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CLIMATOLOGY

Tropical cyclone motion in a changing climate
Gan Zhang"?*, Hiroyuki Murakami®>>*, Thomas R. Knutson?, Ryo Mizuta*, Kohei Yoshida®

The locally accumulated damage by tropical cyclones (TCs) can intensify substantially when these cyclones move
more slowly. While some observational evidence suggests that TC motion might have slowed significantly since
the mid-20th century (1), the robustness of the observed trend and its relation to anthropogenic warming have
not been firmly established (2-4). Using large-ensemble simulations that directly simulate TC activity, we show
that future anthropogenic warming can lead to a robust slowing of TC motion, particularly in the midlatitudes.
The slowdown there is related to a poleward shift of the midlatitude westerlies, which has been projected by vari-
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ous climate models. Although the model’s simulation of historical TC motion trends suggests that the attribution
of the observed trends of TC motion to anthropogenic forcings remains uncertain, our findings suggest that
21st-century anthropogenic warming could decelerate TC motion near populated midlatitude regions in Asia and
North America, potentially compounding future TC-related damages.

INTRODUCTION

Tropical cyclone (TC) motion is a central issue for prediction and
mitigation efforts, as it affects the location of storm-related dam-
ages (5). For a specific location, the accumulated damage by TCs
can intensify significantly when TCs move slowly. Examples of such
damage intensification include recent Atlantic Hurricanes Harvey
(2017), Florence (2018), and Dorian (2019). These high-impact cases
also raise concerns regarding slow-moving TCs in the future climate.
While it now appears unlikely that observed TC motion slowed
significantly on the global scale since the mid-20th century (1-4),
there is some evidence for a slowing of TC motion over the con-
tinental United States since 1900 (4). However, the relationship of
TC motion decreases to anthropogenic forcing has not been firmly
established (2, 3).

TC motion is regulated by multiple factors (6-10), with the
large-scale atmospheric circulation often being the leading control
(5). Recent observational studies (I, 11) proposed that TC motion
has been affected by the weakening of the large-scale circulation in
recent decades, possibly driven by anthropogenic warming. Large-
scale circulation weakening with warming could possibly arise from
various physical mechanisms. For example, the tropical overturning
circulation is simulated to weaken with greenhouse gas-induced
warming because of an enhancement of radiative cooling and atmo-
spheric stability (12), as well as because of the moistening of the atmo-
sphere (13). Meanwhile, the extratropical circulation may weaken
because of a reduction of the pole-to-equator temperature gradient
related to the amplified Arctic warming (14-16). Nonetheless, there
remain substantial uncertainties in (i) whether the anthropogenic
warming has driven detectable changes (e.g., weakening) of atmo-
spheric circulation in the tropics or the Northern Hemisphere ex-
tratropics (17-19) and (ii) how future anthropogenic warming might
affect the large-scale circulation, especially on the regional scale
(20-22). These uncertainties, along with the inhomogeneity of TC
observations (2-4, 23), warrant further examination in connection
with TC motion and the anthropogenic warming.

1Atmospheric and Oceanic Sciences Program, Princeton University, Princeton, NJ,
USA. *Geophysical Fluid Dynamics Laboratory, National Oceanic and Atmospheric
Administration, Princeton, NJ, USA. 3University Corporation for Atmospheric Re-
search, Boulder, CO, USA. 4Meteorological Research Institute, Tsukuba, Japan.
*Corresponding author. Email: ganzhang@princeton.edu

Zhang et al., Sci. Adv. 2020; 6 : eaaz7610 22 April 2020

The recent development of TC-permitting global and regional
climate simulations offers opportunities to study TC activity under
changing climate conditions. The confidence in these applications
builds on the performance of the dynamical models in simulating
and predicting real-world T'C activity (24, 25). The dynamical mod-
els can also offer insights into unforced internal variability of the
climate system (26), which arises from intrinsic processes and their
interactions. Previous studies show that unforced atmospheric and/
or unforced coupled atmosphere-ocean variability can profoundly
affect the large-scale circulation (27) and TC activity (28, 29) on
various time scales. Such variability may obscure or potentially
dominate over climate responses to external factors, including an-
thropogenic forcing, depending on the variable, time scale, and re-
gion. Nonetheless, robust simulated climate responses to external
forcing can be obtained from models using a large number of indi-
vidual simulations, namely, the large-ensemble simulation (27).
However, the constraint of computing resources often limits the
application of the large-ensemble simulation technique at a TC-
permitting resolution.

