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Abstract The extratropical precipitation response to global
warming is investigated within a 30-member initial condi-
tion climate model ensemble. As in observations, modeled
cyclonic precipitation contributes a large fraction of extra-
tropical precipitation, especially over the ocean and in the
winter hemisphere. When compared to present day, the
ensemble projects increased cyclone-associated precipita-
tion under twenty-first century business-as-usual green-
house gas forcing. While the cyclone-associated precipi-
tation response is weaker in the near-future (2016-2035)
than in the far-future (2081-2100), both future periods have
similar patterns of response. Though cyclone frequency
changes are important regionally, most of the increased
cyclone-associated precipitation results from increased
within-cyclone precipitation. Consistent with this result,
cyclone-centric composites show statistically significant
precipitation increases in all cyclone sectors. Decompo-
sition into thermodynamic (mean cyclone water vapor
path) and dynamic (mean cyclone wind speed) contribu-
tions shows that thermodynamics explains 92 and 95% of
the near-future and far-future within-cyclone precipita-
tion increases respectively. Surprisingly, the influence of
dynamics on future cyclonic precipitation changes is neg-
ligible. In addition, the forced response exceeds internal
variability in both future time periods. Overall, this work
suggests that future cyclonic precipitation changes will
result primarily from increased moisture availability in a
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warmer world, with secondary contributions from changes
in cyclone frequency and cyclone dynamics.
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1 Introduction

Extratropical cyclones (hereafter cyclones) exert a strong
influence on extratropical weather and climate. Cyclones
control cloud amount and, as a consequence, radiation
received by the extratropics. In addition, cyclones trans-
port heat and moisture poleward and are an important part
of the global atmospheric circulation. Of specific relevance
to this study, cyclones produce a large fraction of extrat-
ropical precipitation. For example, Hawcroft et al. (2012)
found cyclones contribute more than half of total Northern
Hemisphere (NH) winter extratropical precipitation. Simi-
larly, Catto et al. (2012) show that up to 90% of rainfall in
the major storm-track regions is associated with fronts.
Recognizing the importance of cyclonic precipitation, an
obvious question emerges: how will cyclonic precipitation
change in a warming world? Previous work has addressed
this question. For example, using an objective cyclone
detection and compositing technique, Bengtsson et al.
(2009) found that cyclone precipitation increased 11% per
track over the twenty-first century, which is about twice the
projected increase in global precipitation (Held and Soden
2006). Using a feature tracking algorithm, Zappa et al.
(2013) investigated the response of North Atlantic and Euro-
pean extratropical cyclones to climate change in the climate
models participating in phase 5 of the Coupled Model Inter-
comparison Project (CMIPS5) and ascribed the uncertainty in
cyclone precipitation response to the competing effects of
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increased moisture content and reduced cyclone intensity.
Internal variability may be important for explaining precipi-
tation differences amongst climate projections (Power et al.
2012), but internal variability uncertainty has been difficult
to separate from model formulation uncertainty in previ-
ous studies using ensembles of opportunity such as CMIP5
(Tebaldi and Knutti 2007).

Building upon previous work, we analyze the influence
of global warming on cyclonic precipitation in an initial
condition ensemble of a global coupled climate model: the
CESM Large Ensemble (CESM-LE, Kay et al. 2015). The
CESM-LE consists of 30 realizations of a single model
(CESM-CAMS, Hurrell et al. 2013) under the same exter-
nal forcing. Ensemble spread is generated by small differ-
ences in initial conditions alone. The small initial condition
differences grow and create spread among the ensemble
members. Using the CESM Large Ensemble, we can for
the first time robustly quantify cyclone-associated precipi-
tation change in the presence of internal climate variability,
albeit within a single modeling framework.

Our study has three specific goals. First, we quantify
future changes in total and cyclone-associated extratropical
precipitation in the CESM-LE. Specifically, we compare
total and cyclone-associated precipitation in the present
with that in the near- and far-futures and assess when the
forced signal emerges above the internal climate variability
using a simple statistical test. Second, we map precipitation
rate changes within cyclones using cyclone-compositing.
Finally, and most importantly, we assess the processes
underlying projected changes in two quantities: cyclone-
associated and within-cyclone precipitation. It is important
to be clear about what these two terms mean. Cyclone-
associated precipitation refers to the precipitation that
accumulates at any grid point of interest due to cyclonic
influence and in a sense is Eulerian in perspective. Within-
cyclone precipitation refers to the precipitation occurring
within individual cyclone systems and in a sense is Lagran-
gian in perspective.

Quantifying cyclone-associated and within-cyclone
precipitation first requires identifying cyclones, a topic
with a long history which we briefly introduce here. Early
cyclone studies were limited by the lack of computing
power. With the rise of computing power, and the advent
of climate models and gridded analyses, the doors were
opened for detailed objective studies of synoptic variabil-
ity in the extratropics and the structure and evolution of
individual cyclones. One of the earliest numerical stud-
ies of synoptic variability was done by Blackmon (1976),
who used an Eulerian approach based on bandpass-filtered
variance of the 500 hPa geopotential height. Feature-based
Lagrangian techniques were also developed that identify
and track individual cyclones. These techniques provide a
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more direct and clearer way of studying the structure and
evolution characteristics of individual cyclones than pro-
vided by an Eulerian approach. These techniques differ in
their choice of identification and tracking criteria which
can sometimes lead to differences in the results obtained
and inferences made (Neu et al. 2013). In this study, we
adopt such a Lagrangian technique developed by Ser-
reze (1995) for the identification of cyclone centers in all
ensemble members but make no attempt to track them. We
then extract the precipitation around identified cyclone-
centers to estimate the contribution of cyclones to precipi-
tation in the extratropics.

