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Abstract The ventilation index serves as a theoretically based metric to assess possible changes in the
statistics of tropical cyclones to combined changes in vertical wind shear, midlevel entropy deficit, and
potential intensity in climate models. Model output from eight Coupled Model Intercomparison Project 5
models is used to calculate the ventilation index. The ventilation index and its relationship to tropical
cyclone activity between two 20 year periods are compared: the historical experiment from 1981 to 2000
and the RCP8.5 experiment from 2081 to 2100. The general tendency is for an increase in the seasonal
ventilation index in the majority of the tropical cyclone basins, with exception of the North Indian basin. All
the models project an increase in the midlevel entropy deficit in the tropics, although the effects of this
increase on the ventilation index itself are tempered by a compensating increase in the potential intensity
and a decrease in the vertical wind shear in most tropical cyclone basins. The nonlinear combination of the
terms in the ventilation index results in large regional and intermodel variability. Basin changes in the
ventilation index are well correlated with changes in the frequency of tropical cyclone formation and rapid
intensification in the climate models. However, there is large uncertainty in the projections of the
ventilation index and the corresponding effects on changes in the statistics of tropical cyclone activity.

1. Introduction

There remains large uncertainty in how global and regional tropical cyclone (TC) activity will respond to
large-scale changes in the climate system due to anthropogenic forcing. Two main approaches have been
used to study this problem: examining TC-like vortices in global climate models (GCMs) [Bengtsson et al.,
1996; Oouchi et al., 2006; Yoshimura et al., 2006; Bengtsson et al., 2007; Sugi et al., 2009; Zhao et al., 2009; Mur-
akami et al., 2012] and downscaling GCM fields using a higher resolution model or statistical methods [Knut-
son and Tuleya, 2004; Emanuel et al., 2008; Knutson et al., 2008; Garner et al., 2009; Bender et al., 2010; Zhao
and Held, 2010; Hill and Lackmann, 2011; Villarini and Vecchi, 2012; Emanuel, 2013; Knutson et al., 2013; Villar-
ini and Vecchi, 2013]. Knutson et al. [2010] arrived at a consensus estimate of a global decrease in TC fre-
quency of 6-34% and an increase in intensity of 2-11% by 2100 for the A1B emissions scenario from the
third iteration of the Coupled Model Intercomparison Project (CMIP). However, there is large variability
between different ocean basins and GCMs. Additionally, one downscaling study using the latest iteration of
GCMs in CMIP5 is well outside the range of the prior consensus, casting larger uncertainty on projections of
changes in global TC activity [Emanuel, 2013].

The shifts in TC frequency and intensity noted in GCMs are driven in part by changes in the distributions of
environmental variables that are known to influence genesis and intensity in current climate. For example,
Vecchi and Soden [2007a] and Garner et al. [2009] noted that a consensus of GCMs project an increase in ver-
tical wind shear from the Caribbean to the central North Atlantic. They hypothesize that such a pattern
would result in more hostile conditions for TCs in this region. However, most GCMs also project a small
increase in potential intensity over most of the tropics that would make thermodynamic conditions more
favorable. Hence, there are competing signals, and it is unclear which effect dominates.

One way to assess the effect of different environmental variables is to regress them on to the spatial and tem-
poral distribution of tropical cyclogenesis events or accumulated statistics of TC intensity [Emanuel, 2007,
2010; McGauley and Nolan, 2011; Tippett et al., 2011]. For example, Emanuel [2010] formulated a genesis poten-
tial index with four environmental variables: potential intensity, low-level absolute vorticity, deep-layer vertical
wind shear, and nondimensional entropy deficit. Tippett et al. [2011] formulated a genesis potential index
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Figure 1. (a) Equilibrium intensities for three different potential intensities as a function of the ventilation. The upper part of each curve is
the stable equilibrium intensity, and the lower part of each curve is the unstable equilibrium intensity. (b) The normalized equilibrium
intensity as a function of the normalized ventilation after nondimensionalizing Figure 1a.

using the relative sea surface temperature (SST), defined as the local SST minus the tropical mean SST, and
midlevel relative humidity in lieu of the potential intensity and nondimensional entropy deficit, respectively.

