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Abstract Extratropical cyclones, major contributors to precipitation in the midlatitudes, comprise mesoscale
fronts and ﬁne‐scale convective storms. Intense oceanic cyclones pose natural hazards, making reliable
projections of their changes with global warming of great interest. Here, we analyze the ﬁrst ever global climate
simulations to resolve such mesoscale dynamics of extratropical cyclones. The present‐day structure, frequency,
and precipitation of the oceanic extratropical cyclones compare well with reanalyses and new satellite datasets
that resolve the multiscale cloud‐precipitation system. Simulated precipitation from intense oceanic cyclones
increases at a rate of 7%/K1, following Clausius‐Clapeyron, with warming. The same scaling is apparent also in
the interhemispheric contrast, suggesting that the latter could serve as a predictor of the former. Projected
changes in precipitation from intense oceanic cyclones with warming may thus be testable using a reliable global
observation network of precipitation in the present day.

Plain Language Summary

Precipitation in midlatitudes is strongly governed by extratropical
cyclones. Its future change is of great societal concern for adaptation to a warmer world. In this study, we
use a new kind of global model and a new satellite dataset to resolve ﬁne‐scale and frontal features of
cyclones and their changes with warming. The simulation shows that the amount of precipitation around
the intense oceanic cyclones will increase due to global warming, and furthermore, the rate of precipitation
change around the intense oceanic cyclones is closely related to the precipitation contrast between the
northern and southern hemispheres in the present climate. This suggests that the future precipitation
change associated with intense oceanic cyclones could be inferred from the difference between the northern
and southern hemispheres in the present climate.

1. Introduction
The day‐to‐day weather in the midlatitudes is shaped by extratropical cyclones (ECs). Intense ECs are often
associated with major weather hazards, including heavy precipitation and ﬂash ﬂoods. Most of the precipitation in northern hemisphere (NH) storm‐track regions (Hoskins & Valdes, 1990), as much as 80% in winter, can be attributed to ECs (Hawcroft et al., 2012). ECs are also associated with precipitation extremes,
contributing more than half (regionally up to 80%) of extreme precipitation events (Pfahl & Wernli, 2012).
In the Northeastern United States 93–100% of extreme precipitation in the winter comes from ECs (Agel
et al., 2015). These are just some of the reasons why understanding how ECs, and the precipitation associated
with them, will change with warming will be helpful for societies endeavoring to adapt to climate change
(Bony et al., 2015).
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The climatology of ECs, including precipitation and its response to climate change, has been studied using
general circulation models (GCMs; Bengtsson et al., 2009; Champion et al., 2011; Field et al., 2008; Yettella &
Kay, 2017; Zhang & Colle, 2017) as well as in regional models (Marciano et al., 2015; Michaelis et al., 2017;
Willison et al., 2013). However, precipitation around ECs involves ﬁne‐scale dynamical and microphysical
processes (Newton & Holopainen, 1991; Houze, 1993), and a horizontal resolution of hundreds to tens of
kilometers, a typical resolution of GCMs, is thought to be inadequate for capturing intense area‐averaged
precipitation events (Bengtsson et al., 2009; Champion et al., 2011). Fine‐mesh regional models can capture
this structure, but only regionally, and require forcing from global models where many more aspects of the
storms are parameterized. In addition, biases from these parameterizations may distort the coupling
between heating and circulation in ECs simulated by GCMs (Willison et al., 2013). Past studies have also
been hampered by the lack of a high‐quality precipitation dataset that covers the storm‐track regions with
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a mesh size of less than 10 km (Field & Wood, 2007), particularly over the ocean and in the southern hemisphere (SH), where ground‐based observation sites are sparse (Chen et al., 2008; Yatagai et al., 2009).
New satellite measurements are making it possible to investigate the ﬁne‐scale structure of ECs in both NH
and SH. The Global Satellite Mapping of Precipitation (GSMaP; Kubota et al., 2007; Ushio et al., 2009)‐
Global Precipitation Measurement (GPM; Hou et al., 2014) product, a combined product of GPM microwave
imager and existing multisatellite sensors, provides retrievals of precipitation distribution on the same scale
as the simulations, and unlike Tropical Rainfall Measuring Mission (TRMM, Kummerow et al., 1998; Matsui
et al., 2016; Roh & Satoh, 2014), GSMaP‐GPM products extends well into the extratropics. In addition, the
GPM dual‐frequency precipitation radar (DPR) provides more accurate surface precipitation rate beneath
the satellite orbit.
