyclone locations instead of daily.
Third, change in CAP intensity between two periods can be
described by

Ry —Rp = ;[RPi(NFi - NPi)] + ;[(RFi - RPi)NPi]

+ ;[(RH B RPi) X (NFi — Np)l, 0

where Np and Ny are the relative frequency of each storm in-
tensity bin (i) in the present and future periods, respectively,
and Rp; and Ry; are the average precipitation rates for each
storm intensity bin in each period. {Here, “future” is calcu-
lated as the average plus the trend over 10 years for ERAS
[as in Eq. (4)] or the trend over 1°C of warming for CMIP6
[as in Eq. (6)].} The first term describes changes in CAP inten-
sity due to changes in the probability density function of cyclone
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intensity (i.e., dynamic change). The second term describes
changes in CAP intensity while holding the probability den-
sity function of storm intensity constant (i.e., thermodynamic
change). The final term is the interaction. To test sensitivity
to the choice of cyclone intensity metric, we repeated this
analysis using the average pressure gradient within 1000 km
of the cyclone center instead of 850-hPa wind speed.

e. Decomposition of trends in total CAP hours

Assigning a dynamic and thermodynamic component to
trends in CAP event frequency N is less straightforward, but
one useful decomposition is to compare the total hours with
cyclone influence (“cyclone hours,” C), and the total number
of CAP hours [events X hours (event) ', or N X D]. By defi-
nition, CAP cannot exist without a cyclone, so C > N X D
and CAP hours can be decomposed into cyclone hours C
and the ratio of CAP hours to cyclone hours (k; i.e., the
probability that an hour with cyclone influence includes ac-
tive precipitation):

X D
k=NTaN><D=C><k. ®)

The “CAP probability” k depends on many things, such as
the moisture content in the cyclone, the size of precipitation
areas associated with the storm, and the efficiency of the storm
at converting moisture into precipitation. Complicating any anal-
ysis, some of the same processes that impact CAP intensity also
impact the presence or absence of CAP (e.g., a more intense
storm may exhibit both heavier and more prolonged CAP).
Therefore, the implications of a change in k are uncertain, but a
significant change in C indicates that a change in cyclone hours
(a dynamic factor) contributes to a change in CAP hours.

Since for any instantaneous field, C is a binary value (cyclone
present or absent), we cannot build probability density func-
tions like Eq. (7). However, we can still build a decomposition
like Eq. (2):

A(N X D) = (Cykp) — (Cpkp) = kpAC + CpAk + ACAK.
©)

Variables AC, Ak, and A(N X D) are calculated using Eq. (4)
(for ERAS) or Eq. (6) (for CMIP6). The final term is the inter-
action term, which has a negligible contribution.

4. Historical trends in CAP
a. Overall CAP trends

Long-term trends in CAP are distinguishable in several re-
gions (Fig. 1). From 1979 to 2021, winter CAP increased
throughout eastern North America and on the western end of
the Atlantic and Pacific storm tracks, with magnitudes up to
10% (decade)™ ! (Fig. 1a). The highest increase [over 10%
(decade) '] occurred north of Svalbard. By decomposing the
CAP trend into its several components (section 3c), we find
that these regions also experienced an increase in CAP inten-
sity (Fig. 1c). In some areas (such as around Japan), increas-
ing CAP intensity led to a 6%-10% (decade) ' increase in
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a. CAP Change
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b. Regional Averages
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FIG. 1. (a) Relative change in total CAP [% (decade) '] during winter (DJF) based on ERAS (1979-2021), and de-
composition of that response into four factors: (c) intensity of precipitation during CAP events, (d) frequency of CAP
events, and (e) the average duration of CAP events. All units are percent change in CAP per decade. Stippling indi-
cates a significant trend (p < 0.05), with black (gray) stipples showing where MERRA-2 trends have the same (oppo-
site) sign. (b) Regional averages of relative trend and its components for five illustrative areas (outlined in magenta).