The difficulty in constructing TC indices empirically is that there are many combinations of variables and
statistical methods that one can use to perform this exercise. Additionally, it is unknown how robust these
indices are with climate change, since they are trained on the current climatology of TCs. Therefore, it would
be advantageous to construct these indices based on variables that are theoretically relevant to TC genesis
and intensity, independent of ocean basin, and invariant with changing climate. One variable that is a can-
didate for these requirements is the ventilation index.

2. Ventilation Index

Ventilation is defined as the flux of low-entropy air into a tropical disturbance or TC. With respect to genesis,
ventilation disrupts the formation of a deep, moist column that is hypothesized to be imperative for the
spin up of the vortex [Emanuel, 1989; Bister and Emanuel, 1997; Nolan, 2007; Rappin et al., 2010]. After gene-
sis, vertical wind shear acts to decrease the efficiency of the TC heat engine by increasing the entrainment
of low-entropy parcels into the inner-core convection [Simpson and Riehl, 1958; Cram et al., 2007; Marin

et al,, 2009] and flushing the boundary layer with downdrafts [Powell, 1990; Riemer et al., 2010; Riemer and
Montgomery, 2011]. These processes counteract the generation of available potential energy by surface
fluxes and weaken the TC [Tang and Emanuel, 2012a].

Tang and Emanuel [2010] developed an idealized framework to study the effects of ventilation on TCs. The
fundamental result is an analytical system describing the intensity of ventilated TCs, as shown in Figure 1a.
Each curve represents the equilibrium intensity of a TC as a function of the dimensional ventilation (The
ventilation is the integrated eddy flux of entropy perpendicular to the angular momentum surface bound-
ing the outer eyewall scaled by the downdraft area [Tang and Emanuel, 2010].) for a given potential inten-
sity, given by where the upper part of each curve intersects the vertical axis. Different curves represent
spatially or temporally varying background environments, such as caused by climate change. By normaliz-
ing the equilibrium intensity by the potential intensity and the ventilation by the ventilation threshold,
given by the ventilation value at the vertex of each curve, a nondimensional system is obtained in which all
the curves collapse to a single curve, as shown in Figure 1b. A strengthening or steady TC can only exist if
the normalized ventilation is less than or equal to one, whereas the equivalent bound of the dimensional
ventilation changes with the background environment. The normalization is highly advantageous because
the normalized ventilation may then be used to compare ventilation effects on TCs across varying thermo-
dynamic states caused by climate change in a consistent manner.
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Table 1. CMIP5 Modeling Institutions and GCM Acronyms [Taylor et al., 2012]
Institution(s) Model

Centre National de Recherches Meteorologiques, Centre Europeen de Recherche et Formation CNRM-CM5
Avancees en Calcul Scientifique
Commonwealth Scientific and Industrial Research Organization, Queensland Climate Change Centre of Excellence CSIRO-Mk3.6.0

Geophysical Fluid Dynamics Laboratory GFDL-ESM2M
Atmosphere and Ocean Research Institute, National Institute for Environmental Studies, MIROC5

Japan Agency for Marine-Earth Science and Technology
Met Office Hadley Center MOHC-HadGEM2CC
Max Planck Institute for Meteorology MPI-ESMMR
Meteorological Research Institute MRI-CGCM3
National Center for Atmospheric Research NCAR-CCSM4

The functional form of the normalized ventilation is complicated, but Tang and Emanuel [2012b] showed
that the normalized ventilation scales with (bulk) environmental parameters, yielding a much easier ventila-
tion metric to calculate with relatively coarse CMIP5 data that retains the key advantage of invariance with
climate. This metric is called the ventilation index, A:

A= Ushear /m 7 1)
Upy

where Ugpear is the 850-250 hPa bulk vertical wind shear, y,, is the nondimensional entropy deficit, and up,
is the potential intensity. The nondimensional entropy deficit is defined as

S5 —5m
Im= @)
SssT S

where s,,, ssst, and s, are the moist entropies at 700 hPa, the sea surface, and of the boundary layer, respec-
tively. The asterisk denotes the saturation moist entropy. Details on how to calculate both equations (1) and
(2) are given in Tang and Emanuel [2012b]. The levels chosen here are based on data availability in the
CMIP5 archive.