Climate change simulations were performed using a 14‐km mesh global cloud‐system resolving model,
Nonhydrostatic Icosahedral Atmospheric Model (NICAM; Satoh et al., 2008, 2014; Tomita & Satoh, 2004),
without parameterized convection (Kodama et al., 2015; Satoh et al., 2015). Such a ﬁne global mesh makes
it possible, for the ﬁrst time, to use the underlying laws of ﬂuid‐dynamics, rather than parameterizations, to
link the diabatic processes within ECs to the circulation systems they encompass, and to resolve the mesoscale features associated with their precipitation extremes in the context of global climate change. By resolving the ﬁne‐scale ﬂuid motions and frontal dynamics of ECs, we address a chief limitation of earlier
studies (Bengtsson et al., 2009; Champion et al., 2011). Ideally, a yet ﬁner mesh model is required to resolve
individual convective clouds (Kajikawa et al., 2016; Miyamoto et al., 2013); however, many of the statistical
features of deep convection and their associated clouds are already reasonably represented in the 14‐km
mesh model (Noda et al., 2010, 2012; Kodama et al., 2012 and the references therein).
In this study, we use this new class of model, one more rooted in basic physics than those that have been
used in the past (Satoh et al., 2019), and the observations that are also beginning to resolve the precipitation
features of ECs. Conventionally, differences in dynamical characteristics as well as quality of observations
often motivated people to analyze ECs in a particular hemisphere or region (e.g. Hoskins & Hodges, 2002;
Hoskins & Hodges, 2005). Here, we test a new perspective that future changes in EC‐precipitation might
be identiﬁable in the difference of the present‐day climate between the hemispheres, assuming dominant
thermodynamic control over the dynamic one (Emori & Brown, 2005).

2. Methods
2.1. Simulation and Observational Datasets
We analyze output from an Atmospheric Model Intercomparison Project (AMIP)‐type simulations by 14‐km
mesh NICAM of the present and a projected warmer climate. The simulations are fully described by Kodama
et al. (2015) and Satoh et al. (2015), and some important aspects of the simulations are recapped here. The
model is conﬁgured with 38 vertical levels up to a height of 40 km. The present‐climate simulation
(Kodama et al., 2015) was performed for June 1979–December 2008 following the AMIP protocol (Gates,
1992) except that a slab ocean model, with a depth of 15 m and nudged toward the observed historical sea
surface temperature (SST) with a relaxation time of 7 days, was employed to better reproduce geographical
distribution of precipitation. The future‐climate simulation for June 2074–December 2099 follows the A1B
scenario of Nakićenović and Swart (2000). For this future simulation, SST and sea ice concentrations were
taken from the Coupled Model Intercomparison Project Phase 3 simulations following the methods
described by Mizuta et al. (2008). The analysis of the output is restricted to hourly averaged precipitation
and 6‐hourly snapshots for mean sea‐level pressure (MSLP), temperature, and winds. All ﬁelds are ﬁrst interpolated to a longitude‐latitude grid with a spatial resolution of 0.14°. The analysis periods of the present and
future climate simulations are 1979–2003 and 2075–2099, respectively.
MSLP, temperature, and wind ﬁelds of the Japanese 55‐year reanalysis (JRA‐55) dataset (Harada et al., 2016;
Kobayashi et al., 2015) were used to evaluate statistics and structures of ECs. Their temporal and spatial resolutions are 6 hourly and 1.25°. The GPM (Hou et al., 2014)‐GSMaP (Kubota et al., 2007; Ushio et al., 2009)
level 3 product (Version 04B), hourly 0.1°‐gridded dataset extending from 60°S to 60°N, was used for evaluation of the simulated precipitation. In addition, precipitation derived from the GPM‐DPR level 3 product
(Version 04A, PrecipRateNearSurfMean), 0.25°‐gridded orbital dataset, was temporally rearranged as
6‐hourly dataset by collecting data over 3 hours before and after analysis time. Both liquid and solid
KODAMA ET AL.