After identifying cyclone centers, quantifying future
within-cyclone precipitation rate changes using a cyclone-
compositing approach follows naturally and provides use-
ful cyclone-centric information. Cyclone composites of
precipitation are produced by averaging the cyclone-center
relative precipitation fields of individual cyclones. Averag-
ing smooths the variability in individual cyclone fields and
reveals the structure present in a typical cyclone. The com-
positing approach has been used in a host of studies rang-
ing from the observation-based investigation of precipita-
tion and cloud structure in cyclones (Lau and Crane 1995;
Field and Wood 2007; Naud et al. 2012) to the evaluation
of the reproduction of certain aspects of cyclones by cli-
mate models (Klein and Jakob 1999; Bauer and Del Genio
2006; Field et al. 2008; Bodas-Salcedo et al. 2012). By
comparing the ensemble mean composites in the present
with those in the near- and far-futures, we unveil the mag-
nitude and pattern of precipitation change in cyclones.

Quantifying precipitation change is the first step, but
understanding the mechanisms underlying projected
changes in cyclonic precipitation is the most important goal
of this study. Such an evaluation is particularly relevant in
the context of the expected increase in atmospheric mois-
ture content (Held and Soden 2006) and the poleward shift
of the cyclone tracks with global warming (Yin 2005). We
ask two questions in this context: (1) How do changes in
frequency of cyclones affect cyclone-associated precipita-
tion? and (2) What factors cause future changes in within-
cyclone precipitation?

We organize the paper as follows: In Sect. 2, we detail
our cyclone identification and compositing procedures
and decomposition methods. In Sect. 3, we present our
results addressing the primary goals of our study: quantify-
ing and explaining. In Sect. 4, we place our results into a
broader context and finally, in Sect. 5, we summarize. As
we will show, our study highlights the important role that
thermodynamics plays in controlling the future precipita-
tion within extratropical cyclones and the negligible effect
internal climate variability has on the cyclonic precipitation
response to global warming.



How will precipitation change in extratropical cyclones as the planet warms? Insights from... 1767

2 Methods

2.1 Initial condition ensemble: the CESM large
ensemble

To quantify future changes in the presence of internal varia-
bility, we utilize daily averaged output from the CESM-LE:
an ensemble of 30 CESM1-CAMS simulations at 1° x 1°
resolution. The 30 CESM-LE simulations were carried out
for the period 1920-2100 under identical external forcing
but starting from slightly different initial conditions. His-
torical forcing was applied from 1920 to 2005 and Repre-
sentative Concentration Pathway 8.5 (RCP 8.5) forcing was
used from 2006 to 2100. The first ensemble member was
started using January 1 conditions of a randomly selected
year (402) of a 1500-year pre-industrial (defined as 1850)
control run of CESM1-CAMS and then integrated forward
from 1850 to 2100. The state of the first ensemble member
on Jan 1, 1920 was used to initialize the rest of the ensem-
ble members. A small random perturbation (order of 104
K) to the initial air temperature field was added to each
ensemble member before integrating them forward from
1920 to 2100. Due to the chaotic nature of the climate sys-
tem, these perturbations grow until initial condition mem-
ory is lost creating spread among ensemble members. A
detailed description of the CESM-LE can be found in Kay
et al. (2015).

Using the CESM-LE, we compute precipitation
responses in two seasons: DJF and JJA. Following the
IPCC, we define the present, near-future and far-future as
1986-2005, 2016-2035, 2081-2100 respectively. We com-
pute the precipitation response as ensemble-mean epoch
differences between the future epochs and the present.
Assuming ensemble members to be independent, we evalu-
ate the 95% statistical significance of the responses against
a null hypothesis of zero change using a 2-sided student ¢
test.

2.2 Analysis methods used
2.2.1 Cyclone identification and compositing

Cyclone centers are identified as minima in the daily aver-
aged sea level pressure (PSL) fields following the method-
ology outlined in Serreze (1995). Keeping in mind the large
amount of data to be processed, we have refrained from
using other, more computationally expensive cyclone iden-
tification methods, for example, those based on vorticity
(Hoskins and Hodges 2005). Prior to the identification, PSL
fields are smoothed in space using four passes of a nine-
point local smoother. Smoothing eliminates a majority of
spurious lows produced near high topography due to incor-
rect model extrapolation to sea level. Grid points in the

extratropical regions (defined as the latitude bands between
30° and 90° in both hemispheres) with a PSL value lower
than the values at the surrounding 8 points are then identi-
fied as minima. After identification, the central PSL values
are compared with PSL values at surrounding grid cells in
a series of outwardly expanding shells. Minima are then fil-
tered based on threshold PSL values at these shells. Apply-
ing these filtering criteria eliminates weak depressions as
well as spurious lows that survive the smoothing procedure.
Minima that pass the filtering procedure are considered
cyclone centers and their locations, date of occurrence and
central pressure are entered into a dataset. The total number
of cyclone centers detected globally in all time periods and
all ensemble members stood at approximately 6,600,000
which is an average of 10 cyclone centers per day globally
in each ensemble member.

