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ABSTRACT

A downscaling approach is applied to future projection simulations from four CMIP5 global climate models
to investigate the response of the tropical cyclone (TC) climatology over the North Pacific basin to global
warming. Under the influence of the anthropogenic rise in greenhouse gases, TC-track density, power dis-
sipation, and TC genesis exhibit robust increasing trends over the North Pacific, especially over the central
subtropical Pacific region. The increase in North Pacific TCs is primarily manifested as increases in the intense
and relatively weak TCs. Examination of storm duration also reveals that TCs over the North Pacific have
longer lifetimes under global warming.

Through a genesis potential index, the mechanistic contributions of various physical climate factors to the
simulated change in TC genesis are explored. More frequent TC genesis under global warming is mostly
attributable to the smaller vertical wind shear and greater potential intensity (primarily due to higher sea
surface temperature). In contrast, the effect of the saturation deficit of the free troposphere tends to suppress
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TC genesis, and the change in large-scale vorticity plays a negligible role.

1. Introduction

The North Pacific is an important region of relatively
frequent tropical cyclones (TCs) (~40 TCs per year).
The extreme rainfall and strong winds associated with
TCs may influence shipping in the open ocean and cause
notable damage to coastal areas if TCs make landfall.

Denotes content that is immediately available upon publica-
tion as open access.
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Given the possible catastrophic impact of TCs on man-
kind, the response of TC activity over the North Pacific
basin to anthropogenic global warming is naturally of
great societal interest and has been intensively analyzed
in numerous studies (Zhao and Held 2012; Emanuel
2013; Murakami et al. 2013; Knutson et al. 2015; Kossin
et al. 2016).

There are several approaches to investigating the re-
lationship between climate change and TCs. One rela-
tively straightforward approach is to analyze the future
projections of TC statistics as explicitly resolved within
the global model simulations. The current generation of
climate models has indeed been suggested to be capable
of simulating TCs (Zhao and Held 2010; Murakami et al.
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2013, 2015; Han et al. 2016). However, it has also been
pointed out that the resolution of these models may be
too coarse to properly resolve the full intensity spectrum
of TCs, especially for intense storms (Emanuel 2006;
Rotunno et al. 2009; Zhao et al. 2009). Therefore, the
reliability of the projected changes in TC statistics in
climate models remains questionable. Some studies use
the statistical downscaling approach to examine future
changes in TCs (e.g., Villarini and Vecchi 2012, 2013).
Alternatively, several dynamical downscaling ap-
proaches have been developed, using high-resolution
models embedded within global climate models
(Knutson et al. 1998; Emanuel et al. 2008; Knutson et al.
2010; Emanuel 2010). Such techniques produce highly
resolved TCs including a more realistic intensity spec-
trum. Also, because the high-resolution models are
normally driven by the large-scale thermodynamic and
dynamic conditions obtained from the global climate
models or reanalysis datasets, results from downscaling
models provide useful insights into the impacts of large-
scale climate conditions on TC activity (Emanuel 2013).
One limitation common to all applications of such a
technique, however, is the lack of feedbacks between the
simulated TCs and the global climate system. In general,
if a strong TC exists, it is unfavorable for coexistence of
other TCs in the same basin (Satoh et al. 2015), but such
an effect is not included in most downscale techniques.

Downscaling approaches have been widely used to
explore the response of TCs to global warming via the
buildup of greenhouse gases (e.g., Emanuel et al. 2008;
Villarini and Vecchi 2012; Knutson et al. 2013; Emanuel
2013). Using a regional model to downscale global cli-
mate models from phases 3 and 5 of the Coupled Model
Intercomparison Project (CMIP3 and CMIP5), Knutson
et al. (2013) found that over the North Atlantic basin,
TCs become less frequent overall but shift toward more
intense storms. In contrast, Villarini and Vecchi (2012)
used a statistical model with sea surface temperature
(SST) being the only predictor and found negligible
changes in TC frequency over the North Atlantic during
the twenty-first century. With a two-step downscaling
framework, Knutson et al. (2015) found a decrease (in-
crease) in TC frequency over the western (eastern)
North Pacific in response to anthropogenic global
warming. Emanuel et al. (2008) and Emanuel (2013)
developed a novel dynamical downscaling technique
and found increased TCs over both the North Atlantic
and North Pacific basins. Kossin et al. (2016) used the
same downscaling technique and found the same pole-
ward shift of the average latitude where the TCs reach
their lifetime maximum intensity over the western North
Pacific as with observed tracks over the past 30 years. In
this study, the downscaling technique of Emanuel et al.
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(2008) is applied to four CMIPS climate models to ex-
plore the response of the TCs over the North Pacific
basin to global warming. In Emanuel (2013), future
projection experiments under the representative con-
centration pathway (RCP) 8.5 emission scenario were
analyzed, while in this study, both the RCP4.5 and
RCP8.5 scenarios are analyzed to illustrate the response
of TCs to both a moderate and relatively severe global
warming scenarios. A further goal of this paper is to
provide a better understanding of the physical mecha-
nisms for projected changes of TCs under global
warming through robust diagnostics.