Here, we investigate the relation between TC motion and the
large-scale circulation using a unique set of high-resolution and
large-ensemble simulations. The simulations can reproduce some as-
pects of historical TC activity (30) and consist of 90 to 100 individual
simulations for historical (1951-2010) conditions, early 20th-century
conditions, and future climate scenarios (31). More details of the
model and the experiment settings are available in Methods. Because
the large-ensemble simulation generates reasonably realistic climate
(31) and TC activity (30), it is potentially useful for investigating
impacts of historical boundary conditions [including sea surface
temperature (SST) variability, aerosols, and greenhouse gases] and
unforced atmospheric variability on TC activity. The simulations
can help to cast light on whether multidecadal SST variability and
trends, as well as anthropogenic warming, can alter TC motion via
the large-scale circulation.

RESULTS

Evaluation of large-ensemble simulations

We first evaluate the large-ensemble simulation of TC motion and
its relationship with the large-scale circulation (Fig. 1). The climatol-
ogy of TC motion in the observation and the historical (1951-2010)
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Fig. 1. Observed and simulated climatology of TC motion (m s") and midtropospheric TC-steering circulation (m s") during July to October (1951-2010). (A) TC
motion vector from the International Best Track Archive for Climate Stewardship (IBTrACS) data. (B) TC motion vectors in the large-ensemble historical simulation.
(C) Midtropospheric (500-hPa) winds from the CERA-20C data. (D) Midtropospheric (500-hPa) wind from the large-ensemble historical simulation. Color shading depicts
translation speed (A and B) or wind speed (C and D). The right panels show the zonally averaged climatology of speed magnitude (black), as well as zonal vector (red) and
meridional vector (blue) of TC motion (A and D) and midtropospheric winds (C and D).

simulation show consistent patterns. As in the observation, higher
translation speeds in the simulation appear in the midlatitudes
(>30°N), followed by parts of the tropics (10°N to 20°N), while the
lowest mean translation speeds are generally located in the subtropics
(20°N to 30°N). The TC observations are slightly noisier and show
faster TC motion north of 40°N than in the simulations. This differ-
ence might arise from potential model biases and/or differences in
the TC-tracking methods (see Methods). Besides TC motion, the

Zhang et al., Sci. Adv. 2020; 6 : eaaz7610 22 April 2020

observations and historical (1951-2010) simulations also show good
agreement in the large-scale circulation.

The vortex-flow interaction can affect TC motion in some com-
plex and even counterintuitive ways. For example, a reduction of
extratropical weather perturbations can slow TC motion, especially
in the meridional direction (10), and a purely zonal environmental
wind that varies latitudinally like the midlatitude jet can deflect TCs
poleward (7, 8). Nonetheless, as a first-order approximation, the
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speed of TC motion is positively correlated with the background
midtropospheric wind speed (5, 6). For example, the relatively fast
TC motion in the extratropics coincides with the strong westerly
winds related to the midlatitude jet. The positive correlation in the
observational data is overall well represented by the large-ensemble
simulation (fig. S1). The fidelity of the large-ensemble simulation in
representing TC motion and the large-circulation lays the founda-
tion for further analyses.

Changes of TC motion and large-scale circulation

We now examine the changes of TC motion forced by historical
(1951 to 2010) conditions (including SST, greenhouse gases, and
aerosols) and future anthropogenic warming (Fig. 2, A and B). For
TC motion, the differences between the idealized early 20th century
and the historical (1951 to 2010) climates are generally small (<1 m s
Fig. 2A). The differences suggest that historical SST trends over the
20th century, together with greenhouse gases, may have contributed
to an acceleration of TC motion in the tropics but only a weak de-
celeration in limited extratropical regions. Therefore, the simulated
historical changes, at least by the models examined by this study
(Fig. 2A and figs. S8 to S9), are inconsistent with the notion that
anthropogenic forcing has caused a significant slowdown of TC
motion globally (1) during 1951 to 2010 or over the continental
United States since 1901 (4). The inconsistency will be discussed
later along with the question of whether the observed trends can be
attributed to anthropogenic forcing.

For the scenario with strong future anthropogenic warming, the
changes of TC motion become pronounced (Fig. 2B). However, the
tropical responses of TC motion in the Central Pacific (170°E to
135°W) and Caribbean show opposite signs in the future warming
scenario (Fig. 2B) instead of the same sign, as in the historical sim-
ulation (Fig. 2A). The pattern differences could occur for a number
of reasons, as the SST and circulation patterns of future anthropo-
genic warming projected by the Coupled Model Intercomparison
Project Phase 5 (CMIP5) models can differ from simulated histor-
ical changes, as, for example, the changes in various climate forcing
agents differ between the historical period and the future projec-
tions. Perhaps counterintuitively, the most notable response in
Fig. 2B is the extratropical deceleration between 30°N and 45°N
(Fig. 2B), which is about 1 m s or 15% of the local historical values.
The extratropical deceleration not only is evident over the open
ocean but also appears in proximity to some populated coastal re-
gions, including Japan and the northeastern United States.