Minor error term not shown.

total CAP, which accounts for the entire CAP trend (Fig. 1b).
In the northeast United States and southeast Canada, in-
creasing CAP intensity was also the dominant factor. Around
Svalbard, however, CAP increases occurred both because of
greater CAP intensity and greater frequency of CAP events
(Fig. 1d).

Declines in CAP west of California in the Pacific Ocean
and across Siberia are mostly caused by a decline in CAP fre-
quency. In the Barents Sea, trends toward fewer events but
higher intensity led to an insignificant trend in total CAP. No-
where was a significant and robust trend in total CAP driven
primarily by a change in CAP event duration.

Unlike in winter, summer CAP trends (Fig. 2a) have been
more strongly controlled by CAP frequency, with declines in
CAP frequency over eastern Europe and central Asia ac-
counting for nearly all the declines in CAP, which exceed
15% (decade)™! in places (Figs. 2b,d). Pockets of increased
CAP over the western Pacific and around Svalbard can simi-
larly be linked primarily to increased CAP frequency. One
minor exception to this pattern is northern Quebec, where

increased CAP is instead driven by slightly higher CAP inten-
sity (Fig. 2c) and longer event duration (Fig. 2d). Summer ex-
hibits less widespread significant trends in CAP intensity than
winter, although the trends have also generally been positive
(Fig. 2¢).

b. Decomposition of CAP intensity trends

A common question asked in past studies regarding
trends in precipitation is whether any given trend is driven
by “thermodynamic” or “dynamic” changes (e.g., Cassano
et al. 2007; Finnis et al. 2007; Yettella and Kay 2017). For
example, a trend in CAP intensity may occur because of a
change in cyclone intensity (a dynamic change) or moisture
availability (a thermodynamic change). Using the decompo-
sition outlined in section 3d, we find that the increases in
winter CAP intensity observed over eastern North America,
the Mediterranean, and the west side of the North Pacific and
North Atlantic storm tracks have occurred because of both
thermodynamic and dynamic changes (Fig. 3). In other words,
more moisture is available, and wind speed in extratropical
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FIG. 2. Asin Fig. 1, but for summer (JJA).

cyclones has strengthened. Over the Sea of Okhotsk, by con-
trast, greater CAP intensity is driven entirely by an increase in
cyclone intensity.

Over the Arctic Ocean, increased CAP intensity in ERAS
is due exclusively to enhanced moisture availability. In fact,
the trends in dynamics, if anything, would suggest a decline in
CAP intensity. However, the results for the Arctic Ocean are
uncertain since MERRA-2 and ERAS do not agree on the
trends (indicated by the gray stippling). Earlier results (Fig. 1c)
showed better agreement, which may be because they were
showing CAP related to myriad cyclone subfeatures, whereas
the decomposition method used for cyclone intensity can only
be applied to precipitation falling around the cyclone core. This
omits some frontal precipitation and effectively smooths the
precipitation fields.

Trends in summer CAP intensity have been less intense,
with nowhere experiencing trends exceeding +4% (decade)™
(Fig. 4). The one area with significantly increasing CAP inten-
sity is the Icelandic low region, where both thermodynamic
and dynamic changes have contributed to the increase.

¢. Decomposition of trends in CAP hours

The number of hours a location experiences CAP (“CAP
hours”) may change for a variety of reasons, which we organize

into two main factors (section 3e). These are the number of
hours an extratropical cyclone is over a location (cyclone hours)
and the fraction of cyclone hours that also include CAP (CAP
probability). In winter, significant trends in CAP hours are
sparse, but generally, wherever a significant trend has occurred,
it has been primarily because of a trend in CAP probability
(Fig. 5). For example, the Barents Sea has experienced a slight
decline in cyclone hours (which is insignificant) but a much
larger (and significant) trend in CAP probability. Similarly, a
roughly 4% (decade) ! increase in CAP hours over the central
Arctic Ocean corresponds to both an increase in cyclone hours
and CAP probability, but the contribution from CAP probabil-
ity is about twice as large.