As mentioned previously, none of the downscaling
techniques allows tropical cyclones to feed back to the
large-scale climate state. The technique used here
predicts a general increase in the frequency of tropical
cyclones, whereas most other dynamical downscaling
techniques project decreasing frequency, as do global
models that explicitly, albeit crudely, resolve tropical
cyclones. The global models and most dynamical
downscaling techniques fail to capture the high-intensity
events that in practice are responsible for most damage
and loss of life. While the technique used here captures
the full spectrum of tropical cyclone intensity, it gener-
ates storms by random seeding and natural selection
rather than as a natural consequence of the evolution of
atmospheric features. While this random seeding cap-
tures the seasonal cycle and spatial variability of storms
in the present climate, there is no guarantee that it ac-
curately represents the response of TCs to global climate
change. This caveat should be borne in mind in inter-
preting the results that follow.

Another set of studies of relevance to how TCs re-
spond to climate change are “TC-world simulations”
(Held and Zhao 2008; Khairoutdinov and Emanuel
2013), which examine storms that develop from hori-
zontally homogeneous radiative—convective equilib-
rium states. These storms are back to back and form a
fairly uniform array. As temperature increases, the
storms become larger and their diameters appear to
scale as the square root of the saturation mixing ratio
(Khairoutdinov and Emanuel 2013). Thus, there are
fewer storms per unit area. We do not, however, believe
that these results are immediately applicable to the
modern real world, in which the number of tropical cy-
clones does not appear to be limited by the packing
density of such storms.

2. Models and methodology

The downscaling technique introduced in Emanuel
et al. (2008) is applied to four CMIP5 models under the
RCP4.5 and RCP8.5 emission scenarios over the period
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TABLE 1. Four CMIP5 climate models used for the downscaling approach in this study.

AGCM resolution
Model Modeling center (country) (longitude by latitude) References
GFDL CM3 NOAA/Geophysical Fluid Dynamics Laboratory (United States) 2.5°%2° Donner et al. (2011)
HadGEM2-ES  Met Office Hadley Centre (United Kingdom) 1.875° X 1.24° Collins et al. (2011)

IPSL-CM5A-LR  L’Institut Pierre-Simon Laplace (France)
MIROC5

Atmosphere and Ocean Research Institute (The University of

3.75° X 1.875°
1.40625° X 1.40625°

Dufresne et al. (2013)
Watanabe et al. (2010)

Tokyo), National Institute for Environmental Studies, and Japan
Agency for Marine-Earth Science and Technology (Japan)

2006-2100. In the RCP4.5 (RCP8.5) experiments, the
radiative forcing reaches 45Wm™ 2 (8.5Wm ?) in the
year 2100. Global models included in this study are
the NOAA/Geophysical Fluid Dynamics Laboratory
Climate Model, version 3 (GFDL CM3); the Hadley
Centre Global Environmental Model, version 2-Earth
System (HadGEM2-ES); the L’Institut Pierre-Simon
Laplace Coupled Model, version 5A, low resolution
(IPSL-CM5A-LR); and the Model for Interdisciplinary
Research on Climate, version 5 (MIROCS). Full ref-
erences and some relevant details are provided in
Table 1.

