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Tropical cyclones (e.g. hurricanes) pose serious risks

Photo: Wikipedia Commons

Tied for costliest 
hurricanes on record
$125 Billion each (2017 
USD)
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Understanding connections between 
tropical cyclones and climate is 
critical for coastal planning and flood 
risk assessments
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Downscaling CMIP5 climate models shows increased
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A recently developed technique for simulating large [O(104 )] num-
bers of tropical cyclones in climate states described by global grid-
ded data is applied to simulations of historical and future climate
states simulated by six Coupled Model Intercomparison Project 5
(CMIP5) global climate models. Tropical cyclones downscaled from
the climate of the period 1950–2005 are compared with those of
the 21st century in simulations that stipulate that the radiative
forcing from greenhouse gases increases by 8 :5 W ·m−2over pre-
industrial values. In contrast to storms that appear explicitly in
most global models, the frequency of downscaled tropical cyclo-
nes increases during the 21st century in most locations. The inten-
sity of such storms, as measured by their maximum wind speeds,
also increases, in agreement with previous results. Increases in
tropical cyclone activity are most prominent in the western North
Pacific, but are evident in other regions except for the southwest-
ern Pacific. The increased frequency of events is consistent with
increases in a genesis potential index based on monthly mean
global model output. These results are compared and contrasted
with other inferences concerning the effect of global warming on
tropical cyclones.

climate change | natural hazards

S ome 90 tropical cyclones develop around the world each year,
and this number has been quite stable since reliable records

began at the dawn of the satellite era, about 40 y ago. The in-
terannual variability of just over nine storms per year is not
distinguishable from a Poisson process. The physics behind these
numbers remains enigmatic, and the general relationship be-
tween tropical cyclone activity and climate is only beginning to
be understood.
It has been known for at least 60 y that tropical cyclones are

driven by surface enthalpy fluxes (1, 2), which depend on the
difference between the saturation enthalpy of the sea surface and
the moist static energy of the subcloud layer. On time scales
larger than that characterizing the thermal equilibration of the
ocean’s mixed layer (roughly a year), this enthalpy difference is
controlled by the net radiative flux into the ocean, the net con-
vergence of ocean heat transport, and the mean speed of the
surface wind (3). An increase of the net surface radiative flux,
brought about by increasing greenhouse gas concentrations, should
result in an increase in the enthalpy jump at the sea surface,
enabling tropical cyclones of greater intensity. Calculations with
a single-column model (4) confirm that increasing greenhouse
gas content increases the enthalpy jump and, with it, the po-
tential intensity of tropical cyclones. Experiments with general
circulation models also show that the intensity of the most in-
tense tropical cyclones, which are usually close to their ther-
modynamic intensity limit, generally increases as the planet
warms (e.g., refs. 4, 5).
Although global warming increases the thermodynamic po-

tential for tropical cyclones, the frequency and to some extent
the intensity of such storms respond to several other environmental
factors, first elucidated by Gray (6). These include the vertical
shear of the horizontal wind, environmental vorticity, and the

humidity of the free troposphere. The response of one or more of
these additional factors to global climate change generally results
in a reduction of the global frequency of tropical cyclones as the
climate warms, seen in many explicit and downscaled simulations
using global climate models (7). The most likely explanation for
this decrease is the increase in the saturation deficit of the free
troposphere as represented by the nondimensional parameter χ
defined by Emanuel (8):

χ ≡ h p − hm
h p
0 − h p

; [1]

where hp is the saturation moist static energy of the free tropo-
sphere (nearly constant with altitude in a moist adiabatic atmo-
sphere), hm is a representative value of the actual moist static
energy of the middle troposphere, and hp0 is the saturation moist
static energy of the sea surface. (hm is probably better repre-
sented by a pressure-weighted mean over the moist convective
layer. In that case, Eq. 1 can be interpreted as the ratio of the
time scale for surface fluxes to saturate the troposphere to the
time scale for surface fluxes to bring the whole troposphere into
thermodynamic equilibrium with the ocean.) Under global
warming, both the numerator and the denominator of Eq. 1 in-
crease, but the former increases somewhat faster than the latter.
At constant relative humidity, the numerator increases with tem-
perature following the Clausius–Clapeyron relation, while the
denominator increases in proportion to the surface turbulent
enthalpy flux, which in the global annual mean is constrained
to balance the net radiative cooling of the troposphere, which
increases only slowly with global warming (9). Although one may
therefore expect χ to increase in the global mean, its trend is
highly variable from region to region.
Although theory and models indicate that both potential in-