In summer, the relative change in CAP hours is stronger in
many places, with declines exceeding 20% (decade) ™" in east-
ern Europe and western Russia (Fig. 6). In this case, declines
in cyclone hours and CAP probability are roughly equal in
contribution but only total about a 10% (decade)™" drop in
CAP hours, indicating some residual error in the decomposi-
tion. Increased CAP hours over Canada’s Northwest Territo-
ries and the eastern Atlantic are explained by an increase in
both cyclone hours and CAP probability, but as in winter, the
latter factor is dominant. In other words, although trends in
cyclone hours can partially explain some trends in CAP hours,
trends in CAP probability are the more important factor. This
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FIG. 3. (a) Relative change in CAP intensity [% (decade) '] during winter (DJF) based on
ERAS5 (1979-2021), and decomposition of that response into two factors: (b) change from dy-
namics (measured as the relative frequency of discrete bins in the probability density function of
850-hPa average wind speed) and (d) change from thermodynamics (measured as the CAP in-
tensity for each discrete wind speed bin). All units are percent change in CAP intensity per de-
cade. Stippling in (a) indicates a significant trend (p < 0.05), with black (gray) stipples showing
where MERRA-2 trends have the same (opposite) sign. (c) Regional averages of relative trend
and its components for five illustrative areas (outlined in magenta in maps).

is notable since CAP probability may reflect both dynamic
and thermodynamic drivers. For example, greater storm size
and intensity can increase the chances that a cyclone produces
CAP at a grid cell, but greater moisture availability could,
too. Considered in conjunction with the previous section, this
suggests a stronger role for thermodynamic factors in driving
historical CAP trends.

5. CAP response to future warming
a. Overall trends in CAP

Using the multimodel mean of 18 CMIP6 models, positive
trends in winter CAP are projected to be nearly ubiquitous
throughout the Northern Hemisphere (Fig. 7a). The key ex-
ceptions are the Icelandic low, part of the Mediterranean, and
around 30°-35°N in the Pacific Ocean. The Arctic and eastern
Asia exhibit the strongest trends, with an over 30% increase
in CAP (above the 1979-2014 average) per degree Celsius of
global warming. As with historical trends, the increase in

CAP comes largely from increased CAP intensity (e.g., the
Bering Sea and Atlantic Canada; Fig. 7c). However, in the
areas of greatest increase in total CAP (the Arctic Ocean and
northeast Asia), increased CAP frequency is the more dom-
inant factor (Figs. 7b,d). Throughout both the Atlantic and
Pacific Oceans, CAP frequency declines minorly (account-
ing for —2% to —5% CAP °C '), counteracting the increase
in CAP intensity.

Like historical trends, event duration contributes minorly to
projected CAP trends (Fig. 7e). Unlike historical trends,
though, significant trends are positive throughout the Northern
Hemisphere.

Continuing historical trends, summer CAP decreases
with further warming over midlatitude Eurasia (Fig. 8a). In
the future, declines in CAP are projected south of 60°N
everywhere except the Pacific Ocean, which exhibits in-
creased CAP. Increased CAP is also projected for the
Arctic Ocean, Greenland, and Alaska. Note, though, that
relative increases are much weaker for the Arctic Ocean
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FIG. 4. Asin Fig. 3, but for summer (JJA).

in summer than in winter (10%-15% CAP °C ™' instead of
>30% CAP°C ™).