In the downscaling model, synthetic TCs are produced
with a random seeding in space and time over the North
Pacific basin. The TC tracks are then predicted by a
beta-advection model driven by the large-scale winds
from the climate models. Along each track, a de-
terministic model is used for intensity prediction. This is
an axisymmetric atmospheric model phrased in
angular-momentum coordinates and coupled to a one-
dimensional ocean model. Thermodynamic and dy-
namic inputs to this intensity model are also obtained
from climate models, including daily vertical wind
shear between 250 and 850 hPa and monthly mean
potential intensity, 600-hPa temperature, and specific
humidity.

The intensity model predicts that most of the ran-
domly placed seed vortices dissipate almost immedi-
ately, and these are discarded. The survivors are
regarded as constituting the TC climatology of the
downscaled model or reanalysis. Thus, the technique
can be regarded as a form of natural selection. It has
been shown in previous studies that this downscaling
technique produces a realistic TC climatology (Emanuel
2006; Emanuel et al. 2008; Emanuel 2010).

One advantage of this technique is that thanks to a
small run time, it is capable of generating a large number
of synthetic TCs (~10° per year), which keeps the ran-
dom interannual variability of TC counts at less than
5%, and therefore provides useful insights into the de-
pendence of TC activities on the given climate condi-
tions (Emanuel 2013). Interested readers can refer to

Emanuel et al. (2008) for a more in-depth description of
this downscaling model.

3. Results

a. Downscaled response of TC climatology to global
warming

Opver the North Pacific basin, TCs propagate westward
after genesis at low latitudes and retreat northward and
eastward over mid- and high latitudes. As a result, the
climatological TC-track density is centered over the sub-
tropical North Pacific and midlatitude central Pacific to
the east of Japan (Figs. 1a,b). Ensemble mean results from
downscaling models suggest a robust and pronounced
increasing trend in the TC-track density over most of the
North Pacific region, with the maximum positive trend
located over the central subtropical Pacific (Figs. 1a,b).
Consistently, the power dissipation index (PDI), which is
defined as the time integral of the cubed maximum surface
wind speed along the TC track (Emanuel 2005), also
exhibits a prominent increasing trend, especially over the
subtropical region (Figs. 1c,d). Hence, TCs over the North
Pacific clearly become more frequent in the RCP4.5 and
RCP8.5 experiments; the increasing trends are more
pronounced in the RCP8.5 case.

The domain-averaged TC-track density and PDI over
the North Pacific basin indeed exhibit steadily in-
creasing trends with noticeable interannual variability,
and the intermodel spread increases with time during
the period 2006-2100 (Figs. 2a,b). We note that the
significant increasing trends of the TC-track density and
the PDI influence some land areas with very high pop-
ulation density (e.g., Southeast Asia and North Amer-
ica) (Fig. 1). The population-density-weighted, North
Pacific-averaged TC-track density and PDI exhibit sig-
nificant increasing trends as well, albeit with larger in-
termodel spread (Figs. 2c,d). Hence, based on the results
shown here, a large portion of the population would be
affected by the more frequent TCs under global warm-
ing. Such a result is of important societal interest, given
the catastrophic impacts of TCs.



1236

JOURNAL OF CLIMATE

90E 135E 180 135W  90W 90E 135E 180  135W

-0.4-0.35-0.3-0.25-0.2-0.15-0.1-0.050.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

90E  135E 180

-8 -7 -6 -5 -4 -3 -2 -1 1 2 3 4 5 6 7 8

FIG. 1. Ensemble mean linear trend of the TC-track density (shading; number of tracks per decade) in the
downscaling models for (a) RCP4.5 and (b) RCP8.5 experiments. Contours denote the climatological distribution
of TC-track density over the period 2006-50. TC-track density is defined as the number of tracks in each 4° X 4° grid
per year. (c) RCP4.5 and (d) RCP8.5 show PDI trend (shading; 1.0 X 108 m®s™>decade™") and climatology
(contours; 1.0 X 10°m>s~?). Stippling denotes the region where all the four models agree with the sign of the
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ensemble mean trend.