The ventilation index can be thought as a ratio of “antifuel” to “fuel” terms. Vertical wind shear allows low-
entropy air to intrude into the high-entropy reservoir of the inner core. The intrusion partially negates the
energy supplied by surface fluxes, destroying available potential energy and frustrating its conversion to
mechanical energy. However, greater surface fluxes (potential intensity) can buffer against the debilitating
effects of ventilation by counteracting the intrusion of low-entropy air. With regards to climate change, how
the “antifuel” terms change relative to the available “fuel” is the key question.

3. Ventilation Changes in GCMs

The ventilation index is calculated using daily data from the CMIP5 archive [Taylor et al., 2012]. Only a subset
of the CMIP5 models, listed in Table 1, are examined, primarily based on availability of daily data required
for calculating the ventilation index. For each model, the ventilation index is calculated over two 20 year
periods: 1981-2000 in the historical experiment and 2081-2100 in the RCP8.5 experiment. Statistics of the
ventilation index are then compared between these two periods during the peak 4 month season of each
hemisphere’s TC season to assess changes in the ventilation and infer potential effects on TCs. The Northern
Hemisphere peak TC season is defined to be July through October, and the Southern Hemisphere season is
defined to be December through March. Hereafter, all analyses are calculated and compared over the same
seasonal time frames.

The RCP8.5 experiment simulates a high-end emissions scenario in which anthropogenic emissions and pol-
icy decisions lead to a radiative forcing of 8.5 W m~2 by 2100. The resulting forcing induces changes in the
general circulation and thermodynamic environment in the tropics that affect the variables on the right-
hand side of equation (1), which then combine nonlinearly to affect the ventilation index.

Figure 2 shows the percent change in the median ventilation index from the historical to RCP8.5 experi-
ments. The median is chosen over the mean to avoid the tail of the distribution having unrepresentative
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Figure 2. Percent change in the median ventilation index for eight GCMs from 1981-2000 to 2081-2100 for the RCP8.5 scenario.

effects on the statistics. Points where the median is not significantly different between the two experiments
at the 95% level using the Kruskal-Wallis test are masked out.

Changes in the ventilation index vary by region and by model. For instance in the North Atlantic, the CSIRO-
Mk3.6.0, MIROC5, MOHC-HadGEM2CC, MPI-ESMMR, MRI-CGCM3, and the NCAR-CCSM4 show increases in
the median ventilation index, particularly in the Caribbean where the change is in excess of 50%. The
CNRM-CM5 shows very little change in the North Atlantic. In fact, the CNRM-CM5 shows the least change in
the ventilation index over much of the tropics. On the other hand, the GFDL-ESM2M shows small decreases
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Figure 3. The eight-GCM ensemble average of the change in the median ventilation index from 1981-2000 to 2081-2100 for the RCP8.5
scenario. Stippled areas denote where the ensemble average change exceeds the ensemble standard deviation.

of 10-40% in the Caribbean and the main development region of the Atlantic. Another climatologically
active region for TCs is the area from the Philippines to the dateline. Here, the MIROC5 shows increases in
the median ventilation index exceeding 100%. The CSIRO-Mk3.6.0, MOHC-HadGEM2CC, and MRI-GCM3
show smaller increases, generally less than 60%. The remainder of the models project mixed, but small,
increases and decreases. The general theme is there is large regional and intermodel variability in the
RCP8.5 projections of changes in the median ventilation index. The RCP4.5 projections have similar spatial
patterns, but tend to be lower in magnitude (not shown).

Figure 3 shows the multimodel ensemble average of the change in the median ventilation index after each
model is interpolated to a 2° X 2° grid. Stippled areas mark where the change exceeds the multimodel
standard deviation, similar to what is done in the Intergovernmental Panel on Climate Change reports, to
denote where the changes in the median of the ventilation index have a higher signal to noise ratio. While
one must keep in mind the small sample size of the models examined in this study, there does appear to
be a signal for a 20-60% increase in the median ventilation index around Mexico, the Caribbean, central
North Atlantic, and South Atlantic. There are smaller increases around 10-30% in pockets around southeast
Asia, off the north coast of Australia, and the central South Indian. The largest increases in the median venti-
lation index are in the southeast Pacific away from the equator. However, this area already has a dearth of
TC activity and conditions are only projected to get more hostile for TCs from a ventilation perspective. On
the other hand, the model consensus has a decrease in the median ventilation index of 10-30% in the
North Indian, away from the Arabian Sea and Bay of Bengal, and the equatorial East Pacific.