No attempt is made to construct cyclone tracks using the
identified cyclone centers. Tracking proved difficult using
the daily averaged CESM-LE data available to us. In 24 h,
cyclones can travel a distance which is on the same order as
the separation between individual systems. This can lead to
false associations between cyclone centers on consecutive
days. For this reason, each cyclone on each day is treated as
an individual system. This approach has been used in other
studies as well (Lambert and Fyfe 2006; Finnis et al. 2007).

We now describe the cyclone compositing procedure.
Compositing has been used in various studies to calculate
the average structure of cyclonic variables (Field and Wood
2007; Bodas-Salcedo et al. 2012; Hawcroft et al. 2012,
their appendix). Composites can be produced by simply
using the latitude-longitude grid to define cyclonic area
around each center. However, this can introduce bias due to
grid distortion especially in the extratropics. This problem
can be avoided by using a natural radial grid centered on
each cyclone center (Bengtsson et al. 2007). We define a
radial grid (Appendix section) of great radius 2000 km with
100 km shell spacing. Each shell consists of 360 equally
spaced points. Model fields of any desired meteorological
variable (in this paper wind velocities, precipitation and
SLP) at any desired height (in this paper at the surface) are
bilinearly interpolated onto the radial grid. Composites are
then produced by averaging these radial fields.

2.2.2 Decomposition of cyclone-associated precipitation
change at grid points

Following Zappa et al. (2014), we decompose cyclone-
associated precipitation change at each grid point into con-
tributions from changes in the number of days cyclones are
present in the neighborhood of the grid point and average
precipitation rate change in those cyclones. The “neighbor-
hood” is defined as a 2000 km radial cap centered on the
grid point. The methodology works as follows: Let P(x, y)
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be a grid point. Let N, be the total number of days in which
cyclones are present in the neighborhood of P(x, y). The
total cyclone contributed precipitation at that grid point can
then be represented by:

Pc = Np-ug (1

where |, is the mean precipitation that falls at the grid
point during the N, days. The change in P in a future time
period can then be written as

8Pc = N2—=Nppi1 + (L2— )N + (N2— Nip) (R2—p1)

2
where N, and p, are the equivalents of N, and p, for a
future time period. The first term on the RHS is interpreted
as the contribution from changes in the fraction of time the
grid point spends in the neighborhood of cyclones. The sec-
ond term is interpreted as the contribution from changes in
the precipitation rate in cyclones. The third term represents
covariation.

As mentioned in Hawcroft et al. (2012), total cyclone-
associated precipitation is sensitive to the size of the
radial cap that is selected. Hawcroft et al. (2012) chose
12° (1334 km)/10° (1120 km) radial caps for DJF/JJA for
extracting cyclonic precipitation based on an investiga-
tion into the behavior of average cyclonic precipitation as
a function of distance from the cyclone center. We chose
a 2000 km radial cap for both seasons based on a similar
investigation (not presented in the paper). The larger cap
size is a consequence of our choice of cyclone identification
method as well as using daily-averaged data which spatially
smooths out the precipitation field. In our investigation, we
found that the frontal precipitation band can be offset from
the pressure low by as much as 500 km which meant that a
larger cap had to be used to capture all of this precipitation.
A sensitivity test using various cyclone radii showed that
our results are robust to the choice of cyclone radius.

2.2.3 Decomposition of precipitation change in cyclones

Using a simple mass conservation argument, Field and
Wood (2007) showed that the warm conveyor belt (WCB)
rain rate Rycp in a cyclone is proportional to the product of
cyclonewide-averaged surface wind speed (V) and cyclone-
wide-averaged column-integrated water vapor (Water
Vapor Path WVP):

Rwcg «x V- WVP 3)

Pfahl and Sprenger (2016) show that this relation-
ship explains a large fraction of the variance of cyclone
precipitation at all latitudes. Because most cyclonic pre-
cipitation occurs in the WCB, Eq. (3) still holds if Ryg
were replaced by the cyclonewide-averaged precipitation
rate PR. Since PR is simpler to calculate, we use it as a
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substitute for Ry,cg. We adopt V and WVP as measures of
the strength and moisture content of a cyclone respectively.
We also assume the two quantities to be independent based
on the arguments of Field and Wood (2007). V, WVP and
PR are calculated for each cyclone center on a 2000 km
radial grid centered on the cyclone center (see previous
section) with cosine weighting to account for the clustering
of points towards the center of the radial grid (see Fig. 14
in Appendix).