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precipitations are considered in the GPM‐GSMaP and GPM‐DPR products. The analysis period of the observation and reanalysis is April 2014–March 2016.
2.2. Detection, Tracking, and Compositing Algorithms of the ECs
The EC detection and tracking algorithms are the same as those used in Kodama et al. (2014) except that the
synoptic‐ﬁltered MSLP (Hoskins & Hodges, 2002) is used here for the EC detection. This change helps focus
on synoptic‐scale disturbances rather than background and smaller‐scale ﬁelds such as polar lows. MSLP
data are regridded to 2.5° in longitude and latitude before synoptic ﬁltering to consistently detect EC centers
using the model and reanalysis with different grid spacings (0.14° and 1.25°). Overall, the choice of detection
and tracking algorithms does not inﬂuence the statistics of intense ECs, though it affects that of weaker ECs
(Neu et al., 2013). Only the oceanic ECs that stay over the ocean for more than half of their lifetime are analyzed to reduce hemispheric asymmetry associated with moisture availability.
For compositing, a polar coordinate system centered on each EC is adopted to simplify spatial averaging and
minimize grid distortion (Bengtsson et al., 2007). The composite of a ﬁeld variable around the ECs is calculated by averaging it over all the scenes of ECs. Surface air temperature and precipitation amount are further
averaged over all the points within 550 km (approximately 5° spherical cap; Bengtsson et al., 2009) from the
center of the ECs. For the GPM‐DPR, a weighting inversely proportional to the number of observations for
each latitude is used for the above composite calculation to reduce a sampling bias associated with latitudinal non‐uniformity of the observation. Because missing values exist for the precipitation amount derived
from the GSMaP‐GPM and GPM‐DPR, surface air temperature at a grid point where precipitation amount
is missing is masked for compositing and spatial averaging. Details of the above algorithms are described
in supporting information S1.

3. Results
To help assess the ﬁtness of the model to study how ECs change with warming, as we do in section 3.2, we
ﬁrst evaluate (in section 3.1) the simulations of present‐day ECs, and the representation of EC structure, as
compared to composites from satellite observations and reanalyses of meteorological data.
3.1. Simulated and Observed Oceanic ECs
In the reanalysis 9,121 and 16,226 oceanic ECs were identiﬁed in NH and SH, respectively. This compares
favorably to the historical simulations over the same period for which 8,252 and 14,453 ECs were identiﬁed
in the respective hemispheres. Dynamical features, like MSLP and low‐level wind‐speed, of the simulated
ECs, Figures 1, 2a–2c, and S2, also compare well with that diagnosed from the reanalysis. Both the reanalysis
and the simulation indicate that oceanic ECs generated in SH are more intense than those in NH, even if the
simulated ECs are somewhat deeper than those identiﬁed in the reanalysis. This difference, also found in
the result from ERA‐Interim reanalysis (Dee et al., 2011; not shown), may be due to the coarse resolution
of the reanalysis; as deeper, more intense ECs in the high‐resolution model compared with coarser reanalysis were also reported by Bengtsson et al. (2009). Because of this different representation of the EC intensity
between the reanalysis and the model, hereafter, the intense oceanic EC is deﬁned as the most intense decile
of oceanic ECs in terms of lifetime‐minimum synoptic‐ﬁltered MSLP rather than adopting a ﬁxed threshold
of MSLP or windspeed.
Warming reduces the total number of oceanic ECs, but has no clearly discernible effect on EC intensity. For
the conditions projected for 2075–2099, fewer (8,072 in NH and 14,060 in SH) oceanic ECs are simulated.
Though the argument could be made, at least in SH, that there may be a slight increase in the number of
intense ECs in the warmer climate (Figure 1, blue vs. red). And while such a change is consistent with a
slight deepening in the composite mean synoptic‐ﬁltered MSLP (Figure 2c), to the extent such a signal is
real, it is small. Further to this judgement, we also checked the closed contour size as a metric of EC size
(Polly & Rossow, 2016) and ﬁnd no clear changes with warming.
