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Change in ocean subsurface environment to
suppress tropical cyclone intensification under
global warming
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Tropical cyclones (TCs) are hazardous natural disasters. Because TC intensification is
significantly controlled by atmosphere and ocean environments, changes in these environ-
ments may cause changes in TC intensity. Changes in surface and subsurface ocean
conditions can both influence a TC's intensification. Regarding global warming, minimal
exploration of the subsurface ocean has been undertaken. Here we investigate future
subsurface ocean environment changes projected by 22 state-of-the-art climate models and
suggest a suppressive effect of subsurface oceans on the intensification of future TCs. Under
global warming, the subsurface vertical temperature profile can be sharpened in important TC
regions, which may contribute to a stronger ocean coupling (cooling) effect during the
intensification of future TCs. Regarding a TC, future subsurface ocean environments may be
more suppressive than the existing subsurface ocean environments. This suppressive effect is
not spatially uniform and may be weak in certain local areas.
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ropical cyclones (TCs) are significant natural disasters that

impose a threat to a global population of almost a billion

peoplel. A heightened understanding of TC activities (for
example, frequency, track, rainfall, intensification, landfall and
surge), especially in the context of global warming, is necessary?~1°.
Because TCs are significantly controlled by their surrounding
atmosphere and ocean environments?*, changes in future
environmental conditions may contribute to possible changes in
TC activities. In this study, we investigate the changes in ocean
environments (including subsurface ocean changes) under global
warming®!31®17 and the possible impact on future TCs.

The ocean is the source of energy supply for a TC’s
intensification. The surface and the upper subsurface ocean
(typically, from the surface to a depth in the range of 100-200 m)
are important?>~2631 However, few studies have addressed the
subsurface ocean aspect in global warming research®!3, Energy is
supplied from the ocean surface to a TC via air-sea sensible and
latent heat fluxes for intensification. The subsurface ocean is
usually colder than the surface ocean®?72%3l During a TC’s
intensification, the intense TC wind inevitably mixes the pre-
existing and colder subsurface water with the ocean surface to
reduce the sea surface temperature (SST), which is referred to as
the TC-induced ocean cooling (coupling) effect (referred to as
OCE)?272631 QCE is a function of the initial ocean condition
(that is, vertical temperature profile), TC intensity, TC travelling
speed and TC size??72831,

The stronger the OCE during a TC’s intensification, the colder
the during-TC SST and the smaller are the available air-sea
sensible and latent heat fluxes for TC intensification?!23-28-30,
Thus, the OCE is a well-known suppressor for constraining a
TC’s intensification?! 3!, However, in the context of global
warming, it is still unclear to what extent the ocean surface and
subsurface environment will change in important TC regions and
whether the consequential changes in the OCE are significant to
impact future TCs.

To address these issues, a TC-ocean ‘coupled’ approach is
needed; the commonly employed ‘uncoupled’ approach®® is
inadequate as a subsurface ocean is artificially excluded in the
uncoupled approach to reduce complexity. Although the SST
with OCE is the actual SST encountered by a TC during its
intensification (a dynamical process), the uncoupled approach
does not exhibit an OCE and the SST is artificially fixed (that is,
no reduction) at the pre-TC level.

Few coupled TC projections are included in existing global
warming literature. In a pioneering study by Knutson et al?,
ocean data from the Coupled Model Intercomparison Project
Phase 2 (CMIP2) were employed as the initial condition.
A minor impact from changes in the subsurface ocean on TC
intensity change was suggested. Knutson et al.? recommended a
reinvestigation when newer-generation ocean data with
improved ocean simulations are available. In recent years,
Emanuel'? conducted coupled projections; however, because the
ocean subsurface initial condition is fixed at the present time (that
is, no change under global warming), the associated impact
cannot be assessed. The dynamical-downscaling approaches of
Bender et al® and Knutson et al'® are based on the earlier-
generation CMIP3 multi-model ensemble (MME) ocean field
(that is, without assessing the spread among individual models of
ocean vertical stratification changes) and are coupled to the
CMIP3 or CMIP5 atmospheric fields. Therefore, a new
assessment that incorporates both the ocean fields and the
atmospheric fields from recent CMIP5 data®? and includes the
ensemble member spread to obtain uncertainty estimation is
desirable.