We next describe the decomposition procedure. Con-
sider a set of cyclones Cp, detected in a desired region and
time period. Let Cg be the set of cyclones detected in the
same region in a future time period. Let (PR)pg, be the
mean PR value of cyclones in Cpg). (PR)p — (PR)p then
represents future change in the mean of cyclonewide-aver-
aged precipitation of cyclones occurring in that region. The
decomposition procedure splits this change into contribu-
tions from future changes in the strength and moisture con-
tent of cyclones in that region. The first step in the proce-
dure is to construct probability density functions (PDFs) of
V in each set by binning. Let these PDFs be denoted by Pvp
and Pvg corresponding to Cp and Cp respectively. Each bin
represents a distinct cyclone strength regime. Into each bin,
PR values from Cp are composited to obtain a distribution
of PR conditioned on V and denoted by Fp. The conditional
distribution Fy, corresponding to Cy is obtained in the same
way. (PR)r — (PR)p can then be represented:

k
(PR)p — (PR)p = ZFP,- (PVF,- - PvPl.)
i=1
k k
+Y  (Fr, — Fp)Pvp, + >_ (Fr, — Fp,) (Pvr, — Pvp,)
i=1 i=1

“

where k is the number of bins and the index i indicates
evaluation in the ith bin.

The first term on the right hand side of Eq. (4) repre-
sents the change in (PR) due to future change in the PDF of
V with the distribution of PR conditioned on V remaining
unchanged. It is interpreted as the result of changes in the
average strength of cyclones in the region. The second term
is the change in (PR) due to future change in the distribu-
tion of PR conditioned on V with the PDF of V remaining
unchanged. It is interpreted as the result of changes in the
average moisture content of cyclones in the region. The
third term represents covariation. This simple decomposi-
tion framework was used by Emori and Brown (2005) to
split precipitation change into contributions from changes
in dynamic and thermodynamic components at individual
grid points and by Bony et al. (2004) to infer dynamic and
thermodynamic components of cloud response to climate
variations.
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Fig. 1 Ensemble-mean extratropical precipitation (EP): a DJF Present day (1986-2005), b JJA present day, ¢ DJF near-future (2016-2035), d
JJA near-future, e DJF Far-future (2081-2100), f JJA far-future. Stippling indicates statistically significant change at the 95% confidence level
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Fig. 2 Ensemble-mean cyclone-associated precipitation (CP): a
DIJF Present day (1986-2005), b JJA present day, ¢ DJF near-future
(2016-2035), d JJA near-future, e DJF Far-future (2081-2100), f JJA

3 Results
3.1 Precipitation: present day and future changes

We begin by presenting present-day and future changes in
extratropical precipitation within the CESM-LE. For ease
of comparison with previous work, we examine changes in
two seasons: DJF and JJA. We focus on the ensemble mean
to minimize noise from internal climate variability. The
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I I
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near-future. Stippling indicates statistically significant change at the
95% confidence level

largest present-day extratropical precipitation rates occur
over the ocean basins in the storm track regions where
the precipitation rates approach 8 mm/day (Fig. la, b).
The contribution of cyclones to extratropical precipitation
generally agrees well with the observations-based results
of Hawcroft et al. (2012) (see their Figs. 2, 3). However,
we caution that such a comparison could be compromised
by differences in cyclone identification methodologies.
For example, the contribution over the continental United

@ Springer



1770

V. Yettella, J. E. Kay

05 -04 -03 -02 -01 0 0.1
mm/day

0.2 03 04 05

Fig. 3 Contributions to cyclone-associated precipitation (CP)
changes in the far-future (2081-2100): a DIJF cyclone frequency
change contributions, b JJA cyclone frequency change contribu-

States is underestimated, in some places by as much as
30%.

Both the near-future and the far-future precipitation
responses are statistically significant over the majority of
extratropics (Fig. 1c—f). While the magnitude of the pre-
cipitation change is larger in the far-future than in the near-
future, both future periods have similar spatial patterns of
precipitation change. During both the near-future and the
far-future, precipitation increases when compared to the
present in most extratropical regions.

We next focus on cyclone-associated precipitation in the
CESM-LE. Similar to the total precipitation, the majority
of cyclone-associated precipitation occurs in oceanic storm
tracks in both DJF and JJA (Fig. 2a, b). Indeed, similar pat-
terns of total precipitation (Fig. 1a, b) and cyclone-associ-
ated precipitation (Fig. 2a, b) demonstrate cyclonic activ-
ity is the dominant control on mid-latitude precipitation in
the CESM-LE. Consistent with seasonal variations in NH
cyclonic activity, NH cyclonic precipitation is larger in
NH winter (DJF) than in NH summer (JJA). While more
cyclonic precipitation also occurs in SH winter (JJA) than
in SH summer (DJF), the seasonal variations in cyclonic
precipitation are smaller in the SH than in the NH.

Having demonstrated that cyclones are a primary con-
tributor to present-day extratropical precipitation in the
CESM-LE, it follows that the spatial pattern of cyclonic
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precipitation change (Fig. 2c—f) closely matches the total
precipitation change (Fig. 1c—f). Also similar to the total
precipitation future change pattern, the cyclonic precipita-
tion change pattern intensifies in the far-future with more
grid points experiencing statistically significant changes.