In general, greater CAP intensity encourages increased CAP
throughout the Northern Hemisphere (Fig. 8c), but CAP fre-
quency declines nearly everywhere south of 60°N (Fig. 8d).
Only over the Pacific Ocean are increases from CAP intensity
able to overcome declines in CAP frequency (Fig. 8b). The
only area with increased CAP frequency spans Greenland and
the central Arctic Ocean, which also experiences longer event
duration; combined, these explain why this area exhibits the
strongest CAP increases in summer.

b. Decomposition of future CAP intensity trends

CMIP6 models project that positive trends in CAP intensity
will be dominated by moisture availability (Fig. 9). This ten-
dency is most apparent for the Arctic Ocean, where models
show a continuation of historical trends: slight weakening of
cyclone wind speeds will contribute negatively to CAP inten-
sity by 1%-2% °C™", but increased moisture availability will
contribute positively to CAP intensity by about 20% °C™ .
Projections for summer similarly show moisture availability as
dominant, both over the oceans and eastern Asia, where CAP
intensity is projected to increase, and over southern Europe,
where CAP intensity is projected to decrease (Fig. 10).

¢. Decomposition of future trends in total CAP hours

The decomposition of historical trends in total CAP hours
revealed greater contributions from trends in CAP proba-
bility and smaller contributions from trends in cyclone hours
(Fig. 5). Projections from CMIP6 show that this pattern per-
sists with continued warming for the Arctic in both seasons
and for midlatitude continents in summer (Figs. 11 and 12).
However, other projections differ from historical trends. For
example, the projected decline in winter CAP hours over
Japan is almost exclusively from a decline in cyclone hours,
and declines in winter CAP hours over southern Europe are
driven by declines in both factors (Fig. 11).

The much stronger relative increases in CAP hours over
the Arctic Ocean, Arctic Canada, and eastern Siberia, which
exceed 30% °C™!, are driven almost entirely by increased
CAP probability. In fact, throughout much of this region, the
number of cyclone hours actually declines with further warm-
ing. Combined with the primacy of increased moisture avail-
ability in driving positive trends in CAP intensity in these
same regions, these results demonstrate dominance by ther-
modynamic factors and minimal impact from dynamic factors
in driving trends in CAP over the Arctic.

In summer (Fig. 12), projected declines in the number of
CAP hours over the continents are caused jointly by declines
in cyclone hours and in the CAP probability, although the
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FIG. 5. (a) Relative change in the number of hours per winter (DJF) with nonzero CAP
[% (decade) '] based on ERAS5 (1979-2021), and decomposition of that response into two
factors: (b) change from cyclone frequency (hours per winter for which a cyclone is present)
and (d) change from the probability that a cyclone-influenced location experiences precipita-
tion (i.e., the ratio of CAP hours to cyclone hours). All units are percent change in CAP hours
per decade. Stippling indicates a significant trend (p < 0.05), with black (gray) stipples showing
where MERRA -2 trends have the same (opposite) sign. (c) Regional averages of relative trend
and its components for four illustrative areas (outlined in magenta in maps).

latter is typically the larger factor. Over the North Pacific
Ocean, CAP probability increases, but the decline in cyclone
hours more than compensates. As a result, CAP hours decline
overall over the North Pacific, but not as dramatically as over
other midlatitude regions. The Arctic Ocean and Greenland
are the only places that experience increased CAP hours in
summer, and this is driven exclusively by the increased proba-
bility of CAP during cyclone activity. Summer cyclone hours
exhibit no clear trend over the central Arctic Ocean and slight
declines along the Arctic periphery. Again, trends from ther-
modynamic factors prove dominant at high latitudes.

6. Discussion

This study used the historical and high-emission scenario
SSP5-8.5 to assess how CAP responds to global warming for
a range of annual global mean surface air temperature anom-
alies of roughly 0.5°-6.0°C (relative to 1850-1900). Cyclone
responses to global warming are reliably linear (Crawford

et al. 2023), but precipitation responses are not (Liu and Allan
2013); therefore, it is important to recognize that the CAP
trends reported are averages for that temperature range and
not necessarily constant for each successive degree of warm-
ing. In addition to that caveat, several study limitations must be
considered (section 6a) before discussing two key aspects of our
results in the context of the broader literature: First, that trends
in both frequency and intensity of CAP events dictate overall
change (section 6b); and second, that the thermodynamic con-
tribution dominates projected CAP trends (section 6c¢).