tensity and χ will increase with global mean temperature, leading
to the expectation that storm intensity will increase while storm
frequency will decrease, one must rely on numerical simulations
to produce more detailed and quantitative information on how
these storms might respond to climate change. The starting point
for most estimates of climate change effects on tropical cyclones
is the global climate model. Three techniques have been used to
estimate tropical cyclone climatology from global models:

i) Direct simulation: Most climate models today directly simu-
late tropical cyclones, although they are poorly resolved. It
proves not entirely straightforward to detect tropical cyclones
in the output of global models, and although there has been

Author contributions: K.A.E. designed research, performed research, analyzed data, and
wrote the paper.

Conflict of interest statement: The technique used here to estimate the level of tropical
cyclone activity in CMIP5-generation climate models is also used by a firm, WindRiskTech
LLC, in which the author has a financial interest. That firm applies the technique to
estimate tropical cyclone risk for various clients.

This article is a PNAS Direct Submission.
1E-mail: emanuel@mit.edu.

www.pnas.org/cgi/doi/10.1073/pnas.1301293110 PNAS Early Edition | 1 of 6

EA
RT

H,
A
TM

O
SP

HE
RI
C,

A
N
D
PL

A
N
ET

A
RY

SC
IE
N
CE

S

The question is difficult to answer with global models due to coarse 
resolution  and lack of ocean-atmosphere coupling 

tropical cyclone climatology (e.g., refs. 6, 25). Here we use the
genesis potential index (GPI) developed by Emanuel (21):

GPI ≡
!!η
!!3χ−

4 =

3 MAX
""
Vpot − 35m · s−1

#
; 0
#2"

25m · s−1 +Vshear
#−4

;

[2]

where η is the absolute vorticity of the 850 hPa flow, Vpot is the
potential intensity in m · s−1, Vshear is the magnitude of the 850
hPa–250 hPa wind shear (in m · s−1), and χ is defined by Eq. 1.
Genesis indices like the one used here, based on potential inten-
sity, have an intrinsic advantage over those that are based on sea
surface temperature over a threshold (e.g., refs. 26–28), in that
there is no physical justification for a climate-invariant sea surface
temperature threshold. Indeed, when applied to global models
under global warming, these sea surface temperature threshold-
based indices produce unrealistic increases in activity (27).
We calculate the GPI defined by Eq. 2 for each of the six

models, using monthly mean thermodynamic data, 850 hPa
vorticity, and 250–850 hPa wind shear. We then sum the GPI
over all 12 mo of each year, and over the whole planet. (Note
that the GPI vanishes wherever the potential intensity is less than
or equal to 35 ms−1.) This is done both for the historical simu-
lations over the period 1950–2005 and the RCP8.5 simulations
over 2006–2100. The resulting GPI is scaled by a constant mul-
tiplicative factor to match the number of downscaled events for
each model averaged over the period 1950–2100. Fig. 5 com-
pares the multimodel mean GPI thus calculated to the mean
downscaled global tropical cyclone counts.
The mean GPI well captures the upward trend in global

tropical cyclone counts. (Individual model storm counts are also
highly correlated with the GPI based on the models.) Examina-
tion of the four individual factors that comprise the GPI as de-
fined by Eq. 2 for each of the six models shows that there is no
single dominant factor that explains the GPI trend over the
21st century for all models. In all but the MPI model, the
thermodynamic inhibition of tropical cyclones, χ, increases as
the planet warms, as discussed by Emanuel et al. (9). On the
other hand, all models have increasing potential intensity and
all but NCAR and MRI have decreasing vertical shear; MRI’s
shear shows no discernible trend, whereas NCAR’s trends
upward. The vorticity factor in Eq. 2 does not contribute in any
significant way to the GPI trends.
The results presented here differ significantly from those de-