3.2 Decomposition of future changes in cyclonic
precipitation at individual grid points

Two factors explain future cyclone-associated precipitation
changes in a warming world—contributions from changes
in cyclone frequency and contributions from changes in
within-cyclone precipitation (see methods in Sect. 2.2.2).
We compare these contributions in Figs. 3 and 4. Within-
cyclone precipitation change contributions dominate
cyclone frequency change contributions in most regions.
In most of the extratropics, within-cyclone precipitation
change contributions increase cyclone-associated precipi-
tation. Notable exceptions are the decreases seen over the
North Atlantic and the Mediterranean region in DJF and
over North America and Western Europe in JJA (Figs. 3c,
d, 4c, d). While within-cyclone precipitation change con-
tributions are first-order, cyclone frequency change contri-
butions do have a comparable magnitude over a consider-
able area of the extratropics. Particularly noticeable are the
decreases seen over the Pacific storm track in DJF and over
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Fig. 4 As in Fig. 3 but for the near-future (2016-2035)
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Fig. 5 Future changes in the fraction of time that a grid point spends d JJA far-future changes. Stippling indicates statistically significant
under cyclonic influence: a DJF near-future (2016-2035) changes, change at the 95% confidence level
b JJA near-future changes, ¢ DJF far-future (2081-2100) changes,
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the North Atlantic in JJA (Figs. 3a, b, 4a, b), consistent
with future cyclone frequency changes (Fig. 5).

3.3 Precipitation composites

Having learned that within-cyclone precipitation changes
dominate over cyclone frequency changes throughout most
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of the extratropics, we next further examine within-cyclone
precipitation changes using composites of present-day
cyclonic precipitation and future changes. We start with
cyclone composites of precipitation by hemisphere and
season (Fig. 6). The comma-shaped precipitation structure
associated with the warm conveyer belt is clearly visible
in the composites. The comma shape is flipped in the SH
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Fig. 6 Present-day (1986-2005) ensemble-mean cyclone precipita-
tion composites: a DJF composite in the Northern Hemisphere (NH),
b DJF composite in the Southern Hemisphere (SH), ¢ as in a but for
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JJA, d as in ¢ but for SH. Precipitation is plotted in colored contours.
Mean PSL (hPa) is overlaid as black contour lines
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composites (Fig. 6b, d). In both the SH and NH compos-
ites, precipitation reaches its greatest intensity close to the
cyclone center. The composites are constructed by averaging
the radial precipitation fields from a few hundred-thousand
cyclones contributed by all ensemble members. Hence they
represent greatly averaged precipitation footprints. The indi-
vidual precipitation footprints of the cyclones were found to
be highly variable. The composites represent the spatial aver-
age extent of cyclonic precipitation. The extent found in the
composites justifies the selection of a 2000 km radial cap—it
captures most of the cyclonic precipitation. The precipitation
magnitude in the central regions of the composites agrees
well with that in the composites derived from observational
data (Hawcroft et al. 2012, their Figure S1; Field and Wood
2007, their Figure 3). The comma shape of the precipitation
band matches the composites in Field and Wood (2007) in
terms of its spatial spread and orientation.

We next show precipitation change in cyclone composites
of the future compared with the present (Figs. 7, 8). In all
composites, statistically significant precipitation increases
occur at most points on the radial grid. The greatest precipi-
tation increases occur near the composite centers, also where
the cyclone precipitation is largest. The rate of change of sat-
uration vapor pressure with change in temperature is highest
in NH, JJA. Correspondingly, we see the greatest increases
in the NH, JJA composites suggesting a strong role for ther-
modynamics in cyclone precipitation change.

3.4 Decomposition of future changes in precipitation
within cyclones

Our results thus far reveal that within-cyclone precipita-
tion in both hemispheres increases in the future (Figs. 7, 8).
A next obvious question is: Why is precipitation increas-
ing within the cyclone composites in a warming world? To
answer this question, we decompose precipitation changes
into contributions from the changes in the cyclones’ ther-
modynamic and dynamic environments.

We quantify in every ensemble member, the contribu-
tion of changes in the moisture content and wind speed of
cyclones to future changes in precipitation within cyclones
(Fig. 9; methods described in Sect. 2.2.3). Contributions
from increases in moisture content dominate those from
changes in wind speed and increase (PR) in all ensemble
members irrespective of the ensemble member and time
period. On average, increase in moisture accounts for more
than 90% of within-cyclone precipitation increase in both
future time periods (Table 1). In contrast, the contribu-
tion from changes in wind speed are smaller. The covari-
ance terms are negligible in all cases. In agreement with
the negligible contribution of changes in dynamics, future
cyclonic V PDFs vary little compared with those in the pre-
sent (Fig. 10a). In contrast, a clear shift to higher values

can be seen in future WVP PDFs (Fig. 10b). Interestingly,
the number of cyclones with extreme values of moisture
content increases at the expense of the number of cyclones
with moderate moisture content.

We next map the contributions of moisture content
and wind speed to precipitation changes in the two future
periods (Figs. 11a—d, 12a—d). Since the decomposition is
performed utilizing sets of cyclones in a 2000 km radius
around each grid point, the figures display a spatially
smoothed map of the contributions. In general, the thermo-
dynamic contributions (Figs. 11c, d, 12c, d) increase (PR).
In contrast to this general rule, thermodynamic changes
reduce (PR) in the lower parts of North America and the
Mediterranean region during JJA (Figs. 11d, 12d). Unlike
thermodynamic contributions, dynamic contributions have
a mixed influence on (PR) (Figs. 11a, b, 12a, b). Interest-
ingly, the dynamic contribution changes sign over a major
portion of the Northern extratropics between the near- and
far-futures. In most regions in the far-future, the dynamic
contribution is considerably smaller than the thermody-
namic contribution. An exception is in the North Atlantic
and in the subsidence regions, where the dynamic and ther-
modynamic components have comparable magnitudes in
both seasons.