In this study, we use the projected atmosphere and ocean fields
from the 22 CMIP5 climate models (see Methods and
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Supplementary Table 1)*2. Ocean environments in current and
global warming conditions are compared. The study regions
comprise two important TC basins—the western North Pacific
(WNP) and the North Atlantic (NA)!. In these TC-active oceans,
the pre-TC-ocean environment is found to change considerably
under global warming. Although both surface oceans and
subsurface oceans warm, subsurface oceans warm at a slower
rate than surface oceans over large regions. This differential
warming can sharpen future subsurface temperature gradient.
This signal is robust across the ensemble members. At
representative stations, 17 out of 22 (77%) members over the
WNP and 21 out of 22 members (95%) over the NA, exhibit
sharpening. This sharpening in ocean’s pre-existing vertical
temperature gradient can contribute to a stronger OCE
(estimated using the same TC attributes) under global warming.
The change in subsurface vertical temperature gradient and its
interaction with TC suggests that possible negative feedback
(damper) from subsurface ocean may exist to constrain TC
intensification under global warming.

Results

Changes in ocean environments. More than a decade ago,
Knutson et al? examined changes in the initial ocean
environment due to global warming using the CMIP2 ocean
field. They reported sharpening in the ocean thermal gradient
(increased stratification) due to global warming compared with
the existing environment. This finding may be explained by the
global warming condition, the increasing net downward heat flux
driven by increasing CO,, which initially heats the surface waters
and subsequently heats the subsurface waters>!%. Ocean
subsurface waters warm at a slower rate than surface waters. As
a result, the ocean depth-temperature gradient sharpens. This
general stratification increase is also discussed in global studies by
oceanographers, in which CMIP3 data are analysed!”. This
change in ocean stratification can significantly impact air-sea
biogeochemical processes as well'”. In this study, we examined
the situation using recent CMIP5 data (Representative
Concentration Pathway 8.5)32. Figure 1 depicts the MME
results. The results from the 22 individual model members are
detailed in Supplementary Figs 1-3. As shown in Fig. la,b, future
(2092-2100 average) SSTs in the WNP and NA increase by
~2.8-4.0 °C with respect to existing SSTs (2006-2014). However,
the subsurface ocean warms at a significantly lower rate.
For example, the range of warming at a depth of 80m was
~1.9-3.4°C, that is, 15-30% less (Fig. 1c,d).

This differential warming between the surface ocean and the
subsurface ocean considerably sharpens the future ocean vertical
temperature gradient and stratification increases (Fig. le and
Supplementary Figs 1, 2 and 4). This sharpening is observed not
only in the MME but also in the majority of the individual
ensemble members. In the representative station of the WNP TC
main development region (MDR, Fig. 1c), 17 of the 22 (77%)
members exhibit this sharpening (Supplementary Fig. 1c); in the
NA MDR representative station (Fig. 1d), 21 of the 22 members
(95%, Supplementary Fig. 2c). Compared with the earlier-
generation CMIP2 profiles in Knutson et al?, the gradient
sharpening from the latest CMIP5 profiles is much more evident
than the CMIP2 profiles (Supplementary Figs 5 and 6).

In addition to the general sharpening in the ocean strati-
fication, some localized variability exists. For example, at
~20-30° N of the NA (northern box in Fig. 1d), the subsurface
warming is similar to the SST. Throughout this region, the
subsurface warms as much as the SST and minimal stratification
sharpening is observed (referred to as the warm belt region,
Fig. 1b,d,g).
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Figure 1 | Ocean environment change and influences on the TC-induced OCE. (a,b) SST warming over the WNP and the NA. (c,d) Similar to a,b, but for
the ocean subsurface temperature at 80 m. The change is defined as the difference between the 2091-2100 mean and the 2006-2015 mean. The two large
boxes denote the MDRs over the WNP and the NA. The NA warm belt region is denoted by a smaller box (northern box) in b,d. The star, triangle and circle
denote the positions of the selected representative stations for the three regions. (e f) Initial (e) and TC-mixed (f, output from the 3DPWP for scenario 8)
ocean temperature profiles for the representative station of the NA MDR, comparing current and future conditions. (g,h) Similar to ef, but for the NA warm
belt. In e,g, the arrows and numbers denote the initial temperature increases under global warming at various ocean depths. Rep,. representative;

Temp., temperature.
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Consequential changes in OCE. The previous results suggest that
future ocean environments may substantially differ from existing
ocean environments in the WNP and NA. Given this change in
the initial ocean environment due to global warming, we conduct
a series of numerical experiments to assess the consequential
impact on the OCE.

Figure 1f provides a simple illustration to explain the concept
of OCE3133, The two left profiles consist of the current profile
pair—the first profile represents the initial pre-TC condition
(dashed profile) and the second profile represents the during-TC
TC-mixed condition (solid profile). The OCE in the existing
condition is 0.895 °C because it is the reduction in SST from the
pre-TC SST to the TC-mixed SST. Similarly, the two right profiles
consist of the future profile pair and the corresponding OCE is
1.199°C. In this example, the existing OCE is 0.895°C, and the
future OCE is 1.199 °C. Thus, the OCE increases by 0.304 °C in
the future, based on this example.