rived by applying the same downscaling to CMIP3-generation
climate models, as described in Emanuel et al. (9). That study
downscaled seven models, five of which were predecessors of
models used in the current work, and compared tropical cyclone
activity averaged over the last 20 y of the 22nd century simulated
under emissions scenario A1b to activity averaged over the last
20 y of the 20th century. The different emissions scenario and
different time periods make comparison difficult, but Table 2

compares global trends in frequency and power dissipation of the
two generations of models. Clearly the CMIP5 generation of
global models shows substantial increases in downscaled tropical
cyclone activity compared with the CMIP3 generation. Only the
MRI models show roughly consistent results between the two
generations. Although there have been small changes in the
downscaling technique, most of the differences between that
study and the current one arise from the different emissions
scenarios and time periods, and the different models used.
Our current results may be compared with recent work exam-

ining explicit, downscaled, and statistically inferred changes in
tropical cyclone activity using CMIP5 models. Camargo (12) di-
agnosed tropical cyclones simulated explicitly in 14 global model
simulations and two emissions scenarios, including the one used
here, RCP8.5. She documents a number of serious deficiencies in
the climatologies of the explicitly simulated cyclones, including
a strong negative bias in the overall frequency of storms, in rough
inverse proportion to the horizontal resolution of the model. Of
the seven models that had nontrivial numbers of tropical cyclone
in the historical climate simulations, only one showed significant
upward trends in global tropical cyclone frequency over the 21st
century; the others showed little significant change. Interestingly,
the one global model that did show an upward trend, the MRI
model also used here, was the only model that came close to
simulating the observed number of events (∼85) in the current
climate; the other models simulated less than half this number.
The MRI model also had the best agreement between its clima-
tology of tropical cyclones and its GPI.
Villarini et al. (15) applied a statistical downscaling scheme to

17 CMIP5 models and projected that North Atlantic tropical
cyclone frequency will increase early in the 21st century, owing
mostly to changes in radiative forcing arising from non-green-
house gas causes. (The 17 models included five of the six models
used here, but the authors did not provide a model-by-model
breakdown of their results.) At the same time, their technique
projects no significant change in North Atlantic tropical cyclone
frequency over the 21st century as a whole. (By contrast, our
results do indicate a robust increase in the frequency of North
Atlantic tropical cyclones.) Their method uses only global and
North Atlantic sea surface temperature as statistical predic-
tors and does not explicitly account for changes in humidity or
wind shear; thus, it is not surprising that their results differ
from our explicit downscaling or from those based on the GPI
used here. Villarini et al. (16) extended their earlier work to
examine changes in North Atlantic power dissipation index.
For the RCP8.5 scenario, they project an increase of about
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Fig. 3. As in Fig. 1, but for the power dissipation index. Units are 1012m3s−2.
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Fig. 4. Change in Power Dissipation Index averaged over the six models, per
4° latitude grid box. This is defined as the difference between power dissi-
pation averaged over the period 2006 –2100 and that averaged over 1950–
2005. Units are 108 m3s−2per 4° × 4° square, and white areas show regions in
which fewer than five of the six models agree on the sign of the change.
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Although a theory of the climatology of tropical cyclone formation remains elusive,  
high-resolution climate models can now simulate many aspects of tropical cyclone climate.
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T he effect of climate change on tropical cyclones  
 has been a controversial scientific issue for a 
 number of years. Advances in our theoretical 

understanding of the relationship between climate 
and tropical cyclones have been made, enabling us 
to understand better the links between the mean 
climate and the potential intensity (PI; the theoretical 
maximum intensity of a tropical cyclone for a given 
climate condition) of tropical cyclones. Improvements 
in the capabilities of climate models, the main tool 
used to predict future climate, have enabled them to 
achieve a considerably improved and more credible 
simulation of the present-day climatology of tropical 
cyclones. Finally, the increasing ability of such models 
to predict the interannual variability of tropical 
cyclone formation in various regions of the globe 
indicates that they are capturing some of the essential 
physical relationships governing the links between 
climate and tropical cyclones.