We now examine mean within-cyclone precipitation
changes (Fig. 13) that contribute to cyclone-associated pre-
cipitation changes (Figs. 3c, d and 4c, d). These changes do
not always correlate positively with their contributions to
cyclone-associated precipitation changes. Within-cyclone
precipitation changes are significant in most regions of the
extratropics in both epochs and seasons. The contours fol-
low those of the thermodynamic contributions (Figs. 11c, d,
12¢c, d), highlighting the importance of increased moisture
content in a warming world for driving increased cyclonic
precipitation.

4 Discussion

Despite the potential for complexity, we found modeled
precipitation changes in extratropical cyclones in a warm-
ing world are simple to explain: precipitation increases
because water vapor increases. Using the classic warm con-
veyer belt model and the finding that the cyclone strength
change is negligible (Figs. 10a, 11a, b, 12a, b), most of the
increase can be attributed to increased moisture content
in a warmer atmosphere. This result agrees with Li et al.
(2014) who used recent warm periods in reanalysis data as
analogues for future warming and found increased cyclonic
precipitation but essentially unchanged cyclone intensity.
Cyclone compositing also revealed that increased water
vapor availability leads to increased precipitation in the
central regions of model cyclones.
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Fig. 7 Far-future (2081-2100) ensemble-mean cyclone precipitation
difference composites. a DJF difference composite in the Northern
Hemisphere (NH), b as in a but for the Southern Hemisphere (SH),
c as in a but for JJA, d as in ¢ but for SH. Precipitation difference

There are regional exceptions to our overall finding
that thermodynamics increases within-cyclone precipita-
tion. For example, changes in thermodynamics consider-
ably reduce within-cyclone precipitation over South-Cen-
tral Europe and over a major portion of the United States
in the far-future (Fig. 12d). This reduction occurs despite
of increased average cyclone moisture content and only

@ Springer

is plotted in colored contours. Present-day (1986-2015) mean PSL
(hPa) is overlaid as black contour lines. All regions are statistically
significant at the 95% level

slightly decreased average cyclone strength in those regions
(not shown). This suggests that within-cyclone precipi-
tation simulated by the climate model in these regions is
less than that predicted by the WCB model which warrants
investigation.

All things considered, changes in cyclone dynamics
are often negligible (Figs. 10a, 11a, b, 12a, b). As argued
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Fig. 8 Asin Fig. 7 but for the near-future (2016-2035). Stippling indicates statistically insignificant change at the 95% confidence level

by Bengtsson et al. (2009), unchanging cyclone dynamics
could be a result of compensation between the strengthen-
ing of storms due to increased moisture and an associated
greater latent heating and the weakening of storms due to
weakened equator to pole surface temperature gradient
with a warming climate. We caution that this result might
be resolution dependent. Cyclone intensity, in terms of sur-
face wind speed, can increase, albeit modestly, in a warmer
climate at finer resolutions (Booth et al. 2013).

This study also investigated the influence of changes
in storm-frequency on cyclone-associated precipitation.
Changes in storm-frequency in the future are consistent
with results from literature. For example, in the far-future
(Fig. 5c, d), SH cyclone frequency exhibits a dipole behav-
ior by increasing in the Southern ocean (South of 60°S)
and decreasing in the sub-Antarctic ocean (North of 60°S)
agreeing with the results of Fyfe (2003). This dipole behav-
ior also agrees with model projections of poleward SH
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Fig. 9 Contributions to within-cyclone precipitation change. Near-
future (2016-2035, dash). Far-future (2081-2100, solid). Black, red
and green represent total mean cyclonewide-averaged precipitation

changes respectively. Horizontal lines represent respective means
(see Table 1 for values). Changes are calculated using methods in
Sect. 2.2.3 for cyclones detected in the entire extratropical region
(30°N(S)-60°N(S)) for DJF and JJA combined

((PR)) changes, thermodynamic and dynamic contributions to (PR)

Table 1 Ensemble mean contributions

Near-future (2016-2035)

Far-future (2081-2100)

0.0863 (0.0173)
0.0796 (0.0160), 92%
0.0066 (0.0061), 8%

Total (PR) change (mm/day)
Thermodynamic contribution (mm/day), % of (PR) change
Dynamic contribution (mm/day), % of (PR) change

0.4402 (0.0174)
0.4166 (0.0151), 95%
0.0233 (0.0060), 5%

Standard deviation given in parentheses. Individual member values in Fig. 9. Methods in Sect. 2.2.3

0.05
0.04
0.03 -
0.02

0.01 -

2 4 6 8 10 12 14 16 18
m/s

Fig. 10 Probability distribution functions of a cyclone-averaged
wind speed V, b cyclone-averaged water vapor path WVP. Green
present (1986-2005), blue near-future (2016-2035), red far-future

storm track shifts. The dipole is stronger in JJA than in DJF
due to the competing effect of ozone recovery in DJF which
tends to oppose the poleward shift (Polvani et al. 2011). In
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kg/m’