As previously discussed, the OCE is a function of both ocean
and TC attributes (TC intensity, translation (travel) speed and
size). The sharper is the initial ocean temperature gradient, the
stronger is the TC intensity (wind speed); the slower is the TC
travelling speed and the larger is the TC size, the stronger is the
OCE that is induced3®3, In this study, we use the 3D Price-
Weller-Pinkel (3DPWP) ocean mixed layer model® to estimate
the OCE at each grid in the domain and over each of the 22
ensemble ocean fields. As the purpose here is to assess the change
in the OCE due to the change in the initial ocean environment
under global warming, the TC attributes used to calculate the

a b
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40°N

OCE are fixed and the impact from the change in the ocean
environment can thus be identified without co-varying factors.

As TC attributes have to be fixed and the wind speed in the
CMIP5 TC is significantly underestimated due to coarse
resolution! 14, CMIP5 TC data are not employed. Instead, we
investigate 15 TC scenarios based on combinations of five TC
intensity categories (categories 1-5, that is, weak to intense) and
three TC travelling speeds (3, 5 and 7ms~ !, that is, slow-,
moderate- and fast moving; Supplementary Table 2). These 15
TC scenarios entail a large spectrum of possible TC conditions to
systematically assess the associated OCE.

The 3DPWP3? is a well-known ocean mixed layer model that is
designed for calculating the OCE induced by a TC (refer to the
Methods for details). For each scenario and at each grid, the
3DPWP is independently run with updated initial CMIP5 ocean
profile input from 2006 to 2100 (95 years) with uniform TC
forcing (same intensity, travelling speed, size and no track
variability in grids). As TC forcing is fixed for each scenario, the
change in OCE is only from influenced by the change in the
initial ocean stratification; it is not affected by the change in TC
attributes (because no change in TC attributes). Although the
change in TC attributes in global warming may further modify
the change in OCE, it is not discussed in this study because the
objective here is the change in the OCE due to future ocean
environmental changes.

On the basis of the above, the OCE is systematically calculated
at each CMIP5 model grid, for each of the 22 CMIP5 ocean fields,
for each year from 2006 to 2100, and for each of the 15 scenarios
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Figure 2 | OCE simulated by the 3SDPWP model under scenario 8. (a,c.e) The WNP and (b,d.f) the NA. (a,b) Existing OCE (based on initial profiles from
the 2006-2015 average), (c,d) Changes in OCE due to global warming (that is, future OCE minus existing OCE; future OCE is based on initial profiles from
the 2091-2100 average), (e f) percentage change in OCE with respect to existing. The OCE changes for the remaining 14 scenarios are shown in
Supplementary Figs 7 and 8. The two large boxes denote the MDRs over the WNP and the NA. The NA warm belt region is denoted by a smaller box
(northern box) in b,df. The star, triangle and circle denote the positions of the selected representative stations for the three regions.
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over the WNP and the NA. We believe this assessment is the
most systematic and comprehensive OCE change assessment due
to available data on future ocean conditions.

The results based on scenario 8 are illustrated in Fig. 2. This
scenario is a moderate TC scenario for a category-3 TC intensity
and 5ms ! travelling speed (Supplementary Table 2). The
results of other scenarios are shown in Supplementary Figs 7 and
8 and Supplementary Tables 3 and 4. As shown in Fig. 2c-f, a
corresponding increase in the OCE of ~0.2-0.6°C (~10-30%
enhancement) over most part of the WNP and NA is observed
due to changes in the future ocean environment, with the
exception of some localized regions (for example, the NA warm
belt, Fig. 2d,f). As shown in Figs 1fh and 2d, minimal OCE
enhancement is observed over the NA warm belt region
compared with NA MDR (0.056 versus 0.304 °C). These results
are very robust among the ensemble members (Supplementary
Fig. 9)

For the remaining 14 TC scenarios, consistent results of OCE
enhancement under global warming are obtained, and a greater
increase in the OCE for stronger and slower-moving TC scenarios
is found (Supplementary Tables 2-4 and Supplementary Figs 7
and 8). As quantitatively summarized in Supplementary Tables 3
and 4, the future MME OCE mostly increases by ~20% over the
two MDRs with respect to the existing MME OCE. These data are
also robust for the majority of the ensemble members
(Supplementary Fig. 10). The same experiments were conducted
using the CMIP?2 initial profiles from Knutson et al.2. Owing to
less stratification sharpening in the CMIP2 profiles, the OCE
increase was only ~40% of the increase observed in this study
(Supplementary Tables 5-8, Supplementary Figs 5, 6, 11 and 12).