The changes of TC intensities are analyzed using a
kernel probability density estimator. We find that the
increasing trend in TC activity under global warming is
primarily manifest as a greater frequency of both intense
storms and relatively weak TCs, whereas the moderate
TCs become less frequent (Figs. 3a—c). The well-
developed TCs tend to become even more intense un-
der global warming, which is likely due to the greater
energy supply from the warmer sea surface (further di-
agnostics provided in section 3b). Note that the total
number of TCs over the North Pacific basin increases
during the twenty-first century in the downscaled
experiments (Fig. 3d), which is consistent with the
increase in the TC-track density over the North Pa-
cific. In our downscaling model, changes in TC ac-
tivity can be affected by two factors: changes in TC
frequency and systematic migrations of TC tracks.
As a result, the number of moderate TCs actually
increases slightly because of the increase in the total
TC number (figure not shown), despite the negative
fractional change.

The probability density estimates for TC duration
during the first and second half of the twenty-first cen-
tury are also analyzed. The majority of TCs last around 4
to 12 days in the downscaling models (Fig. 4). More
importantly, we find that during the second half of the
twenty-first century, TCs tend to last longer compared to
the first half of the century (Figs. 4a—c). The longer

lifetime of TCs may be related to more favorable con-
ditions for TCs in a warmer climate. In addition, the
forward speed of TCs robustly becomes slower in re-
sponse to anthropogenic global warming in the down-
scaling models (figure not shown), which also favors
longer TC lifetimes. We also note that the fractional
changes of TCs with different intensities and duration
are more significant over the eastern Pacific than the
western Pacific basin (Figs. 3 and 4) and slightly more
evident in RCP8.5 than the RCP4.5 experiments (figure
not shown).

b. TC genesis and GPI

Consistent with the positive trends of the TC-track
density and the PDI over the North Pacific, TC genesis,
which is defined as occurring when the TC’s maximum
surface wind speed first reaches 15ms ™", also increases
in the downscaled experiments (Figs. 5a,b), with a
greater positive trend in RCP8.5 experiments compared
to the RCP4.5 experiments. A genesis potential index
(GPI) developed by Emanuel (2010) is employed here
to explore the contributions of the various climate fac-
tors to the increase of TC genesis under global warming.
This index is defined as follows:

GPI= 0’ [x" P MAX[(V,, —35ms"),0
X@25ms '+ Vv, )7, (1)
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FIG. 2. Time series of the ensemble mean domain-averaged (a) TC-track density and (b) PDI (1.0 X 10°m?s™?)
over the North Pacific basin (0°-60°N, 60°E-60°W). Shading denotes one standard deviation across the four
downscaling CMIP5 models. (c),(d) Population-density-weighted results. Units are 1.0 X 10° personm®s™2km >
for the PDI. (Population density data are available at http://sedac.ciesin.columbia.edu/data/collection/gpw-v3.)

in which 7 is the absolute vorticity of the 850-hPa flow,
Vot the potential intensity, and V,, the magnitude of
the vertical wind shear between 850 and 250 hPa. The
term y is a nondimensional parameter defined in Emanuel
(1995):

G )

where h* represents the saturation moist static energy
of the free troposphere, A the saturation moist static
energy at the surface, and #,, the actual moist static
energy of the midtroposphere. At fixed relative hu-
midity, the numerator increases with temperature at a
rate of around 6%~7% K!, following the Clausius—
Clapeyron relationship. The denominator, on the
other hand, increases in proportion to the surface
turbulent enthalpy flux, which is constrained by the
net radiative cooling of the troposphere in the global
mean sense and thus increases at a much slower rate

under global warming (Vecchi and Soden 2007). As a
result, one may expect an increase in the global mean
x due to global warming, which would contribute to a
decrease in GPI based on Eq. (1) and thus is un-
favorable for TC genesis. Note that the increase of y
essentially reflects the effect of the saturation deficit
of the free troposphere on TC genesis under global
warming.