a. Study limitations

One complication of any CAP study is how to best associ-
ate precipitation with cyclones. Precipitation can be assigned
based on a standard radius from a cyclone center (e.g.,
Utsumi et al. 2017; Oh et al. 2020) or based on the intersec-
tion of cyclone areas and precipitation areas (e.g., Finnis et al.
2007; Crawford and Serreze 2017). Precipitation can also be
assigned to cold air outbreaks, fronts, and moisture transport
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FIG. 6. As in Fig. 5, but for summer (JJA).

corridors, which are often, though not necessarily, a part of a
larger extratropical cyclonic system (Riidisiihli et al. 2020;
Konstali et al. 2024). For the main analysis here, we use the
intersection of cyclone areas and precipitation areas for our
assignment, providing an all-encompassing measure of CAP
that can include precipitation far away from the cyclone cen-
ter, such as along a lengthy front.

However, to decompose cyclone intensity into thermody-
namic and dynamic components, we focus on the core cy-
clonic precipitation. This is both to allow better comparison
to past literature and to focus on the core cyclonic precipita-
tion likely to be most impacted by cyclone intensity, but it
cannot fully capture the causes of trends in CAP intensity, es-
pecially frontal precipitation. Additionally, because the pre-
cipitation and wind are assigned to a single point, this process
effectively applies a 1200-km smoother to the data, reducing
the precision. This is most noticeable for ERAS data, which
has the highest initial spatial resolution (Fig. S1). These simplifi-
cations yield larger residuals for this analysis (Figs. 3b and 4b),

and higher confidence can be placed wherever we are able
to use the more comprehensive and precise CAP calculation
(Figs. 1,2,5-8,11, and 12).

For the primary CAP detection method, we use large-scale
precipitation to define the precipitation area boundaries, but
we use total precipitation within those boundaries for CAP.
Therefore, CAP includes both stratiform precipitation from
the large-scale precipitation schemes and convective precipi-
tation from mesoscale features. However, coarse spatial reso-
lution limits the ability of these datasets to simulate mesoscale
precipitation features, so it is worth considering (i) how con-
sistent ERAS results are with other datasets and (ii) how well
CMIP6 models (which are even coarser spatial resolution) re-
produce observed patterns. Most significant trends in ERAS
are consistent with the trends in MERRA-2 (Figs. S2-S7), es-
pecially in winter and especially for CAP frequency and dura-
tion (Figs. 1 and 2). CAP intensity trends show less agreement
between reanalyses, especially when only core cyclone precip-
itation is considered (Figs. 1-4).
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FI1G. 7. (a) Relative change in total CAP (%) during winter (DJF) per degree Celsius of global
warming, derived from the multimodel of 18 CMIP6 models (1979-2099), and decomposition of
that response into four factors: (c) rate of precipitation during CAP events, (d) frequency of
CAP events, and (e) average event duration. All units are percent change in CAP per degree
Celsius. Areas where not all models agree on the sign of the response are masked. (b) Re-
gional averages of relative trend and its components for four illustrative areas (outlined in ma-

genta in maps).

Given the notable difference in spatiotemporal resolution,
CMIP6 models produce remarkably similar CAP to ERAS and
MERRA-2 (Figs. S8 and S9), although that likely comes from
compensating biases of CAP intensity being too weak and aver-
age CAP duration being too long. CMIP6 precipitation data have
a coarser temporal resolution than the reanalysis data (6 hourly
or daily instead of hourly), so short-duration, high-intensity pre-
cipitation events are effectively smoothed out, appearing as lon-
ger duration and lower intensity. After controlling for the bias in
overall CAP intensity, the relative average CAP rate for each
wind bin in the cyclone intensity decomposition is also very simi-
lar between the reanalyses and CMIP6 (Figs. S10 and S11).