The projected changes of future TC motion are associated with
complex changes of the large-scale circulation (Fig. 2D). In the
tropics, the midtropospheric circulation is projected to accelerate in
parts of the Atlantic and the Pacific. However, these changes differ
from the lower tropospheric circulation changes (fig. S2), which
show better consistency with the projected responses of TC motion
over the tropical central Pacific and the Caribbean. Nonetheless,
our confidence in the robustness of the projected tropical changes is
relatively low, as the future changes of the tropical SST and circula-
tion are strongly model dependent (17, 21, 32). In the Northern
Hemisphere extratropics, the dominant circulation response is re-
lated to a northward displacement of the midlatitude jet, which
contributes to a weaker westerly flow between 30°N and 45°N. The
flow deceleration extends throughout the troposphere (fig. S2) and
is consistent with the deceleration of TC motion in the same region.
The projected jet displacement has some mechanism (33) and
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quantitative (20, 21) uncertainties, and the robustness of the projec-
tion also differs with seasons and basins, as the radiative forcing and
the ocean warming related to greenhouse gas forcings have opposite
effects on the displacement of the North Pacific jet during the summer-
time (21, 22). Nonetheless, the jet displacement, especially in the
North Atlantic (June to November) (21), has been robustly projected
by CMIP5 models (20, 21) and an additional high-resolution climate
model that we examined (figs. S4, S6, and S7). The jet displacement
has, to date, rarely been connected to future changes of TC activity,
but the model consensus helps to increase our confidence in the
projected deceleration of TC motion in the extratropics.

Implications for interpreting historical TC motion trends
Here, we further examine the inconsistency between the observed
and the simulated historical trends of TC motion (Fig. 3). As sug-
gested by Kossin (1), the observational trend during 1951 to 2010
shows a slowdown of TC motion in the zonal average, and the slow-
down appears more pronounced in the coastal region of the North-
western Pacific. In contrast, the simulated historical trend suggests
that TC motion has accelerated in the Pacific, but there is a lack of
statistically significant signals in the Atlantic region. The model
finding raises further questions about the reliability of the observed
trends as discussed in previous studies (2-4, 23), although the sim-
ulated TC responses also have substantial uncertainties (Fig. 3B and
fig. S8). But aside from these possibilities, we note that the pattern
of the observational trend is noisy (Fig. 3A). This noisiness suggests
that internal atmospheric variability, rather than coherent large-scale
changes, might have been primarily responsible for the observed
trends on the regional scale.

To explore the relative contribution of responses to prescribed
historical SST forcing and greenhouse gas changes versus unforced
atmospheric variability, we examine the distributions of zonally av-
eraged trends of TC motion and large-scale circulation (Fig. 4). As
an approximation, the average of individual ensemble members in-
dicates the modeled forced response, while the spread indicates un-
forced atmospheric variability. Although more than half of the
model realizations show a positive trend of TC motion between
10°N and 40°N, the trends are not significantly different from zero
(P > 0.05) at nearly all the latitudes. Similarly, over half of the model
realizations suggest a positive trend of the large-scale circulation
between 15°N and 30°N, but the difference from zero is not statisti-
cally significant (P > 0.05). The low statistical significance is also
suggested by the analysis of large-ensemble simulations by another
model (fig. S9). The findings suggest that the signal-to-noise ratio is
low in the historical (1951-2010) simulations and that the trend in
an individual model realization could easily be dominated by un-
forced atmospheric variability. The model-simulated unforced at-
mospheric variability may also be used to assess the observed trend.
If one assumes that the model can reliably represent the unforced
atmospheric variability of the real world, then the observed trend of
TC motion during 1951 to 2010 (Fig. 4A) does not significantly dif-
fer from zero (P > 0.05), either.