Changes in GPI and TC genesis agree very well in the
downscaling model; the GPI increases over the North
Pacific, especially over the subtropical central and
eastern Pacific, where a large positive trend of TC gen-
esis is located (Fig. 5). To the east of the Philippines,
where TC genesis exhibits a negligible trend, the GPI
trend is also small or even negative (Figs. 5¢,d). Hence, it
is clear that the GPI method is a useful diagnostic of TC
genesis. To explore the effects of climate conditions on
the increasing trend of the GPI, linear trends of the
various climate factors that are incorporated into the
GPI are analyzed (Fig. 6).
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FIG. 3. Probability density estimate for TC intensity (measured in knots) in RCP8.5 experiments. Results are
shown for the (a) North Pacific basin, (b) for the western North Pacific, and (c) for the eastern North Pacific. Black
solid (dashed) line for the result over the period 2050-2100 (2006-50) (left axis; unit is %). Red for the difference
between the two time periods (right axis; unit is %). (d) TC frequency during 2006-2100. Black line denotes the

result for the entire North Pacific and blue (red) for the eastern (western) North Pacific.

Vertical wind shear is projected to be weakening
nearly ubiquitously over the North Pacific, especially
over the subtropical region, which favors the TC genesis
(Fig. 6a). Such a result is consistent with Held and Soden
(2006), who found weakening of the atmospheric over-
turning circulation in future projections from climate
models, which is further related to the greater rate of
moisture increase compared to that of rainfall under
global warming. A positive trend of the large-scale
vorticity is found over the midlatitude North Pacific,
away from the primary TC genesis region (Fig. 6b). We
note that a negative trend of the low-level vorticity ap-
pears over the eastern Pacific, accompanied by stronger
vertical wind shear (Figs. 6a,b). Such changes might be
attributable to the widening of the Hadley cell and in-
tensification of the intertropical convergence zone
(ITCZ) over the eastern Pacific under global warming
(e.g., Hu and Fu 2007; Lu et al. 2007; Lau et al. 2013;
Zhang and Li 2016), which thereby leads to stronger
vertical wind shear, strengthened descending mo-
tion, and low-level anticyclonic anomalies over the

subtropical eastern Pacific, which tend to suppress the
TC genesis. The potential intensity exhibits a nearly
ubiquitous positive trend, which contributes to the in-
crease in the GPI and is thus favorable for the TC gen-
esis (Fig. 6¢). Such change is primarily attributable to the
nearly ubiquitous surface warming in the future pro-
jections from CMIPS models. The parameter y also in-
creases over most regions, as expected, and therefore
the saturation deficit effect indeed acts against the pos-
itive trend in the GPI (Fig. 6d). Note that the models
agree well on the PI trends compared to other factors of
the GPI, which may be because of relatively better
agreement of predicted SST trends across different
models, which project strongly onto PI, whereas the
atmospheric metrics are less robust.

The differences between the RCP4.5 and RCP8.5
experiments are consistent with the aforementioned
conclusions; that is, a more severe warming scenario
induces smaller vertical wind shear and greater potential
intensity that contribute to the positive trend in the GPI,
whereas the more pronounced saturation deficit effect
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FIG. 4. As in Fig. 3, but for the probability density estimate of TC duration (hour).

tends to decrease the GPI (Fig. 7). The large-scale vor- intensity is the only factor that contributes to the in-
ticity trend is positive over the midlatitude North Pacific ~ crease in the GPI over the eastern Pacific (Figs. 5, 6c,
and negative over the subtropical eastern Pacific, witha and 7c), where the largest positive trend of the potential
stronger vertical wind shear. Note that the potential intensity is located. This result is likely related to the
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FIG. 5. As in Fig. 1, but for (a),(b) TC genesis and (c),(d) the GPI. TC genesis is defined as the first grid in which the
maximum surface wind speed of the TC reaches 15ms~'. Boxes denote the regions where the positive trends in TC
genesis and the GPI are significant.
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pronounced eastern Pacific SST warming that most
CMIP5 models simulate (e.g., Vecchi and Soden 2007,
Xie et al. 2010).

Finally, the relative contributions of the trend in each
climatic variable represented by the GPI trend are ex-
plored by linearizing Eq. (1) through the natural

RCP8.5 —

(a) VWS trend (2006 2100)

logarithm of the full equation. Using this approach for
the North Pacific basin, we find that the largest and most
robust increase in log(GPI) is located over the central
Pacific, which is primarily attributable to the effects of
greater potential intensity and smaller vertical wind
shear (Fig. 8). The saturation deficit effect tends to
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FIG. 7. As in Fig. 6, but for the differences between the RCP4.5 and RCP8.5 downscaling experiments (RCP8.5
minus RCP4.5).