Previous climate model simulations, however, have 
suggested some ambiguity in projections of future 
numbers of tropical cyclones in a warmer world. 
While many models have projected fewer tropical 
cyclones globally (Sugi et al. 2002; Bengtsson et al. 
2007b; Gualdi et al. 2008; Knutson et al. 2010), other 

climate models and related downscaling methods 
have suggested some increase in future numbers 
(e.g., Broccoli and Manabe 1990; Haarsma et al. 
1993; Emanuel 2013a). When future projections for 
individual basins are made, the issue becomes more 
serious: for example, for the Atlantic basin there 
appears to be little consensus on the future number 
of tropical cyclones (Knutson et al. 2010) or on the 
relative importance of forcing factors such as aerosols 
or increases in carbon dioxide (CO2) concentration. 
One reason could be statistical: annual numbers of 
tropical cyclones in the Atlantic are relatively small, 
making the identification of such storms sensitive to 
the detection method used.

Further, there is substantial spread in projected 
responses of regional tropical cyclone (TC) frequency 
and intensity over the twenty-first century from 
downscaling studies (Knutson et al. 2007; Emanuel 
2013a). Interpreting the sources of those differences 
is complicated by different projections of large-scale 
climate and by differences in the present-day 
reference period and sea surface temperature (SST) 
datasets used. A natural question is whether the 
diversity in responses to projected twenty-first-
century climate of each of the studies is primarily 

1000 JUNE 2015|

FIG. 1. TC formation rates from the International Best Track Archive for Climate Stewardship (IBTrACS) (Knapp 
et al. 2010) observations and the climo run of the HWG experiments, using the GFDL TC tracking scheme: 
relative distribution (shaded) and total annual-mean numbers (in panel titles). (From Zhao et al. 2013a.)

the model. Strachan et al. (2013) also found that the 
observed interhemispheric asymmetry in tropical 
cyclone formation, with Northern Hemisphere 
formation rates being roughly twice those in the 
Southern Hemisphere, was not well captured by a 
high-resolution GCM.

Why do GCMs generally produce a decrease in future 
global tropical cyclone numbers? Most GCM future pro-
jections indicate a decrease in global tropical cyclone 
numbers, particularly in the Southern Hemisphere. 
Knutson et al. (2010) give decreases in the Northern 
Hemisphere ranging from roughly 0% to 30% and 
in the Southern Hemisphere from 10% to 40%. 
Previous explanations of this result have focused 

on changes in tropical stability and the associated 
reduction in climatological upward vertical velocity 
(Sugi et al. 2002, 2012; Oouchi et al. 2006; Held and 
Zhao 2011) and on increased midlevel saturation 
deficits (drying) (e.g., Rappin et al. 2010). In this 
argument, the tropical cyclone frequency reduction 
is associated with a decrease in the convective mass 
flux and an overall related decrease in tropical cyclone 
numbers. Zhao et al. (2013a,b) compare the HWG 
model responses for the various simulations, using 
the Geophysical Fluid Dynamics Laboratory (GFDL) 
tropical cyclone tracking scheme (Knutson et al. 2008; 
Zhao et al. 2009). They find that most of the models 
show decreases in global tropical cyclone frequency 
for the 2CO2 run of 0%–20%. The changes in TC 
numbers are most closely related to 500-hPa vertical 
velocity, with Fig. 3 showing close agreement between 
changes in tropical cyclone formation and changes in 
this variable. Here, Fig. 3b shows the annual-mean 
vertical velocity as an average of monthly-mean 
vertical velocity weighted by monthly climatologi-
cal TC genesis frequency over each 4° × 5° (latitude 
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• Tropical cyclones tend to cool the surface ocean (primarily by vertical ocean 
mixing)

• TC-induced mixing redistributes heat vertically in ocean column (surface cooling and 
subsurface warming)   