Basin-by-basin changes in the median ventilation index are shown in Table 2. Figure 4 shows the basins
over which the quantities in Table 2 are calculated, minus any land areas. Additionally, basin changes in the
median vertical wind shear, nondimensional entropy deficit, and potential intensity are calculated in order
to infer what combination of variables drives the projected changes in the median ventilation index. All but
the GFDL-ESM2M model show a significant increase in the median ventilation index in the North Atlantic,
which is largely driven by increases in the nondimensional entropy deficit. This increase is somewhat ame-
liorated by increases in the median potential intensity by 3-6%. Changes in the median vertical wind shear
are not as robust, albeit those models that are significant show slight decreases in the vertical wind shear,
which also act to compensate a small amount for the increase in the nondimensional entropy deficit.
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Table 2. Basin-by-Basin Percent Changes® in the Median Vertical Wind Shear, Nondimensional Entropy Deficit, Potential Intensity, and
Ventilation Index From 1981-2000 to 2081-2100 for the RCP8.5 Scenario

Basin Variable CNRM CSIRO GFDL MIROC HadGEM MPI MRI NCAR
N Atlantic Ushear -3 0 -7 -4 -2 -1 0 -1
Vin 19 37 16 49 49 40 23 40
Upy 6 6 5 5 6 4 4 3
A 8 28 0 36 38 29 18 36
NE Pacific Ushear -2 -4 -8 -9 2 -9 4 12
in 19 1 15 52 28 20 10 38
Upy 3 14 2 7 7 6 5 2
A 14 —-21 2 32 28 1 12 55
NC Pacific Ushear —-10 -14 =5 -17 —-22 -11 =3 3
in 21 13 18 32 8 10 16 24
Upy 6 19 3 5 9 8 5 3
A 2 -13 6 1 —-23 =9 6 25
NW Pacific Ushear -6 -4 2 -6 -9 -4 -2 —4
Vin 15 19 10 55 27 13 10 10
Upy 4 5 0 6 6 3 5 4
A 5 1 12 34 7 7 6 2
N Indian - =2 -4 -6 -12 -8 =5 =1l =03
Vin 7 6 6 15 9 10 > 1
Upy 5 8 0 7 8 4 5 4
A -4 -10 -4 -10 -12 -4 =72 -4
S Atlantic jm— -2 9 =2 -6 -10 -1 4 -5
Vin 17 15 43 18 23 24 47 28
Up| 5 11 -1 4 7 4 1 4
A 6 26 43 16 8 16 50 18
SE Pacific Ushear -4 14 0 1 0 4 7 -4
Vin 16 60 43 33 62 39 50 33
Upy 5 =5 -2 0 -4 3 0 2
A 8 92 56 42 77 48 62 35
SW Pacific e 2 13 9 4 1 3 7 0
Vin 20 31 19 67 31 27 15 18
Up| 2 4 -1 1 3 2 3 2
A 19 42 36 75 32 29 20 22
S Indian ym— =5 =2) =5 -8 -12 -4 -7 -8
in 14 31 20 33 31 27 17 16
Upy 5 7 4 7 6 5 6 7
A 4 26 1 14 8 12 5 =1l
“Bold numbers denote significant changes in the median at the 95% level using the Kruskal-Wallis test.
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Figure 4. Tropical cyclone basins over which the quantities in Table 2 are calculated.
TANG AND CAMARGO ©2014. American Geophysical Union. All Rights Reserved. 6