15 FEBRUARY 2017 ZHANG

015 r

=y
'cp
=gp

-01 ¢
log(GPI) Absolute

vorticity

Potential Vertical wind X
intensity shear

F1G. 8. Domain-averaged linear trends of log(GPI) per decade
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Domains are marked in Fig. 5.

suppress TC genesis, and the change in the large-scale
vorticity plays a negligible role. Over the western and
eastern North Pacific, the positive GPI trend is smaller
and less certain compared to the central Pacific region,
and the increase of the GPI is mainly induced by greater
potential intensity, which is partly offset by the effect of
the positive trend in y. The effects of changes in the
vertical wind shear and large-scale vorticity are in-
significant (Fig. 8). We note that the increasing trends in
TC-track density and PDI begin to level off after around
the year 2070 (Fig. 2), despite the radiative forcing
continuing increasing beyond 2070 in RCP8.5 experi-
ments, which is related to a more prominent saturation
deficit effect of free troposphere during the late twenty-
first century (figure not shown).

4. Summary and conclusions

Applying a downscaling approach to future projection
experiments from four CMIPS climate models, we
quantify and diagnose the response of the TC climatol-
ogy over the North Pacific basin to global warming. We
find that under global warming, the TC-track density
and PDI both exhibit robust and pronounced increasing
trends over the North Pacific basin, especially over the
central subtropical Pacific, and the positive trends are
more significant in the RCP8.5 experiments than in the
RCP4.5 experiments. The increase in North Pacific TCs
is primarily manifest as increases in both the intense
and the relatively weak TCs, whereas the number of
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moderate TCs only increases slightly. Developed TCs
over the North Pacific also tend to last longer in a
warmer climate.

Consistent with the more frequent TCs over the North
Pacific under global warming, TC genesis also exhibits a
positive trend over the subtropical North Pacific. De-
composition of the GPI reveals that the increasing trend
in TC genesis is primarily attributable to the smaller
vertical wind shear and greater potential intensity
(higher SST), whereas the saturation deficit effect y
tends to suppress the TC genesis. The large-scale low-
level vorticity change plays a negligible role in the GPI
trend. We note that the changes in both the vertical wind
shear and y can be explained by the moisture—rainfall
mismatch (i.e., the slower increasing rate of pre-
cipitation relative to atmospheric moisture content),
and the two opposite effects tend to partly offset
each other.

Our results suggest that the future may bear more
frequent and intense TCs over the North Pacific, which
may create a substantial impact on Southeast Asia, the
Pacific islands, and North America, where the pop-
ulation density is large. Our result is different from
Knutson et al. (2015), who found overall decreased TC
frequency but more frequent intense storms over the
western North Pacific in response to the anthropogenic
global warming. Over the eastern North Pacific, on the
other hand, our finding is consistent with the results
from Knutson et al.’s (2015) study (i.e., more frequent
TCs and intense storms under global warming). In ad-
dition to different downscaling approaches, we note that
the subset of CMIP5 models used in Knutson et al.’s
(2015) study is also different from those in this study.

The downscaling approach employed in this study
essentially reflects the response of the TCs to the pro-
jected changes of the climate conditions in climate
models in response to the anthropogenic rise in green-
house gases. However, the simulated changes of the
various climate factors are uncertain across different
climate models and compared to the observations to
some extent. For instance, the large increasing trend in
potential intensity plays an important role in the in-
crease of TC genesis over the eastern Pacific, which is
likely related to the pronounced eastern Pacific SST
warming that climate models tend to simulate; the ob-
served change to date in zonal SST gradient, on the
other hand, is negligible or even slightly enhanced dur-
ing the twentieth century (Karnauskas et al. 2009; Zhang
2016). Such discrepancies represent one potential source
of uncertainty in the results.

Given the considerable stakes, further efforts should
strive to understand the differences in the results given
by various approaches to quantifying the response of
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TCs to anthropogenic climate change. A TC downscal-
ing model intercomparison project is needed for such a
purpose, the idea of which is similar to the tropical cy-
clone climate model intercomparison project (TC-MIP)
in Walsh et al. (2010) but for downscaling results using
the same subset of CMIP5 models.
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