Effect of OCE change and comparison with relative SST change.
As introduced, the OCE is a TC’s self-induced negative feedback
due to the reduced during-TC SST and air-sea flux supply in the
intensification?!2>2%28-30_ The increase in OCE due to global
warming suggests the possibility that this negative feedback
may enhance in the future. To examine whether this OCE
enhancement has an appreciable impact on future TC intensity,

we compare it with a well-known empirical parameter related to
TC activity—the relative SST®3-1013 Relative SST is defined as
the local SST at each grid minus the remote tropical mean SST.
Although the local SST warming promotes TC activity due to
global warming?, this effect can be offset by the increase in the
remote SST by warming the tropical atmosphere®. According to
recent modelling studies, the trend of the relative SST is the key
explanatory parameter for TC activity due to global warming
instead of the trend of the local SST®8-10:13,

In Figs 2d and 3a, the magnitude of the trends for OCE
and relative SST (both in °C) over the NA are comparable—
~0.1-0.6°C (similar results obtained for the WNP, Fig. 2c
and Supplementary Fig. 13)—suggests the potential importance
of changes in future OCE on future TC activity. Next we
examine the impact of OCE enhancement on potential intensity
(PI), which is a key parameter for projecting future TC
activity®®10:13:30.34 * p[ estimates the intensity upper bound
of a TC based on the environmental atmospheric and ocean
conditions®>*%, As it can be efficiently calculated, it comple-
ments the expensive dynamical-downscaling projections®*13
in future TC projections because it can be applied across many
ensemble members to assess the model-to-model dependence®.

Four experiments were conducted. Experiment 1 is the original
PI (referred to as SST_PI in this study)®**. The results show a
positive trend of ~0-6ms ! over the NA, which corresponds to
the relative SST trend (Fig. 3a,b) noted by Vecchi and Soden®
and others® 1913, However, SST PI is an ‘uncoupled’ PI without
the ocean subsurface contribution or OCE because it only
uses the pre-TC (undisturbed) SST and atmospheric conditions
for estimation®3*. The TC-ocean system is an intrinsic
coupled system; TCs do interact with the subsurface ocean
in reality?>2731, As a result, SST_PI can substantially over-
estimate the intensity upper bound>%-343>,

To address this limitation, Lin et al3® proposed a revision
named the Ocean Coupling PI (OC_PI). OC_PI replaces the pre-
TC SST by the during-TC SST (refer to Methods) as the input, and
thus OCE can be included. As the during-TC SST is the actual TC-
ocean coupling SST that TCs encounter during intensification®"33,
a more realistic intensity upper bound can be obtained>’.
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The remaining three experiments are coupled experiments
based on OC_PI (that is, with the inclusion of the OCE). In
experiment 2, OCE is fixed at the current amount (refer to
Fig. 2a,b). In this experiment, no OCE enhancement in the future
is assumed and the same amount of OCE is applied to both
existing and future situations. In experiment 3, the OCE is
allowed to increase due to global warming, that is, the existing
OCE in Fig. 2ab plus the OCE enhancement in Fig. 2c,d.
Experiment 4 is similar to experiment 3 but the OCE only
enhances by 40% due to global warming. This finding is an
analogy to the results obtained by Knutson et al.? (Supplementary
Tables 5-8 and Figs 11 and 12).

As shown in Fig. 3b,c, the trends of experiment 1 (SST_PI) and
experiment 2 (OC_PI with fixed OCE) are predominantly
positive and similar, which indicates that if OCE is to be fixed
at the present amount (that is, if no increase due to global
warming), the trend in the coupled projection (that is, OC_PI) is
similar to the trend for the uncoupled situation, which both reveal
a positive trend. This result is consistent with the positive trend
from the Emanuel'? coupling result, in which the ocean field is
fixed at the present-day climatology.

However, if the OCE is allowed to increase due to global
warming (experiment 3), an approximate weakening in PI of
0-4ms ! is observed in the NA MDR (southern box in Fig. 3e,f)
compared with the SST_PI (Fig. 3b). This finding suggests a
possible suppressive effect due to an OCE enhancement to
weaken the increasing SST_PI trend due to global warming over
the NA MDR (Fig. 3f). Similar results are also observed in the
WNP MDR (Fig. 4c, Supplementary Fig. 13f).

In experiment 4, the suppressive effect on the TC intensifica-
tion from OCE enhancement remains visible; however, it is less
evident than the suppressive effect in experiment 3 (refer to
comparison between Fig. 3b,e and Supplementary Fig. 14b). As
OCE only enhances by 40% in this experiment, the suppressive
effect is weaker. This result also explains the relatively minor
impact from the coupled experiment in Knutson et al.%.