(2081-2100). Individual lines represent ensemble members. The
PDFs are derived for cyclones detected in the entire extratropical
region (30°N(S)-60°N(S)) for DJF and JJA combined

boreal winter (Fig. 5c), the shifts are not necessarily pole-
ward in all regions. For example, a tripolar response, as
found in a multimodel assessment by Zappa et al. (2013),
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Fig. 11 Contributions to mean cyclone-wide averaged precipita-
tion ((PR)) changes in the near-future (2016-2035). a DJF dynamic
contributions, b JJA dynamic contributions, ¢ DJF thermodynamic
contributions, d JJA thermodynamic contributions. These maps were
produced by constructing circles of great radius 2000 km at every

is present over the North Atlantic Ocean and Europe, con-
sistent with minimal jet shifts found by Barnes and Polvani
(2013) in that region. In the North-Eastern Pacific how-
ever, clear poleward storm track shifts are present, as also
noted by Barnes and Polvani (2013). In agreement with the
findings of Chang et al. (2015), the gradient of frequency
change over the East Pacific just off the North Ameri-
can coast suggests a southward shift of cyclones in that
region. Contrary to their results however, cyclone activity
in reduced. Consequently, the cyclone-associated precipi-
tation increase over the coastal East Pacific and California
regions (Fig. 2e) is explained exclusively by the increased
precipitation intensity within cyclones (Fig. 3c). In boreal
summer (Fig. 5d), cyclone frequency decreases throughout
the extratropics, most prominently over the North Atlantic
Ocean and Europe. The gradient of change is consistent
with a clear poleward jet shift in those regions (Barnes and
Polvani 2013). On comparing the contributions of changes
in cyclone frequency and precipitation intensity (Figs. 3,
4) with total cyclonic precipitation change (Fig. 2c—f), the
only regions where contributions by changes in cyclone
frequency dominate are the winter time Pacific Storm
tracks and SH low latitudes in addition to the summer time
North Atlantic Ocean. In all other regions, contributions

L T
-0.25-0.2 -0.15-0.1 -0.050 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

mm/day

grid point and applying the decomposition procedure described in
Sect. 2.2.3 to the set of V, WVP and PR values of cyclones located
within each circle in each ensemble member. The ensemble-mean
of the resulting values of the contributions are assigned to the cor-
responding central grid point

by changes in precipitation intensity associated with the
increased moisture content clearly dominate during both
seasons suggesting a stronger role for thermodynamics in
causing cyclone-associated precipitation change. We cau-
tion that these results are specific to CESM-CAMS and
there is intermodel spread in the storm track response
(Chang et al. 2012; Harvey et al. 2012).

In spite of the complex interaction between various
physical drivers of change that could result in cyclone
response uncertainty (Zappa et al. 2013, Woollings et al.
2010), our results under RCP 8.5 forcing show that the
dominance of thermodynamics over dynamics rises above
internal variability in both time periods (Fig. 9; Table 1).
Even in the near future when internal variability noise can
possibly hide signals from the forced response, the conclu-
sion is very clear: changes in thermodynamics are far more
important than changes in dynamics from a cyclone precip-
itation perspective. The relative magnitude of the ensemble
spread in the contributions (standard deviations in Table 1)
suggest that the role of internal variability is negligible and
a small number of ensemble members is sufficient to detect
the forced response in cyclones in an average sense even
in the near-future. Ensemble spread in the contributions
arising from internal variability was found to be minimal
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Fig. 12 Contributions to mean cyclone-wide averaged precipitation grid point and applying the decomposition procedure described in
((PR)) changes in the far-future (2081-2100). a DJF dynamic con- Sect. 2.2.3 to the set of V, WVP and PR values of cyclones located
tributions, b JJA dynamic contributions, ¢ DJF thermodynamic con- within each circle in each ensemble member. The ensemble-mean
tributions, d JJA thermodynamic contributions. These maps were of the resulting values of the contributions are assigned to the cor-
produced by constructing circles of great radius 2000 km at every responding central grid point
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Fig. 13 Mean cyclonewide-averaged precipitation (PR) change: a DJF near-future (2016-2035) change, b JJA near-future change, ¢ DJF far-
future change (2081-2100) change, d JJA far-future change. Stippling indicates statistically significant change at the 95% confidence level
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even on the regional scale (not shown) throughout the
extratropics in both future periods. Our results imply that
future cyclone change studies may be best served by focus-
ing on their thermodynamic aspects. However, this does not
eliminate the need to study changes in extremes of cyclonic
winds due to their relevance to the society.

Like all studies, the methods applied here have limita-
tions. This work assumes that cyclone V and WVP are
independent quantities based on the arguments of Field and
Wood (2007). Mathematically, this assumption translates to
a negligible covariation term in Eq. 4. The covariation term
was indeed found to be negligible when the decomposition
of within cyclone precipitation changes into contributions
from changes in cyclone V and WVP in the neighborhood
of each grid point was performed taking into account com-
plete sets of identified cyclones. When the decomposition
was performed for particular cyclone strength regimes
(e.g.: the middle tercile of a tercile-by-tercile partition of
cyclones based on strength), the covariation term attained a
magnitude comparable to the thermodynamic and dynamic
terms. Cyclone thermodynamics and dynamics are coupled
to each other in such a scenario and as a result the effect of
their covariation must be included in the analysis.