Taking the ﬁrst 2 years of nearly‐global GSMaP‐GPM and orbital GPM‐DPR data as a reference, we conclude
that composite precipitation pattern of the ECs simulated by NICAM also compares well to what is observed,
Figure 2. Peak precipitation is seen in the east and poleward side of the EC center, and the comma‐like precipitation pattern characteristic of individual ECs is also evident in both the composite of intense oceanic
ECs taken from the GSMaP‐GPM data and the model output. A similar result (not shown) is found by
KODAMA ET AL.
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Figure 1. Monthly frequency of all the oceanic extratropical cyclones in northern hemisphere (NH; a and b) and southern
hemisphere (SH; c and d) binned by lifetime‐minimum synoptic‐ﬁltered mean sea level pressure (MSLP; left) and lifetime‐
maximum 850‐hPa windspeed (right). Black, blue, and red lines show JRA‐55 reanalysis over the period of 1979–2003,
1
NICAM over 1979–2003, and NICAM over 2075–2099, respectively. Their bin sizes are 5 hPa and 5 m/s , respectively.

using the Integrated Multisatellite Retrievals for GPM grid product (IMERG) V05B (Huffman et al., 2018),
which uses different retrieval algorithm. This type of qualitative similitude has also been documented in
previous studies (Bauer & Del Genio, 2006; Field & Wood, 2007; Hawcroft et al., 2016). Albeit noisier, the
GPM‐DPR data shows quantitatively less peak precipitation, but the pattern is similar to that derived
from the GSMaP‐GPM data. Quantitative differences, to the extent they exist, appear to be dominated by
the effects of limited observational coverage (supporting information Figure S3 and Text S2), rather than
the small number of orbital samples for GPM‐DPR, as discussed in Naud et al. (2018). We have also
evaluated the precipitable water around the intense oceanic ECs and found the simulated storms to be
very similar to that of JRA‐55 reanalysis (not shown). Although these tests are not deﬁnitive, the available
observations fail to identify substantial biases in the ability of the simulations to resolve the main
structure of the precipitation system associated with intense oceanic ECs and thereby encourage our
further analysis.
3.2. Relationship Between Inter‐Hemispheric Contrast and Global‐Warming Response in
Precipitation From the Intense ECs
All of the observational data products consistently show that northern hemispheric ECs precipitate more on
average than do their southern hemispheric counterparts, a tendency that is also captured by the simulations. Speciﬁcally, spatially‐averaged precipitation amount over a 550‐km radius circle about the center of
intense oceanic ECs in NH versus SH is 10.7 mm/day1 versus 7.7 mm/day1 (GSMaP‐GPM, 2 years),
7.4 mm/day1 versus 3.6 mm/day1 (GPM‐DPR, 2 years), 9.4 mm/day1 versus 8.7 mm/day1 (IMERG, 2 years),
and 8.8 mm/day1 versus 7.2 mm/day1 (NICAM, 25 years), showing a substantial variability among the different precipitation climatology partly due to the different data coverage. Such differences in intensity of precipitation in northern versus southern hemisphere intense oceanic ECs can be explained by differences in
the surface air temperature and hence, the amount of moisture available to the storm. This is illustrated in
Figure 3 (upper, blue triangles), which plots the simulated mean precipitation of the intense oceanic ECs
versus the surface air temperature in the same region. The change in simulated precipitation with temperature is about 7%/K1, which equals the expected rate of change in saturated vapor pressure by temperature,
following the Clausius‐Clapeyron equation.
KODAMA ET AL.
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Figure 2. Composite of the synoptic‐ﬁltered MSLP (upper; Hectopascal pressure unit) and the precipitation amount (lower; millimeters per day) averaged over the
intense oceanic ECs. (a) JRA‐55 reanalysis for 1979–2003. (d) Global Satellite Mapping of Precipitation‐ Global Precipitation Measurement (GSMaP‐GPM) for April/
2014–March/2016. (e) GPM‐dual‐frequency precipitation radar (DPR) with latitudinal weighting (see section 2.2) for April/2014–March/2016. (b and f)
Nonhydrostatic Icosahedral Atmospheric Model (NICAM) for 1979–2003. (c and g) Difference between NICAM for 1979–2003 and NICAM for 2075–2099. Gray
circles show distances from the EC center by 500‐km interval. The number of samples is shown as digit (NH/SH). Note that an observational coverage is 60°S–60°N
for GSMaP‐GPM and 65°S–65°N for GPM‐DPR, respectively, and a dependency of the precipitation amount on the data coverage is shown in Figure S3 and Text S2.