Outside the MDR in the NA warm belt region, the suppressive
effect is too weak and ineffective, as characterized by the evident
net positive trend in OC_PI (northern box in Fig. 3e). As in
Fig. 4e, the OC_PI trend (from experiment 3) is similar to the
SST_PI trend, which is expected as the warm belt region exhibits
minimal initial stratification sharpening (Fig. 1g,;h) and OCE
enhancement (Fig. 2d). The suppressive effect in this region is
minimal under global warming.

Characterized by the positive OC_PI trend, this NA warm belt
region (21-29° N, Fig. 3e) coincides with the ‘hot spot’ region
with an increased occurrence of category 4 and category 5 TCs
from the dynamical-downscaling projections by Bender et al.®
and Knutson et al.!. The decreasing trend of OC_PI over the NA
MDR (south of the warm belt, at 10-20° N, Fig. 3e) is also
consistent with the decreasing trend in the dynamical-
downscaling projections for category 4 and category 5 TCs®!2.

The OC_PI results for the remaining scenarios are consistent;
they are detailed in Supplementary Figs 9 and 15-19. Typically,
the suppressive effect (that is, difference between OC_PI and
SST_PI) is stronger for a stronger TC intensity and slower TC
travelling speed (due to stronger OCE enhancement; refer to
Supplementary Figs 7 and 8).

Discussion

Figure 4a,b summarizes the thermodynamic factors that impact
future TC PI. Although local SST warming increases the PI due to
global warming®*%, two offsetting factors weaken its positive
impact. The first offsetting factor is derived from the atmospheric
(and remote SST) warming mechanism (proposed by Vecchi and

Soden®). The second offsetting factor is derived from the ocean
subsurface stratification sharpening discussed in this study.

Owing to the more uniform warming of the tropical upper
troposphere, the first offset works throughout the tropical storm
basins®. However, the strength of the second offset is dependent
on local initial ocean stratification conditions. Over large parts of
the WNP and NA (including the two MDRs), the ocean
subsurface effect can suppress TC PI due to the evident
sharpening in the subsurface temperature gradient and enhance
OCE (Figs 2c,d, 3f and 4a,c,d). Over certain localized regions,
such as the NA warm belt, this second offset is too weak and
ineffective, as the PI continues to increase due to global warming
(Figs 3e and 4b,e).

This study suggests that a potentially important ocean subsur-
face negative effect (damper) that suppresses future TC intensi-
fication may occur in the NA and the WNP during global
warming, even though it is not spatially uniform and may be weak
in certain local regions. If so, future TC intensity projection (per
cent increase of intensity) may not be as significant as projected by
the uncoupled SST_PI projections®!® over these regions.

Methods

Definition of key regions. The MDR of the WNP is defined as 4°-26° N,
122°-180° E. The MDR and the warm belt region of the NA are defined as
10°-20° N, 30°W-80° W and 21°-29° N, 50°W-75° W, respectively.

Future and existing conditions. In this study, the future global warming
condition is defined as the average of 2091-2100, whereas the existing condition is
defined as the average of 2006-2015. A 9-year running mean is applied to the
95-year series (2100-2006) to remove the interannual variability and to delineate
the signal from the long-term global warming impact.

Ocean and atmosphere environmental fields from CMIP5. The 22 CMIP5
Global Climate Models include ACCESS1-0, ACCESS1-3, BCC-CSM1.1, CCSM4,
CMCC-CM, CMCC-CMS, CMCC-CESM, CNRM-CM5, CSIRO-Mk3-6-0,
FGOALS-g2, GFDL-CM3, HadGEM2-AO, IPSL-CM5A-LR, IPSL-CM5A-MR,
IPSL-CM5B-LR, MIROC-ESM, MIROC-ESM-CHEM, MIROCS5, MPI-ESM-LR,
MPI-ESM-MR, MRI-CGCM3 and NorESM1-M (see http://pcmdi9.llnl.gov/, and
http://cmip-pcmdillnl.gov/cmip5/availability.html). The CMIP5 ocean fields (that
is, profile from SST to a depth of 1,000 m) are employed as the initial input to the
3DPWP model for the OCE calculations. The initial profile is updated each year
based on the boreal TC season (July-October) average. The corresponding atmo-
spheric environmental field provides the required atmospheric profile for each grid
for the SST_PI and OC_PI calculations. Owing to an uneven original grid size and
vertical resolution from each of the 22 ocean fields (Supplementary Table 1), the
ocean horizontal and vertical fields are interpolated to regular grids and standard
subsurface depths. The vertical resolutions of these models (Supplementary
Table 1) have been significantly improved relative to the vertical resolutions of the
models in previous studies>>2.