QAG U Journal of Advances in Modeling Earth Systems  10.1002:2013vis000294

It is important to emphasize that in the context of the ventilation pathway in TCs, simply looking at changes
in vertical wind shear leads to an incomplete view. One needs to look at all three variables in order to gauge
the full effect of ventilation. For instance, the majority of the models project a significant decrease in
median vertical wind shear in the North-Central and Northwest Pacific basins, which in the context of exist-
ing TC-wind shear studies implies more favorable conditions for nonbaroclinic tropical cyclogenesis and
intensification of TCs [e.g., Gray, 1968; DeMaria, 1996]. However, there is also a projected increase in the
median nondimensional entropy deficit that increases the thermodynamic difference between any hypo-
thetical TCs and the environment, increasing the potential for ventilation even in the absence of any
changes in the vertical wind shear. Additionally, increases in the potential intensity, or an increase in surface
fluxes, buffer against some of the effects of the ventilation. Changes in the components can combine to
enhance changes in the ventilation index, such as the vertical wind shear and the nondimensional entropy
deficit in the NCAR-CCSM4 in the Northeast Pacific, or changes in the components can cancel and result in
little change in the ventilation index, such as the CNRM-CM5 and the MIROCS5 in the North-Central Pacific.

Despite the variability in the models, there are a few gross patterns in the components of the ventilation
index that emerge among the GCMs in Table 2. First, of the basins and models that show significant
changes in the vertical wind shear, 78% agree that there will be a decrease in the median vertical wind
shear. This decrease is consistent with a weakening of the tropical overturning circulation [Vecchi and Soden,
2007b] and a polar migration of the jets [Barnes and Polvani, 2013] in the GCMs. The most consistent and
largest change is the projected increase in the nondimensional entropy deficit. The reason for this increase
can be explained by examining what controls the numerator and denominator of equation (2). As explained
by Emanuel et al. [2008], the numerator of equation (2) scales as the saturation water vapor mixing ratio,
under the assumption of constant relative humidity [Soden and Held, 2006], and thus rises exponentially as
temperature increases. The denominator increases more slowly because it is tied to the surface enthalpy
fluxes at the potential intensity, which is projected to only increase slightly. Despite the relative consistency
in the change in sign of the individual variables that comprise the ventilation index, the nonlinear combina-
tion of the variables results in much greater scatter in changes in the ventilation index itself.

While the median serves as a convenient metric to gauge changes in the ventilation climatology, examining
changes in the complete distribution of the ventilation index is necessary to fully assess potential changes
in environments favorable for genesis and intensification. Tang and Emanuel [2012b] showed the tropical
cyclogenesis preferentially occurs when the ventilation index is anomalously low. Tropical cyclogenesis is
defined as the point and time of the first entry in the National Hurricane Center and Joint Typhoon Warning
Center best track databases. Using the ERA-Interim reanalysis [Dee et al., 2011] to calculate the daily ventila-
tion index one day prior to genesis, 95% of tropical cyclogenesis events from 1981-2000 occur when the
ventilation index is less than the 23rd percentile of the daily ventilation index over 5° and 30° N and S.

Tang and Emanuel [2012b] also showed that TC intensification is also more likely to occur when a TC is
embedded in anomalously low ventilation indices. However, intensification in the ventilation framework
must be viewed in the bivariate space of the ventilation combined with the intensity of the TC (see Figure
1). Since the latter is not well resolved in GCMs, this presents a challenge. However, there is much starker
separation in the ventilation indices for rapidly intensifying TCs, where a TC intensifies by at least 15 m s™
over a day, versus the generic population of TCs. Ninety-five percent of rapidly intensifying TCs have ventila-
tion indices less than the 20th percentile of the daily ventilation index over 5° and 30° N and S.

1

For convenience, we choose the 25th percentile of the daily ventilation index as a soft threshold value that
is necessary for both tropical cyclogenesis and rapid intensification. Changes in the lower quartile of the
daily ventilation index between the historical and RCP8.5 experiment serve as a proxy for potential changes
in tropical cyclogenesis and rapid intensification between these two experiments.