Tropical cyclones play an active role in the climate system 
through enhanced ocean mixing by extreme surface winds

cooled 
mixed layer

deepened 
mixed layer

post-storm minus pre-storm

warms 
subsurface

cools surface

Sriver, 2013 — PNAS

Hurricane Gert, 1999
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Short-term negative feedback
Surface cooling limits storm intensification (current and subsequent storms)

- days to weeks
Long-term positive feedback

Sub-surface warming provides additional energy for future storms
- months to years



On the global scale. TCs tend to cool the tropical oceans and 
contribute substantially to mixing and energy budgets

[24] The distribution of widespread SST cooling
over TMI’s domain shown in Figure 1a is consis-
tent with previously published results using
ERA40 SST and 2 m air temperature (see SH07).
Expressed as a surface heat flux (right of Figure 1a),
Figure 1a suggests fluxes as large as !5 W/m2

annually are needed to restore storm-affected areas
to prestorm temperatures (assuming the SST anom-
aly is uniform to 50 m depth). While spatially
consistent with reanalysis, Figure 1a displays an
increase in the magnitude of cyclone-induced sur-
face cooling in active storm regions compared to
ERA40 and NCEP (see right of Figure 1a). This
increase is likely due to the higher spatial and
temporal resolutions of TMI compared to reanaly-
sis SST and its ability to sense through clouds
[Wentz et al., 2000]. The TMI spatial resolution is
0.25! " 0.25! and can produce complete global
coverage within 2 to 3 days, whereas reanalysis
exhibits lower spatial resolution, e.g., 1.125! "

1.125! for ERA40 and !1.9! " 1.9! for NCEP,
and SST is weekly averaged after 1981 for both
reanalysis data sets. Thus, TMI provides a more
accurate representation of short-term SST variations.

[25] Figure 2a displays the calculated annual cy-
clone-induced mixed layer depth changes averaged
over the years 1998 to 2006. These depths define
the mixing length scales used to quantify the
cyclone contribution to vertical diffusivity shown
in Figure 2b. We calculate mixed layer depth
change using TMI surface temperature anomalies
combined with vertical temperature profiles from
the World Ocean Atlas (1998) [Levitus et al.,
2000]. We begin by assuming the single largest
cyclone-induced cooling event at each location is
the only cooling per year, resulting in annual maps
of the largest negative temperature anomaly at
every storm-affected grid location. We then use
vertical temperature profiles (averaged over hurri-
cane season months for each basin) to determine the

Figure 2. (a) Annually averaged cyclone-induced mixed layer depth changes (1998–2006). Values refer to the
increase in mixed layer depth attributable to the single largest cyclone mixing event per year (based on TMI surface
temperature anomalies) and averaged over all available years. (right) The zonally averaged mixed layer depth change
for storm-affected regions. (b) Annualized vertical diffusivity attributable to cyclone mixing calculated from the
mixed layer depth changes shown in Figure 2a, averaged over the years 1998–2006. Diffusivity calculation assumes
a mixing timescale of 24 h and that the largest single cyclone mixing event is the only mixing occurring at each point
during the year. (right) The zonally averaged diffusivity for the entire domain. The black curve depicts TMI-derived
diffusivity and the red curve depicts values derived using ERA40 (shown in SH07).
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Our essential results were not changed, and the
year-to-year variability in the regional and global
time series was preserved. Therefore, the results
shown here utilize a constant footprint domain size
of 6! ! 6! for all storms, which is consistent with
our methods in SH07.

4. Results and Discussion

4.1. Cyclone-Induced Cooling

[22] Figure 1 shows the distributions of the annu-
ally integrated cyclone-induced SST anomalies
(Figure 1a) and PD (Figure 1b) averaged over the
time period 1998 to 2006. Figures 1a and 1b are
derived from TMI surface temperature and winds,
and the quantities are plotted over TMI’s spatial
domain ("40! to +40! north). The patterns ob-
served in Figures 1a and 1b are similar, with the
largest SST cooling occurring in regions subjected
to the most cyclone activity, corresponding to the

highest values of annual integrated intensity. Some
regions typically experience mild warming associ-
ated with passing cyclone events, but analysis
suggests this warming is likely a surface feature
associated with weak, early season storms and
developing cyclones. The large warming region
observed in the eastern Pacific is a notable excep-
tion to the widespread cooling pattern and is
unexplained.