MME and individual members. The atmospheric and oceanic environmental
fields of all 22 CMIP5 models are interpolated into a horizontal 2° grid. The results
(including OCE, SST_PI and OC_PI) are annually calculated for the TC season and
for each CMIP5 model field, from 2006 to 2100. After obtaining the results for the
individual models, the MME average is calculated to obtain the MME results.

OCE calculation. The OCE is a function of initial ocean condition (profile) and TC
parameters (including intensity, travelling speed and size)3133. The sharper the
subsurface thermal gradient (higher stratification), the stronger the wind speed, the
slower the travelling speed, the larger the size and the stronger the OCE that is
induced. In this study, we employ the 3DPWP ocean mixed layer model for the
OCE calculations for each CMIP5 ocean grid**. The experimental design is
summarized in the main text.

The 3DPWP model simulates the TC-induced OCE from two major
mechanisms—vertical mixing and upwelling. It is a hydrostatic model with
primitive equations of temperature, salinity and momentum?>. It can solve for the
wind-driven baroclinic ocean response to a TC and addresses turbulent vertical
mixing in the upper ocean. The important process of vertical mixing in the 3SDPWP
model is implemented through the mixing parameterization. Density (determined
by temperature and salinity) and velocity (driven by TC wind) of the upper ocean
will be mixed vertically until three stability criteria are satisfied, which are static
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stability:

dp
520 ey

mixed-layer shear flow stability (bulk Richardson number Ry):

_ —goph
Po (5V)Z

and stratified shear flow stability (gradient Richardson number Ry):

R, >0.65 (2)

— g0,
£ 102 > 0,25 (3)

where V is the horizontal current, p is the density of sea water, pj is the initial
density, z is positive upward depth, g is the acceleration due to gravity and &
represents the vertical difference across the base of the mixed layer.

The ocean response to the TC is simulated in three spatial dimensions. Within
each grid, the same initial ocean profile is specified. The horizontal resolution is
5km; the vertical resolution is 5m for the upper 100 m, 10 m for the upper
100-200 m and 50 m for the depth below 200 m. The input TC intensity (10-min
maximum sustained surface wind speed) and translation speed (U,) is derived
from the 15 scenarios (Supplementary Table 2).

For each scenario, the TC forcing (that is, intensity and Uj,) is fixed and
encompasses the 22 CMIP5 ocean fields. The drag coefficient (Cy), which is based
on Powell et al.%, is suitable for the TC (high wind) condition. As illustrated in
Supplementary Fig. 20, the OCE is more pronounced at the right-rear side of the
track during the TC-ocean interaction, whereas the front side of the TC is less
perturbed. From the TC perspective, the OCE is not uniform beneath the TC. To
obtain an averaged OCE condition underneath a TC at each grid, OCE is calculated
based on area averaging within a 70-km radius region (shaded region in
Supplementary Fig. 20b) for the WNP. This area is equivalent to ~2.5 radius of
maximum wind region from the TC centre, as 28 km was a commonly observed
radius of maximum wind for WNP TCs during intensification®’. For the NA, the
OCE is averaged within a 75-km radius as the typical radius of maximum wind
over the NA is usually larger (assuming 30 km here) than the typical radius of
maximum wind over the WNP. The appropriateness of this area-averaged OCE is
evaluated for actual TC cases using in situ aircraft Airborne EXpendable Bathy
Thermographs measurements from the Impact of Typhoon on the Pacific field
campaign®>3 in 2010. As in Supplementary Fig. 20d, the OCE and the during-TC
coupling SST (Tix that is, pre-TC SST minus OCE) can be realistically estimated.
(See details in Supplementary Discussion).

SST_PI and OC_PI. The original PI (SST_PI) is based on the pre-TC SST and the
atmospheric temperature and humidity profile

SST — Ty Cx

2
Vst = To Co

(k" =k) 4)
where SST denotes the pre-TC SST, Ty is the temperature of outflow, Cy is the
enthalpy exchange coefficient, Cp, is the drag coefficient, k* is the saturation
enthalpy of the sea surface and k is the surface enthalpy in the TC environment3*,
It is calculated based on ref. 34 (programme from ftp://texmex.mit.edu/pub/
emanuel/TCMAX/pcmin_2013.f). For OC_PI, the atmospheric inputs remain
identical as SST_PI but the SST is replaced by the during-TC SST (T';x), which is
estimated by the during-TC area-average output from the 3DPWP model
(Supplementary Fig. 20b):

Tinix = To Cic (.
Voen =" o, K=k (5)

Relative SST change. The relative SST change is calculated based on the SST
change for each grid minus the tropical mean SST change (averaged from 30° S to
30° N). The boreal TC season (July-October) average for each year from 2006 to
2100 is employed.