Finally, we note that low-level wind speed is influenced by
surface friction, so continental cyclones will average lower wind
speeds than their marine counterparts. However, the number
and width of the wind bins are sufficient to have an adequate
distribution of cyclones for both continental and marine cases
(Figs. S10 and S11); moreover, results of the intensity decompo-
sition do not show a notable sensitivity to the choice of intensity
metric (Figs. S12 and S13).

b. Trends in both frequency and intensity of CAP events
dictate overall change

Continued warming is projected to increase CAP intensity
in both seasons throughout nearly the entire mid- and high-

latitude Northern Hemisphere, leading to relative increases of
over 6% CAP °C™ ! in eastern North America, East Asia, the
North Pacific Ocean, and parts of the Arctic in winter (Fig. 7).
This trend is consistent with both emerging trends from the re-
analyses (though historical trends are less widespread; Fig. 1)
and past studies (Yettella and Kay 2017; Akinsanola et al.
2020; Dou et al. 2022).

Future increased CAP intensity is combined with positive
trends in CAP event frequency over Asia, the Arctic Ocean,
and parts of Canada, leading to total CAP changes that exceed
30% °C~. Smaller magnitude decreases in CAP event frequency
over the oceans and the Mediterranean partially counteract the
intensity trend. The total CAP trend spatial pattern is like that de-
scribed by Oh et al. (2020) for CMIP5 and GEMCLIM_Can: The
Arctic shows the strongest relative change, and the Pacific Ocean
shows more positive trends than the Atlantic Ocean.

Altogether, CAP frequency is the dominant factor driving
CAP trends over the Arctic and Asia in winter, whereas in-
tensity and frequency are equally important over other mid-
latitude regions. Finnis et al. (2007) found a similar balance
between declining CAP frequency and increasing CAP inten-
sity for the midlatitude oceans, but their Arctic results disagree
with ours. For high latitudes, their decomposition showed a
stronger influence from mean event output than event fre-
quency under twenty-first-century warming using version 3
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FIG. 8. Asin Fig. 7, but for summer (JJA).

of the Community Climate System Model. The Arctic con-
tains the lowest average CAP rates—near the 1.5 mm day '
threshold for inclusion. Therefore, the number of CAP events
may be sensitive to slight changes in precipitation rate, making
discrepancies between different climate models more likely in
the Arctic than in other regions.

CAP intensity also increases in summer throughout nearly
the entire Northern Hemisphere, with the magnitude of im-
pact on total CAP similar to winter. However, CAP event
frequency exhibits substantial declines across a much wider
swath of the midlatitudes, especially on the southern fringes
of the continents (Fig. 7). In reanalyses, an historical decline
in CAP frequency is apparent for Eurasia, although not North
America (Fig. 2). As for winter, the reanalyses exhibit wide-
spread positive trends for CAP intensity with few significant
negative trends, but the positive trends are not ubiquitous
as in CMIP6. This may reflect some bias in the models (see
section 6a). It may also mean that internal variability is still
strong enough to obscure the forced signal in some places.

The spatial pattern of summer CAP increases over the Arctic
and Pacific Ocean and declines over the midlatitude conti-
nents, and Atlantic Ocean shown here is very similar to the
CEMCLIM_Can results reported by Oh et al. (2020). Addi-
tionally, the CMIP6 multimodel mean appears to be in bet-
ter agreement with their downscaled model than with their

undownscaled CMIP5 results. Since CMIP6 models have
demonstrated an overall improved ability to simulate synoptic-
scale cyclone activity in the Northern Hemisphere compared to
CMIPS5 (Harvey et al. 2020), this is not surprising.