If, as the simulation suggests, differences between precipitation in NH versus SH intense oceanic ECs can be
explained by their temperature, rather than differences in their dynamic structure, changes in precipitation
with warming within each hemisphere should scale likewise. This idea is supported by the simulations, as is
illustrated in Figure 3 (upper, blue and red triangles), whereby the precipitation‐temperature relationship of
the NH and SH intense oceanic ECs with warming follows the same relationship that governs differences in
NH versus SH intense oceanic ECs in the present day. The relationship is not sensitive to how intense oceanic ECs are identiﬁed, as it also holds when 850 hPa windspeed is used instead of MSLP (not shown). The
relationship for the intense oceanic ECs also holds when averaging over a radius of 1,100 km (~10°) or
1,650 km (~15°) from EC center although for the 1,650‐km radius, the rate of change in precipitation with
temperature starts to become smaller (Figure S5). Similar scaling is found for all the oceanic ECs but with
less rate of precipitation change by temperature (Figure 3, middle triangle).
The relatively small change in the dynamic structure of the ECs with warming that were discussed previously is consistent with a thermodynamic control on precipitation (see Text S2 for further analysis on
dynamical response). A negligible dynamical response to global warming was also found in coarser resolution GCMs (Bengtsson et al., 2009), and the importance of the thermodynamics for the future change in EC‐
precipitation was already demonstrated using ensemble climate simulations (Yettella & Kay, 2017).

4. Discussion
A 7%/K1, or Clausius‐Clapeyron, scaling among the intense oceanic ECs in both different climates and the
two hemispheres express a nontrivial symmetry of the Earth system. The scaling being independent of hemisphere is also evident, as would be expected for a thermodynamic argument, in moisture amounts (Figure
S4) despite hemispheric asymmetries in the large‐scale environment, for instance due to differences in
KODAMA ET AL.
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land‐sea contrast, orography, baroclinic zone, and direction of movement
that might modify the scaling. Earlier studies pointed out an importance
of the moisture convergence in precipitation increase due to SST rise
(Field & Wood, 2007; Trenberth, 1999). A comparison of the oceanic and
all the ECs shows that the interhemispheric relationship no longer holds
when including land‐based ECs (not shown), suggesting the importance
of moisture availability around the ECs in the precipitation‐temperature
scaling. As we have seen in Figures 1 and 2, dynamical change in ECs
due to global warming is negligible on a hemispheric scale. On a regional
scale, dynamical changes could be more signiﬁcant, as suggested or
implied in past studies (Marciano et al., 2015; Michaelis et al., 2017;
Pfahl & Sprenger, 2016; Zhang & Colle, 2017).
The change in precipitation for intense ECs is more than twice as large as
what is expected (about 3%/K1) based on energetic constraints on the
mean precipitation (Allen & Ingram, 2002; Fläschner et al., 2016).
Previous studies have hypothesized that it may, despite the energetic constraints, still increase following Clausius‐Clapeyron scaling, or even more
Figure 3. Surface air temperature and precipitation amount averaged over (Allen & Ingram, 2002; Paul R Field & Wood, 2007; Pall et al., 2007;
550 km circle from the center of the intense oceanic extratropical cyclones
Trenberth et al., 2003), particularly for intense ECs (Zhang & Colle,
(ECs; upper triangles) and all the oceanic ECs (middle triangles) and over
2017). The present simulations suggest that the stronger increase is not a
the whole extratropics (lower triangles). Large (small) triangles show 25‐
characteristic of the average ECs, but rather of the intense ECs. This might
year (annual) means for NH (▴) and SH (▾) from NICAM present (red) and
1
future (blue) climate simulations. Black and gray lines show 7%/K and 3%/ be due to a different precipitation‐temperature scaling between convective
1
and stratiform precipitation (Berg & Haerter, 2013; Berg et al., 2013), and
K curves passing at NH values of the 25‐year NICAM present climate
simulation.
in future studies, results from HighResMIP (Haarsma et al., 2016) will
offer a chance to test to what extent these results can be reproduced by
models running at coarser resolution with parameterized convection.