Discussions on the methods. The method employed in this research can be
understood as a kind of downscaling method. The advantages of this method are
that OCE change under a wide spectrum of TC conditions can be assessed, and not
limited by the weak TC winds in CMIP5. It can also be efficiently applied to a large
amount of CMIP5 models (22 here) to decrease the uncertainty due to possible
model dependence. Finally, the concise framework of this method enables easy
discussions on the relative role of ocean and atmosphere environment change on
future TC PI. The disadvantages of this approach are that there is no track
information and uniform TC parameters are applied throughout. In other words, it
lacks the varying TC tracks and OCE is assessed gird by grid independently.
Further details, including comparison with other methods, are given in the
Supplementary Discussion.

8

References

1. Peduzzi, P. et al. Global trends in tropical cyclone risk. Nat. Clim. Change 2,
289-294 (2012).

2. Knutson, T. R,, Tuleya, R. E., Shen, W. & Ginis, I. Impact of CO,-induced
warming on hurricane intensities as simulated in a hurricane model with ocean
coupling. J. Climate 14, 2458-2468 (2001).

3. Emanuel, K. Increasing destructiveness of tropical cyclones over the past 30
years. Nature 436, 686-688 (2005).

4. Chan, J. C. Comment on ‘Changes in tropical cyclone number, duration, and
intensity in a warming environment’. Science 311, 1713 (2006).

5. Emanuel, K, Ravela, S., Vivant, E. & Risi, C. A statistical deterministic
approach to hurricane risk assessment. Bull. Amer. Meteor. Soc. 87, 299-314
(2006).

6. Vecchi, G. A. & Soden, B. J. Effect of remote sea surface temperature
change on tropical cyclone potential intensity. Nature 450, 1066-1070
(2007).

7. Gualdi, S., Scoccimarro, E. & Navarra, A. Changes in tropical cyclone activity
due to global warming: results from a high-resolution coupled general
circulation model. J. Climate 21, 5204-5228 (2008).

8. Bender, M. A. et al. Modeled impact of anthropogenic warming on the
frequency of intense Atlantic hurricanes. Science 327, 454-458 (2010).

9. Knutson, T. R. et al. Tropical cyclones and climate change. Nat. Geosci. 3,

157-163 (2010).

. Villarini, G. & Vecchi, G. A. Twenty-first-century projections of North
Atlantic tropical storms from CMIP5 models. Nat. Clim. Change 2, 604-607
(2012).

. Camargo, S. J. Global and regional aspects of tropical cyclone activity in the
CMIP5 models. J. Climate 26, 9880-9902 (2013).

12. Emanuel, K. A. Downscaling CMIP5 climate models shows increased

tropical cyclone activity over the 21st century. Proc. Natl Acad Sci USA 110,
12219-12224 (2013).

13. Knutson, T. R. et al. Dynamical downscaling projections of twenty-first-century
Atlantic hurricane activity: CMIP3 and CMIP5 model-based scenarios.

J. Climate 26, 6591-6617 (2013).

14. Tory, K. J,, Chand, S. S., McBride, J. L., Ye, H. & Dare, R. A. Projected changes
in late-twenty-first-century tropical cyclone frequency in 13 coupled climate
models from phase 5 of the coupled model intercomparison project. J. Climate
26, 9946-9959 (2013).

. Villarini, G. & Vecchi, G. A. Projected increases in North Atlantic tropical
cyclone intensity from CMIP5 models. J. Climate 26, 3231-3240 (2013).

16. Pierce, D. W. et al. Anthropogenic warming of the oceans: Observations and

model results. J. Climate 19, 1873-1900 (2006).

17. Capotondi, A. et al. Enhanced upper ocean stratificaiton with climate change in
the CMIP3 models. J. Geophys. Res. 117, C04031 (2012).

18. Sriver, R. L. & Huber, M. Observational evidence for an ocean heat pump
induced by tropical cyclones. Nature 447, 577-580 (2007).

19. Wei, M., Primeau, F., James, C. M. & Pasquero, C. Sea surface height evidence
for long-term warming effects of tropical cyclones on the ocean. Proc. Natl
Acad. Sci. USA 110, 15207-15210 (2013).

20. Gray, W. M. in Meteorology Over the Tropical Oceans. (ed. Shaw, D. B.)

155-218 (Royal Meteorological Society, 1979).

. Emanuel, K. A., DesAutels, C., Holloway, C. & Korty, R. Environmental control
of tropical cyclone intensity. J. Atmos. Sci. 61, 843-858 (2004).

22. Emanuel, K. A. Thermodynamic control of hurricane intensity. Nature 401,

665-669 (1999).