¢. Thermodynamic contribution dominates projected
CAP trends

Besides the balance of intensity versus frequency of events,
another consideration is whether changes to CAP are primar-
ily thermodynamic (related to the Clausius—Clapeyron rela-
tionship) or dynamic (related to changes in circulation, and to
cyclone frequency and intensity). Some past work has empha-
sized thermodynamic factors, especially for CAP in the Arctic
(Cassano et al. 2007; Crawford and Serreze 2017; Yettella and
Kay 2017), but others have emphasized dynamic factors, espe-
cially cyclone intensity, when describing historical and future
CAP trends (Stroeve et al. 2011; Oh et al. 2020).

Our CMIP6 results show dominance by thermodynamic
factors. For CAP intensity, we follow the method of Yettella
and Kay (2017). Our study agrees with theirs that thermody-
namic contributions are dominant, but the dominance we find is
even more consistent across space and season (Figs. 9 and 10).
However, although historical trends suggest that thermody-
namics dominate CAP intensity trends in the Arctic in winter,
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F1G. 9. (a) Relative change in CAP intensity (%) during winter (DJF) per degree Celsius of global warming, derived
from the multimodel mean of 18 CMIP6 models (1979-2099), and decomposition of that response into two factors:
(b) change from dynamics (measured as the relative frequency of discrete bins in the probability density function of
850-hPa average wind speed) and (d) change from thermodynamics (measured as the CAP intensity for each discrete wind
speed bin). All units are percent change in CAP intensity per degree Celsius. Areas where not all models agree on the sign
of the response are masked. (c) Regional averages of relative trend and its components for five illustrative areas (outlined

in magenta).

historical dynamic contributions match or exceed thermody-
namic contributions on the western end of the North Pacific
and North Atlantic storm tracks in winter, and in several re-
gions in summer (Figs. 3 and 4). The degree to which this rep-
resents internal variability in circulation (driving short-term
trends) or model bias (leading to underemphasis of dynamic
contributions in projections) is unclear. Comparing historical
simulations of single-model large ensembles to the reanalysis
results in a future study could help clarify this point.

CAP frequency trends may also arise from thermodynamic
or dynamic factors, although the decomposition is less straight-
forward. Therefore, we could only decompose the trend in

CAP hours into a trend in cyclone hours and a trend in CAP
probability (the ratio of CAP hours to cyclone hours). A de-
cline in cyclone hours throughout most of the midlatitudes
(especially in summer) is consistent with projections of de-
clining cyclone frequency (Eichler et al. 2013; Priestley and
Catto 2022; Crawford et al. 2023). However, in most areas,
trends in CAP hours are not driven primarily by trends in
the frequency or duration of cyclones, but rather the proba-
bility that cyclones, when present, will produce precipita-
tion. The primacy of CAP probability trends driving the
trends in CAP hours is most strongly observed in the Arctic
in winter.
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F1G. 10. As in Fig. 9, but for summer (JJA).

As with the decomposition of CAP intensity, though, we
note that our CMIP6 results do not align with historical trends
from reanalyses. Historical results are spatially patchy with
many insignificant trends. When comparing to a multimodel
mean, internal variability is undoubtedly a factor, but we can-
not rule out model biases or other limitations as reasons for
this difference. For example, CMIP6 models tend to simulate
an excessively zonal North Atlantic storm track and under-
estimate summer cyclone activity over the Arctic Ocean
(Harvey et al. 2020; Song et al. 2021; Priestley et al. 2023).
Performance of individual CMIP6 models’ simulation of
precipitation compared to observational datasets varies
greatly by region (Li et al. 2022) and may differ between
annual precipitation, seasonal precipitation, and extremes
(Agel and Barlow 2020). Few precipitation improvements
have been reported compared to CMIP5 (Agel and Barlow
2020; J. Li et al. 2021; McCrystall et al. 2021), but at least in
the Arctic, the multimodel mean annual precipitation in
CMIP6 is a close match to ERAS (McCrystall et al. 2021).
Some studies have also noted greater ability to replicate ob-
served cyclone or precipitation metrics by models with finer
spatial resolution (e.g., Agel and Barlow 2020; Song et al.
2021; Crawford et al. 2023).