Based on these ﬁndings from the simulations, we hypothesize that precipitation from the intense
oceanic ECs scale with temperature in a warmer climate in the same way that they scale with temperature in the present climate. An advantage of such a hemispheric breakdown over the global‐mean
perspective is the use of the temperature difference between hemispheres to efﬁciently constrain future
precipitation change by increasing the number of samples (Figure 4a). A random sampling test using 2‐,

Figure 4. Histograms of the rate of change in precipitation by surface air temperature averaged over 550 km circle from the center of the intense oceanic extratropical cyclones (ECs) using a combination of annual NH and SH values. The rate of change can be estimated using NH values in particular year and SH values in
particular year. Assume that the annual values are independent for each year and each hemisphere, we can obtain 625 estimations of the rate of change
from the 25‐year NICAM present climate simulation, as shown in all the colors in (a). Red, yellow, green, blue, and purple colors show results of a sensitivity test, in
which 2‐, 5‐, 10‐, 15‐, 20‐year data are sampled randomly to construct histograms as shown in red, yellow, green, blue, and purple colors. Results of another sensitivity test, in which the data are restricted to 60°S–60°N, is shown in (b).
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5‐, 10‐, 15‐, and 20‐year NICAM data (Figure 4a, colors), which is repeated 1,000 times, shows about
90% of histograms have a peak between 4–12%/K1 (roughly between half and double Clausius‐
Clapeyron scaling) using 5‐year data and about 98 % using 10‐year data. Hence, precipitation changes
with temperature could be observable with as little as 5 years of data. We also tested for a sensitivity
of the rate of precipitation change by temperature on data coverage. Figure 4b shows that the distribution in Figure 4a is broadened and skewed by restricting the model data to 60°S–60°N, the coverage of
GSMaP‐GPM product. Despite the limited record length and spatial coverage, the observed precipitation
is highly correlated with temperature for each EC (Figure S4). However, the rate of change from observation is, until now, highly uncertain (29.5–39.0%/K1 from GSMaP‐GPM, 15.5–18.3%/K1 from GPM‐
DPR, and 2.7–7.9%/K1 from IMERG). We believe that such uncertainty reﬂects the preliminary state
of the retrievals as well as the poor sampling statistics (Figure 4; see Text S3 and Figures S7 and S8
for further details). For instance, because the storm tracks are located in different latitudes in the two
hemispheres, their statistics are differentially affected by the cut‐off latitude and uncertainties in retrievals such as snowfall (Heymsﬁeld et al., 2017; Kuo et al., 2016). Intense storms in the warmer NH often
locate poleward of 60°N, which is the cut‐off latitude of the GSMaP‐GPM product. This sampling problem can thus be expected to worsen with future warming as the storm‐tracks move poleward and
hence, with time. If these shortcomings can be overcome in the data, our simulation and breakdown
into the hemispheres suggest that the observations will provide critical tests of how precipitation from
intense oceanic ECs will change with warming.

5. Concluding remarks
Simulations capable of resolving many of the ﬁne‐scale features of ECs over periods sufﬁciently long to
assess the climatology of the most intense (upper decile of) ECs are analyzed. The simulation output compares favorably to newly available satellite measurements, which for the ﬁrst time make it possible to infer
precipitation on ﬁne spatial and temporal scales. The simulations compare favorably to the satellite observations both in terms of the EC dynamical structure, quantitative precipitation amounts, and in terms of differences between ECs in the northern versus southern hemisphere.
The simulations further suggest that the dynamic structure of the intense ECs changes at most modestly
in response to global warming and that surface air temperature, by setting the available moisture, determines the precipitation from intense oceanic ECs. Precipitation associated with intense oceanic ECs is
found to depend on the surface air temperature following Clausius‐Clapeyron scaling (7%/K1), both
when comparing hemispheric differences in the intense oceanic ECs and when comparing changes
within a hemisphere in response to global warming. This suggests a degree of temperature‐regulated
precipitation invariance in intense oceanic ECs and is consistent with the ﬁnding that changes to the
dynamic structure of the intense oceanic ECs with warming negligible. If, as our simulations suggest,
precipitation around intense oceanic ECs increases with temperature following the scaling between
intense oceanic ECs in the different hemispheres, then symmetries observed in the present climate
may be informative of future changes.
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