[23] Provided that cooling is driven by vertical
mixing as current modeling and observations indi-
cate [Shay et al., 1992, 1998; Jacob et al., 2000;
D’Asaro, 2003], the spatial similarity between
Figures 1a and 1b suggests a positive relationship
between integrated intensity and vertical ocean
mixing. Consequently, regions experiencing more
cyclone activity exhibit increased surface cooling
indicative of downward pumping of ocean heat
beneath the mixed layer and into the thermocline.

Figure 1. (a) Time average of the annually accumulated, cyclone-induced sea surface temperature anomalies
derived from Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) (1998–2006). (right) The
zonally averaged fluxes needed to restore the storm-affected regions over 1 year, assuming the anomalies are uniform
to 50 m depth. The black curve depicts TMI and the red curve depicts ERA40 sea surface temperature (shown in
SH07). (B) Annually averaged global distribution of cyclone power dissipation (PD) (in units J/m2 divided by a
constant 1 ! 106) from TMI 11 GHz surface wind speeds (1998–2006). (right) The zonally averaged PD for storm-
affected regions.
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• Observations support positive relationship between SST and 
ocean mixing:

• A warmer ocean may experience more TC-mixing
Sriver and Huber, 2007 — Nature



We use high-resolution configurations of the Community Earth System Model 
(CESM) to investigate the relationship between tropical cyclones, the upper ocean, 
and Earth’s climate.

What is CESM?
Numerical, deterministic global climate 
model that simulates the physics, dynamics, 
and interactions between:

- atmosphere (25 km resolution)
- ocean (1 deg resolution)
- land surface
- glaciers

www.cesm.ucar.edu
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What did we do?

- CESM scales well on Blue Waters to 
~15,000 cores 

- We are adapting the model from other 
CESM projects — Susan Bates (NCAR) 
and Don Wuebbles (UIUC) 



High Res CESM Experiment

3 multi-decadal pre-industrial control simulations using the 25 km 
atmosphere:

- Coupled Pre-Industrial Control (generates TCs within model)
- Atmosphere-only with ocean boundary conditions from coupled run

- isolate effect of coupling on simulated TCs
- Ocean-only with atmosphere boundary conditions from coupled run

- isolate effect TCs on upper ocean

7

best-track on average has 95 TCs globally per year. In the pre-industrial climate simulations, the global TC
number is on average 89 in CPL, 96 in SLAB, and 112 in ATM. Total TC number in CPL and SLAB are closer to
the historical record, but there exists large basin-scale variations, especially in the Atlantic, eastern Pacific,

Figure 5. (top) 30 years of accumulated TC tracks in the (a) observational best track, (b) CPL, (c) ATM, and (d) SLAB. Here we only plot storm days that reach Cate-
gory 1 TC intensity. (bottom) 30 years of accumulated TC track density (days) corresponding to Figures 5a–5d. Track density is computed using 88 3 88 domain.
Spatial correlation coefficients between the models and the observations are shown on the top right corner of each plot.
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TC climatologies in coupled CESM generally agree with observations
- spatial distribution, timing, intensity 



What the ocean sees

Figure 5 depicts changes in the vertical ocean temperature profile over time. The temperature anomalies
are averaged over a 108 3 108 domain box around the storm center on the day of peak intensity. The
higher-resolution model produces more intense thermocline warming than the lower resolution model
cases. In particular, the 0.18 model generates the strongest warming, which extends over a greater depth
and persists for longer time than its lower resolution counterparts. Note that the greater vertical extent of
the warm anomalies in the 0.18 model may be partly attributed to the coarser vertical resolution. Moreover,
some heat reenters the mixed layer after about 120 days in the 0.18 model, which is likely owing to the
effect of seasonal mixed layer deepening, as described in Jansen et al. [2010]. The vertical heat propagation
is potentially linked to mesoscale eddies, which play an important role of upward heat advection in the
upper ocean [Gregory, 2000;Wolfe et al., 2008]. The phenomenon is captured only in the 0.18 model, where-
as it is absent in the 38 and 18 models. This disparity of eddy-induced vertical heat transport among models
is consistent with the findings of Griffies et al. [2015], who have shown that eddy-induced upward ocean
heat fluxes are stronger in ocean models with eddy-resolving resolution.