Figure 5 shows the relative frequency change between the historical and RCP8.5 experiments in the daily
ventilation index between 5° and 30° N and S. The crosses denote the 25th percentile of the ventilation
index distribution in the historical experiment. Recall due to the nondimensional, invariant nature of the
ventilation index, this threshold is theoretically not a function of changing climate. The pattern among the
various GCMs is consistent. There is a projected decrease in the relative frequency of lower values of the
ventilation index and an increase in the relative frequency of higher values of the ventilation index. In other
words, there is a shift in the climatological distribution of the ventilation index to the right. This is
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0.02 — CNRM predominately driven by a shift in the cli-

matological distribution of the nondimen-
sional entropy deficit to the right as well
(not shown), consistent with what is seen in
changes in the median ventilation index.
Hence, the models generally show a
decrease in the frequency of days favorable
for both genesis and rapid intensification
over the tropics.

0.01f

While there is an overall decrease in the rel-
ative frequency of days with favorable ven-
tilation indices in the tropics between the
historical and RCP8.5 experiments, there is
much more local variability, as shown in
Figure 6. While the spatial correlation with
changes in the median ventilation index

Relative Frequency Difference
o

-0.011

-0.02 (Figure 2) is very high, especially in the
0.001 0.01 ) 0_'1 1 10 tropics, Figure 6 can be used to project
Ventilation Index . o .
changes in the ventilation favorability,
Figure 5. Changes in the climatological distribution of the daily ventilation defined as total number of days per season
index between 2081-2100 and 1981-2000 for the RCP8.5 scenario over 5 - when the daily ventilation index is favor-

30°. The crosses mark the 25th percentile in the 1981-2000 daily ventilation
index for the historical experiment. A logarithmic scale is used for the venti-
lation index in order to resolve small values.

able for tropical cyclogenesis and rapid
intensification. For instance, the MIROC5
projects that the ventilation favorability
decreases by up to half the season (60 days) east of the Philippines, which would substantially reduce the
number of days favorable for tropical cyclogenesis or rapid intensification in that region of the Northwest
Pacific. On the other hand, the CSIRO-Mk3.6.0 projects a substantial increase in the ventilation favorability
by 40-60 days south of Hawaii. It is evident in each of the models there are nontrivial, local changes to the
ventilation favorability that potentially can alter the windows of opportunity for tropical cyclogenesis or
rapid intensification by days to weeks. However, there is again a great amount of variability in the ventila-
tion favorability when looking across the models.

Figure 7 shows the multimodel ensemble mean change in ventilation favorability after interpolation to a

2° X 2° grid. Stippled areas denote where the ensemble average exceeds the ensemble standard deviation.
In the North Atlantic, there is a general decrease in the ventilation favorability by 6-15 days per season, partic-
ularly from the Gulf of Mexico to areas north of the Greater Antilles and in the southern main development
region between the Caribbean and west coast of Africa. In the Northeast Pacific and Northwest Pacific near
southeast Asia, there is also some indication that the ventilation favorability decreases, but the model spread
is generally higher. On the other hand, the ventilation favorability increases in the North Indian by 3-15 days
per season in the ensemble mean. In the Southern Hemisphere, the consensus is for a general decrease in the
ventilation favorability, particularly between 10 and 20°S in the South Pacific east of the dateline. Here the
window is cut by upward of an entire month, which may imply that TC activity will be confined further toward
the west. In the South Atlantic, the ventilation favorability decreases by 3-9 days per season.

4, Relationship to TC Activity in GCMs

We now seek to link changes in TC activity in the GCMs to changes in the ventilation index. The 25th per-
centile of the historical ventilation index distribution again serves as the soft threshold for each GCM, as
given by the crosses in Figure 5. The change in the ventilation favorability is now defined as the percent
change in the cumulative distribution at the threshold ventilation index value. Changes in the cumulative
distribution are due to both spatial and temporal changes in the daily ventilation index between the histori-
cal and RCP8.5 experiments. Changes are calculated over each of the basins in Figure 4 between 10 and 20°
over the season.