Another limitation of this work is the use of daily aver-
aged data. Because cyclones evolve on sub-daily time-
scales, the use of daily data smooths cyclones. For exam-
ple, a side analysis shows that the precipitation maximum
near cyclone centers was smaller in 24-hourly averaged
composites than in 6-hourly averaged composites by as
much 6 mm/day. While the use of daily data does affect the
magnitude of the precipitation fields, the use of daily data
does not change the fundamental conclusion of this work:
thermodynamics dominate over dynamics. Our conclu-
sion that the dynamics changes within cyclones are rela-
tively small is consistent with idealized model experiments
(Booth et al. 2013) and reanalysis data (Li et al. 2014).

Finally, we use an imperfect model with precipitation
biases. Biases in the simulation of present-day precipitation
imprint themselves on the projections of precipitation change
since precipitation changes associated with warming correlate
with the present-day pattern of precipitation (Bony et al. 2013).
Although models represent front occurrence frequency well,
they overestimate the frequency of frontal precipitation and
underestimate its intensity (Catto et al. 2015). These compen-
sating factors add little bias to accumulated precipitation and as
a result, frontal precipitation is well represented on average in
models. For example, using a cyclone-compositing approach,
Field et al. (2008) have shown that accumulated cyclonic pre-
cipitation rate and composite structure over oceans reproduced
by CAM are in good agreement with satellite estimates. How-
ever, the underestimation of frontal precipitation intensity
could impact present-day simulations and future projections of
model cyclone strength through the resulting underestimation

of latent heat fluxes. Willison et al. (2013) argue that one cause
of this deficiency could be the coarse resolution of present day
GCMs. Horizontal resolution can have an important impact on
storm track response to changes in large scale conditions such
as moisture and dynamics. For example, Willison et al. (2013)
show an enhanced positive feedback between cyclone inten-
sification and latent heat release within the cyclone at higher
resolutions, resulting in stronger storms relative to coarser sim-
ulations. As demonstrated by Govekar et al. (2014) and Field
et al. (2008), model resolution can also impact the sensitivity of
changes in model cyclonic clouds and precipitation to changes
in moisture and dynamics. Specific to our study, Field et al.
(2008) argue that Eq. (3) may not completely explain the vari-
ance seen in the model composite-mean rainfall rates which
could potentially affect the quantitative decomposition results
presented in Table 1. While important to consider, we do not
think these factors change the essential conclusion of our work:
changes in thermodynamics in a warming world explain most
of the changes in cyclone precipitation.

5 Summary

Using a cyclone-compositing approach, we find that pre-
cipitation within extratropical cyclones as represented by
a state-of-the-art global coupled climate model (CESM1-
CAM)) increases in the future. With some regional excep-
tions, within-cyclone precipitation increases mostly due to
increase in the cyclonic water vapor content, not changes
in cyclonic wind speeds. Cyclone-associated precipita-
tion increases mostly due to within-cyclone precipitation
enhancement. Despite their potential to affect cyclone-
associated precipitation, changes in cyclone frequency play
only a secondary role with some regional exceptions. In
spite of the potential for uncertainty arising from complex
interaction of various physical drivers of change, internal
climate variability has a negligible effect on the dominance
of thermodynamic contributions to extratropical cyclone
precipitation change over other controls on precipitation in
the near- and far-futures.
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Appendix: Construction of cyclone-centric radial
grids

The radial grids used in our study are centered on cyclone
centers and consist of equally-spaced shells on the sphere
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Fig. 14 Illustration of a cyclone-centric radial grid. The green points
represent model grid points. The black dot is a sample cyclone center.
The red points represent the radial grid

with each shell consisting of a desired number of points
(Fig. 14).

Such radial grids have previously been used in Bengts-
son et al. (2009) for cyclone compositing purposes. Here
we give direct formulas for the construction of such grids.

Consider a cyclone center C identified on the globe at
latitude ¢ and longitude A where the angles are expressed in
radians. The unit vectors ?1), ?5, e_3> at C in the zonal, merid-
ional and radial directions (assuming the center of the Earth
to be the origin) respectively are given by

& = —sin (Wi + cos (V)]

e = —sin () - cos (\)i — sin (¢) sin (k)7+ cos (¢)E
23 = cos (¢) - cos (i)?-l— cos (¢) sin ()v)_/j\+ sin (¢)7<\

where i, 7, % are the unit vectors of a fixed right-handed
coordinate system with origin at the center of the globe.

Let s be the desired great-circle distance between the
shells of the radial grid centered on C and m be the desired
number of shells. Let the desired number of points on each
shell be n. Then, the projections x, y, z of the radial vector
joining the origin to the gth point on the pth shell are given
by

~ o~ o~ 2
xi + yi + zk = Rsin (%) cos (—q)e_f
n

2 2
+ Rsin <E) sin (ﬂ)e_% + Rcos <ﬂ>e_3)
R n n

@ Springer

where R is the radius of the Earth, p can range from
1,2,3,...,mand g from 1,2,3,... n

The latitude and longitude ¢, , and X, , of the point are
then given by

Z 180

bra = —
P4 x2 +y2 472 0

b4
— — arccos
2

. 180
Mg = ((Arg(x + ly))mod(271))7

where mod is the modulus operator, Arg stands for com-
plex argument and i is the imaginary unit. ¢, 4 and A, , are
output in degrees, and lie in [—90, 90] and [0, 360) respec-
tively. By iterating p and g from 1 to m and 1 to n respec-
tively, the latitudes and longitudes of all radial grid points
can be obtained.
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