Figure 3. (top) A TC day from the coupled simulation Small et al. [2014] and the corresponding wind stress received in (a) 38, (b) 18, and (c) 0.18 ocean models.
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Major Challenges
- Fine spatial resolution (0.25 deg atm, ~1 deg 

ocean)
- Coupling ocean and atmosphere (scale 

mismatch)
- Integration length (multi-decadal simulations)
- High frequency IO (sub daily model outputs)
- Post-processing (analyzing and visualizing the 

results)

- Blue Waters provides the capabilities to overcome these challenges
- Scalability;  Large Allocations;  Fantastic Researchers and Support



Some recent results	

Figure 10. 30 years of simulated TC tracks in observations (a), CESM_CPL (b), CESM_ATM (c), and CESM_SLAB (d).   

CESM (Atm-Only)

	

Figure 10. 30 years of simulated TC tracks in observations (a), CESM_CPL (b), CESM_ATM (c), and CESM_SLAB (d).   

CESM (Fully-Coupled)
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- Both coupled and uncoupled versions of CESM simulate realistic spatial reasonably 
captures key features of the annual cycle.

Li and Sriver (2018) — Journal of Advances in Modeling Earth Systems
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We find generally more and stronger TCs in the 
atm-only simulation than coupled.
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Some recent results

Differences in TC characteristics due to 
missing ocean-atmosphere interactions/
feedbacks

Li and Sriver (In Review)



Coupled ocean-atmosphere interactions influence tropical cyclone 
representation in CESM

	

Figure 10. 30 years of simulated TC tracks in observations (a), CESM_CPL (b), CESM_ATM (c), and CESM_SLAB (d).   

	

Figure 10. 30 years of simulated TC tracks in observations (a), CESM_CPL (b), CESM_ATM (c), and CESM_SLAB (d).   
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Time Time

Time evolution of 
average modeled 
storm conditions

- Ocean-Atmosphere interactions can modulate TC intensity, evolution, activity and variability
- Models with fixed ocean conditions are missing these feedbacks

SFC TEMP
SFC WIND
SFC FLUXES
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Atm-Only Coupled

Li and Sriver (2018) — Journal of Advances in Modeling Earth Systems



We are working with the NCSA Data and Visualization Group to explore new ways to visualize 
big climate data (with a focus on TC-ocean interactions)

David Bock and Rob Sisneros (NCSA)

Volume Rendering of the Ocean

Visualizing Water Surfaces
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Animations for visualizing TC-ocean interactions in CESM using Blue Waters

13
http://manabe.atmos.uiuc.edu/~rsriver/Bock_Climate_SC_revised.mp4

Produced by David Bock and Rob Sisneros
National Center for Supercomputing Applications (NCSA)
Data Analytics and Visualization

Li and Sriver, 2016 —JGR Oceans 



Next Steps:

- 4xCO2 fully-coupled simulations branched from preindustrial control
- Currently Running on Blue Waters
- How do simulated TCs change with increased CO2?

Some Conclusions:

- We conducted a series of multi-decadal sensitivity experiments 
highlighting the importance of coupled ocean-atmosphere 
interactions in simulating realistic TC characteristics and basin-scale 
activity.

- Ocean-Atmosphere coupling significantly influences TC activity and 
the feedbacks could be important for large-scale ocean and 
atmosphere energy budgets and circulations.

- Results point to the importance of coupled interactions in 
understanding the relationship between tropical cyclones and climate 
and paves the way for coupled modeling approaches exploring how 
tropical cyclone activity may change under anthropogenic global 
warming.
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