Nonetheless, the unforced atmospheric variability cannot
explain all the inconsistencies between the observed and the simu-
lated trends (Fig. 4A). For example, the observed trend is outside
the envelope of simulated values at some lower latitudes, underlin-
ing the difficulty of reconciling weak changes in the observations
and simulations. Our historical (1951-2010) simulations might
have biases in the TC response to the imposed SST and greenhouse
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Fig. 2. Simulated changes of TC motion (m s™') and an approximation for TC-steering circulation (m s™') July to October. (A) TC motion differences between the
historical (1951-2010) experiment and the early 20th-century experiment. (B) TC motion differences between the 4-K warming experiment and the historical (1951-2010)
experiment. (C) and (D) are the same as (A) and (C), except for showing the midtropospheric (500-hPa) circulation. Color shading depicts differences in translation speed

(A and B) or wind speed (C and D). The hatching in the left panels indicates differe

nces are not significant at the 0.05 significance level as determined using a two-sided

Student’s t test. The right panels show the zonally averaged changes of speed magnitude (black), zonal component (red), and meridional component (blue) of TC motion

(A and B) and midtropospheric wind (C and D).

gas forcings, uncertainties in these forcing, or underestimated in-
ternal atmospheric variability. Another concern is the reliability of
observational data. Besides uncertainties in TC data (2-4, 23) as previ-
ously discussed, the large-scale circulation trends in the observation-
based reanalysis datasets may contain artifacts (19) or show substantial
inconsistency (Fig. 4B). For example, the three datasets that we
examined disagree on signs, locations, and magnitudes of the his-
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torical circulation changes in some regions. These disagreements
also cast doubt on the notion that large-scale circulation changes
have driven the observed global trend of TC motion during 1951 to
2010. Nonetheless, there are weak but significant differences in TC
motion and atmospheric circulation between the historical (1951~
2010) and the early 20th-century experiments (Fig. 2). The evidence
suggests that SST variability, together with changes of anthropogenic
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Fig. 3. Observed and simulated trends of TC motion during 1951 to 2010 (m s 'year™"). (A) Trend in IBTrACS data. (B) Trend in the ensemble average of the historical
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Fig. 4. Zonally averaged trends (1951-2010) in TC motion and the midtropo-
spheric TC-steering circulation within 100°E to 350°E. (A) Trend in TC motion
(m s year™). (B) Trend in midtropospheric (500-hPa) wind speed (m s~ year™).
Light blue shading, dark blue shading, and black line indicate the model-simulated
distribution of trends (1951-2010) at the 2.5th/97.5th, 25th/75th, and 50th percen-
tile, respectively. The dashed red lines in (A) indicate estimated uncertainties for
the observed trend using the 95% confidence range of the historical simulations
(1951-2010). The groups of red lines in (B) show circulation trend values from
observation-constrained data, including CERA-20C (10 possible realizations), NNR
[National Centers of Environmental Prediction (NCEP)/National Center for Atmo-
spheric Research (NCAR) reanalysis], and NOAA-20CR [National Oceanic and Atmo-
spheric Administration (NOAA) 20th Century Reanalysis version 2c].
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forcing, might have at least weakly affected both TC motion and the
large-scale circulation.

DISCUSSION

Our analysis of large-ensemble simulations of TC activity suggest
that future anthropogenic warming can lead to a robust slowing of
TC motion, particularly in the midlatitudes. The slowdown there is
related to a poleward shift of the midlatitude westerlies, which has
been projected by various climate models. Although not directly ex-
amined by this study, the poleward shift of the midlatitude wester-
lies is also closely related to a poleward shift of extratropical weather
perturbations. A reduction of weather perturbations near 30°N has
been robustly projected by climate models (34) and might contribute
to a slowdown of TC motion (10). Meanwhile, the historical simula-
tions suggest that the attribution of the observed trends of TC motion
to anthropogenic forcings remains uncertain, even though anthropo-
genic forcings might have weakly affected TC motion and the devas-
tating effects of some recent slow-moving TCs (e.g., Harvey, Florence,
Dorian, and Idai) are noteworthy.

The responses of TC motion to the future anthropogenic warm-
ing scenario warrant additional remarks. Our warming experiments
consider a climate with a constant 4-K warming and constant level
of greenhouse gases instead of a climate that experiences a gradual
increase of greenhouse gases. It is difficult to estimate when robust
and detectable responses are likely to emerge in the real world, partly
because the sensitivity of TC motion to anthropogenic forcing has
substantial uncertainties. For example, some climate simulations
conducted using another model that includes more coupled climate
processes (25) suggest that the sensitivity of TC motion in the extra-
tropics might be as much as 1 to 1.5m's ' K™ near 40°N (fig. S3), or
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about four to six times of the value in Fig. 2D. The differences of
sensitivity are likely related to SST warming patterns (e.g., figs. S3
and S7), which modulate the displacement of the midlatitude wester-
lies on the regional scale (22). Nonetheless, all the examined models
indicate that strong anthropogenic forcing (e.g., 4-K warming and
quadrupling CO;) can drive substantial changes of TC motion, es-
pecially a slowing in the extratropics. The projected extratropical
slowing of TC motion, along with the potential increase of TC fre-
quency and intensity (30) in the extratropics, might compound TC
damages in some of the most populated coastal regions.