With these caveats in mind, the overall picture from the
CMIP6 decompositions is that future trends in CAP are likely

to be driven primarily by thermodynamic factors, especially in
the high latitudes. Cyclone frequency trends are important,
often amplifying or counteracting the dominant thermody-
namic trend, but only in rare cases overwhelming it. This con-
clusion contrasts with Oh et al. (2020), whose data showed
stronger correspondence between cyclone intensity trends
and CAP trends. Oh et al. (2020) used an earlier version of
the same cyclone and detection algorithm but different mod-
els and a different metric for cyclone intensity (central pressure
vs wind speed). These differences may explain the discrep-
ancy and our lack of evidence for meaningful cyclone intensity
trends. That said, we also take additional steps to decompose
the various drivers of CAP trends than previous studies, which
allows us to better compare the relative importance of mois-
ture availability versus dynamic drivers. Therefore, although
we find a similar Atlantic—Pacific contrast in cyclone frequency
trends as Oh et al. (2020), our results indicate that cyclone fre-
quency is secondary to the increase in moisture availability in
driving the trend in overall CAP.

7. Conclusions

With continued warming, CAP is projected to increase
across the Northern Hemisphere in winter and over the Arctic
Ocean and Pacific Ocean in summer. The strongest increases
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F1G. 11. (a) Relative change in CAP hours (%) during winter (DJF) per degree Celsius of

global warming, derived from the multimodel mean of 18 CMIP6 models (1979-2099), and de-
composition of that response into two factors: (b) change from cyclone frequency (measured as
hours per winter for which a cyclone is present) and (d) change from the probability that
a cyclone-influenced location experiences precipitation (i.e., the ratio of CAP hours to
cyclone hours). All units are percent change in CAP hours per degree Celsius. Areas where
not all models agree on the sign of the response are masked. (c) Regional averages of rela-

tive trend and its components for four illustrative areas (outlined in magenta in maps).

(over the Arctic Ocean) exceed 30% °C!. These increases
are driven mostly by enhanced CAP intensity, although
CAP also occurs more frequently over the Arctic Ocean in
both seasons and over eastern Asia in summer. Conversely,
CAP events become less frequent over the midlatitude
oceans in both seasons and over the midlatitude continents
in summer, which counteracts increasing CAP intensity and
leads to an overall decline in CAP for the midlatitude conti-
nents and the Atlantic Ocean in summer. CAP events are
projected to last longer in the future during winter through-
out the Northern Hemisphere, and over the Arctic Ocean in
summer.

Increasing CAP intensity in simulations of the future is pre-
dominantly controlled by increased moisture availability (a
thermodynamic factor) rather than storm intensity (a dynamic
factor). The changing number of CAP hours experienced by a
location is also more commonly the result of trends in the
probability of precipitation occurring when a cyclone is nearby
rather than the number of hours with a cyclone present. The

dominance of thermodynamic factors is strongest in the Arctic,
with dynamic factors (especially a decline in cyclone hours)
being more relevant in the midlatitudes, though still rarely
dominant.

The agreement between future projected trends and histor-
ical trends is mixed. For example, the decomposition of CAP
intensity and CAP frequency trends yields spatially heteroge-
neous results with historical trends, especially in the midlati-
tudes. This is likely attributable in part to internal variability
being averaged out in a multimodel ensemble mean but may
also point to bias in the models. The more detailed decompo-
sitions have larger uncertainty than the overall CAP trend,
but several general patterns found in the projections are al-
ready observable in the historical record:

1) Positive CAP trends are more common in winter than in
summer.

2) The response of CAP to global warming generally depends
on the balance between a decrease in CAP frequency (which
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FIG. 12. As in Fig. 11, but for summer (JJA).

is in turn related to fewer cyclone hours) and an increase in
the CAP intensity.

3) Finally, a decline in cyclone hours is more important to
CAP in the midlatitudes, with the Arctic experiencing
positive or neutral trends.
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