23. Bender, M. A. & Ginis, I. Real-case simulations of hurricane-ocean interaction
using a high-resolution coupled model: Effects on hurricane intensity. Mon.
Wea. Rev. 128, 917-946 (2000).

24. Shay, L. K, Goni, G. J. & Black, P. G. Role of a warm ocean feature on
Hurricane Opal. Mon. Wea. Rev. 128, 1366-1383 (2000).

25. Lin, I I, Pun, L. F. & Lien, C. C. ‘Category-6’ Supertyphoon Haiyan in global
warming hiatus: contribution from subsurface ocean warming. Geophys. Res.
Lett. 41, 8547-8553 (2014).

26. Lloyd, I. D. & Vecchi, G. A. Observational evidence for oceanic controls on
hurricane intensity. J. Climate 24, 1138-1153 (2011).

27. Lin, L. L, Pun, I.-F. & Wu, C.-C. Upper-ocean thermal structure and the western
North Pacific category 5 typhoons. Part II: dependence on translation speed.
Mon. Wea. Rev. 137, 3744-3757 (2009).

28. Cione, J. J. & Uhlhorn, E. W. Sea surface temperature variability in hurricanes:
implications with respect to intensity change. Mon. Wea. Rev. 131, 1783-1796
(2003).

29. D’Asaro et al. Impact of typhoons on the ocean in the Pacific: ITOP. Bull.
Amer. Meteor. Soc. 95, 1405-1418 (2014).

30. Lin, I. I. et al. An ocean coupling potential intensity index for tropical cyclones.

Geophys. Res. Lett. 40, 1878-1882 (2013).

. Price, J. F. Upper ocean response to a hurricane. J. Phys. Oceanogr. 11, 153-175
(1981).

32. Taylor, K. E,, Stouffer, R. ]. & Meehl, G. A. An overview of CMIP5 and the

experiment design. Bull. Amer. Meteor. Soc. 93, 485-498 (2012).

1

j=1

1

—

1

w

2

—_

3

—

| 6:7188 | DOI: 10.1038/ncomms8188 | www.nature.com/naturecommunications

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

33. Price, J. F., Sanford, T.B. & Forristall, G. Z. Forced stage response to a moving
hurricane. J. Phys. Oceanogr. 24, 233-260 (1994).

34. Bister, M. & Emanuel, K. Low frequency variability of tropical cyclone potential
intensity. 1. Interannual to interdecadal variability. J. Geophys. Res. 107, 4801
(2002).

35. Wang, Y. & Wu, C.-C. Current understanding of tropical cyclone
structure and intensity changes—A review. Meteor. Atmos. Phys. 87, 257-278
(2004).

36. Powell, M. D., Vickery, P. ]. & Reinhold, T. A. Reduced drag coefficient for high
wind speeds in tropical cyclones. Nature 422, 279-283 (2003).

Acknowledgements

This study is supported by the National Basic Research Program of China
(2012CB955604), the National Natural Science Foundation of China (41461164005) and
Taiwan’s Ministry of Science and Technology (NSC 101-2628-M-002-001 -MY4 and
MOST 103-2111-M-002-002 -MY3). We are grateful to the CMIP5 team and K. Emanuel
for providing the simulations of global climate models and the PI programme via the
web. We deeply appreciate Thomas Knutson for providing the CMIP2 profiles, for his
very valuable discussions, and for help in English. We are also grateful to Shang-Ping Xie,
Fei-Fei Jin, Robert Tuleya and Iam-Fei Pun for their helpful comments and to Ms Maggie
Chun-Chi Lien for her assistance with the data processing.

Author contributions
P.H. and L-LL. jointly conceived the project, designed the study and co-wrote the
manuscript. C.C. and R.-H.H contributed to the essential data sets and data interpretation.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Huang, P. et al. Change in ocean subsurface environment to
suppress tropical cyclone intensification under global warming. Nat. Commun. 6:7188

doi: 10.1038/ncomms8188 (2015).

This work is licensed under a Creative Commons Attribution 4.0
BY International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise

in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

|6:7188 | DOI: 10.1038/ncomms8188 | www.nature.com/naturecommunications 9

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	Change in ocean subsurface environment to suppress tropical cyclone intensification under global warming
	Introduction
	Results
	Changes in ocean environments
	Consequential changes in OCE
	Effect of OCE change and comparison with relative SST change

	Discussion
	Methods
	Definition of key regions
	Future and existing conditions
	Ocean and atmosphere environmental fields from CMIP5
	MME and individual members
	OCE calculation
	SST_PI and OC_PI
	Relative SST change
	Discussions on the methods

	Additional information
	Acknowledgements
	References