METHODS

Model simulation settings

The large-ensemble simulation is part of the Database for Policy
Decision Making for Future Climate Change [d4PDF; (31)]. The
simulation is conducted using Meteorological Research Institute-
Atmospheric General Circulation Model version 3.2 (MRI-AGCM3.2H)
(35) on the TL319 grid, which has ~60-km grid spacing and in-
cludes 64 vertical levels throughout the atmosphere. In the histori-
cal (1951-2010) simulation, the AGCM is integrated from 1951 to
2010 with the forcing of the observed time-varying SST and sea-ice
information, the observed time-varying greenhouse gases, estimated
aerosols, and ozone. To generate large-ensemble simulations, the
initial conditions of the atmosphere and the observational SST were
randomly perturbed. In addition, random SST perturbations up
to 30% of the observed interannual variability are added to the
observational data to account for observational uncertainties. The
resulting variability across ensemble members is referred to as “in-
ternal atmosphere variability” in this report. The setup of the early
20th-century simulation is similar, but the simulation uses the 1951
to 2010 boundary conditions that are detrended. Furthermore, the
baseline of the SST is set at the early 20th-century level based on a
century-scale trend analysis. The greenhouse gas forcing is set at the
1850 level, and the aerosol forcing is set at the estimated preindus-
trial level. In the future warming simulation, the model is integrated
for 60 years with the greenhouse gas forcing set to the values at 2090
of the representative concentration pathway 8.5 (RCP8.5) scenario
of CMIP5. Corresponding to the greenhouse gas forcing, the global
mean surface temperature is set to be 4 K warmer than that of the
preindustrial climate. The 4-K warming is not globally uniform but
has patterns based on CMIP5 model RCP8.5 warming experiments.
The warming simulations explore potential changes of the SST pat-
tern by using six rescaled change patterns from CMIP5 models.
Each of the six CMIP5 warming patterns is used to generate a
15-member ensemble, ultimately leading to a 90-member ensemble
of the future climate. More details of the model settings and the
experiment design are available in the work of Mizuta et al. (31).

TC tracking and analysis

The tracking of TCs in the large-ensemble simulation uses 6-hourly
model output. The tracking method is the same as described by
Murakami et al. (36) and considers relative vorticity (850 hPa),
wind speed (850 hPa), and the cyclone structure. The threshold
setting is model and resolution dependent. Specifically, the tracking
filters out storms without a warm-core structure, thus excluding
the extratropical phase of TCs. We refer interested readers to
Murakami et al. (36) and Yoshida et al. (30) for more details. The
observational TC dataset used in this study is the International Best
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Track Archive for Climate Stewardship (IBTrACS) dataset (37).
In contrast to the automatic tracking applied to the large-ensemble
simulation, the observational dataset relies on manual analysis by
forecasters and researchers. Therefore, the observed track informa-
tion might be subject to inconsistent standards, subjective analysis
errors, and more limited observations in earlier historical periods
(23). Our analysis excludes the storm systems that were flagged as
having undergone extratropical transition and losing their warm-
core structure. These posttransition storms, such as Hurricane
Sandy (2012), can still be dangerous to coastal communities. When
analyzing TC motion, we calculate the motion vectors of TCs that
pass near grid points in a 5° latitude-longitude coordinate. To limit
spurious noise of motion vectors, our analysis of the observational
data and the model output only examine the grid points with a
TC-return period (i.e., an average time between TC events) of
20 years or less.

Reanalysis data

We analyze the large-scale circulation using the observation-based
reanalysis datasets. These datasets are generated using computer
models that are qualitatively similar to the model used in our simu-
lation. However, these reanalysis datasets are further constrained by
observations at the surface and/or higher vertical levels. We primar-
ily analyze the ECMWF’s Coupled Ocean-Atmosphere Reanalysis
of the 20th Century [CERA-20C; (38)], which includes 10 individ-
ual ensemble members. To highlight the uncertainties in historical
circulation trends, we also examine the National Oceanic and Atmo-
spheric Administration (NOAA) 20th Century Reanalysis version 2c
[NOAA-20CR; (39)] and National Centers of Environmental Pre-
diction (NCEP)/National Center for Atmospheric Research (NCAR)
reanalysis [NNR; (40)]. CERA-20C and NOAA-20CR are constrained
by the surface observations, while the NNR is constrained by both
surface and upper-level observations. We chose these reanalysis
datasets partly because of their extended temporal coverage, which
facilitates the comparison with TC data during 1951 to 2010.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/17/eaaz7610/DC1
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