Changes in the ventilation favorability are first compared with changes in TC frequency in the GCMs. The
analysis is restricted to four models: CSIRO-Mk3.6.0, GFDL-ESM2M, MIROC5, and MRI-CGCM3, corresponding
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Figure 6. Change in the ventilation favorability, or number of days per season (approximately 120 days) where the daily ventilation index
is favorable for tropical cyclogenesis and rapid intensification. Changes are calculated between 2081-2100 and 1981-2000 for the RCP8.5
scenario. Note the reverse color bar for easier comparison with earlier figures.

to overlapping data sets with Camargo [2013]. TCs are identified in the GCMs using an algorithm to track
vortices having a local maxima in 850 hPa relative vorticity and wind speed, minima in surface pressure,
and warm core structure [Camargo and Zebiak, 2002]. The change in TC frequency is defined as the change
in the number of genesis events in each separate basin over 10 — 20°, which corresponds to 70-80% of the
tropical cyclogenesis latitudes in the GCMs, to conform with the ventilation favorability calculation. To avoid
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Figure 7. The eight-GCM ensemble average of the change in the ventilation favorability. Stippled areas denote where the ensemble aver-
age change exceeds the ensemble standard deviation.

small sample size leading to large outliers, a model must have at least 10 TCs in either the historical or
RCP8.5 experiments in a basin in order to be included as a data point.

Figure 8 shows changes in ventilation favorability correlate well with changes in TC frequency across the

basins. The rank correlation is 0.59, which is significant at the 95% level using a permutation test. The GFDL-
ESM2M model in the North Atlantic (red
square) and the CSIRO-Mk3.6.0 model in

1001 O the Northeast Pacific (blue circle) have
the largest increase in ventilation favor-
IS D ability and correspondingly have the larg-
< 5ol D est increase in the number of TCs. The
°; remainder of the models and basins has
% o5l a decrease in ventilation favorability,
?',' v % implying a decrease in either the number
i ol of days or locations where the ventilation
e * @ is favorable for tropical cyclogenesis.
.:15) 251 @ N Atl However, this does not necessarily trans-
g O NE Pac late to a decrease in TC frequency since
§ 50t O NC Pac the MRI-CGCM3 and GFDL-ESM2M mod-
NW Pac els still indicate an increase in TC fre-
75+ * gmgac quency in. a num.be.r of basins c.it.espite a
decrease in ventilation favorability. One
-100 " " . i possible explanation is that the GCMs are
-50 25 0 25 50 not sensitive enough to the interaction

H 1 1 ili o,
Change in Ventilation Favorability (%) between ventilation and tropical distur-
Figure 8. Change in ventilation favorability, defined as the percent change in bances due to their coarse resolution.
the cumulative distribution of the daily ventilation index at the 25th percentile Also, one must keep in mind that the
of the historical experiment period, versus the change in TC frequency. Data GCMs have Signiﬁcant biases in TC fre-
points are separated by basin, as given by the color in the legend, and model: . . .
CSIRO-MK3.6.0 (circles), GFDL-ESM2M (squares), MIROCS (asterisks), and MRI- quency, with all underestimating TC fre-
CGCM3 (triangles). quency relative to current climatology
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[Camargo, 2013]. The methodology used to count the number of TCs in GCM:s also yields different results.
For instance, Tory et al. [2013] found that TC frequency decreases in the vast majority of the TC basins and
GCMs, which would be more consistent with the overall decrease in ventilation favorability. The positive
correlation between the changes in ventilation favorability and changes in TC frequency is what is impor-
tant here, not solely the change in the latter.

Downscaling techniques to assess changes in TC frequency in the CMIP5 database give conflicting results,
although the region, emissions scenario, and model suite examined in the various analyses differ [Villarini
and Vecchi, 2012; Emanuel, 2013; Knutson et al., 2013; Villarini and Vecchi, 2013], making a fair comparison
difficult. Emanuel [2013] looked at changes in global frequency and found increases in six of the CMIP5
GCMs, including MIROC5, MPI-ESMMR, MRI-CGCM3, and NCAR-CCSMA4. This occurs despite the increase in
the ventilation index in many of the basins (see Table 2) in these models. Ventilation is only one factor,
albeit a potentially important one, among a plethora that controls genesis. There may be other positive fac-
tors affecting genesis that are outweighing the negative effects of increasing ventilation that remain to be
sorted out. Moreover, this analysis only considers the environment in which tropical disturbances are
embedded and not changes in the climatology of precursor disturbances themselves that may be just as
important in changing TC frequency.

Next, changes in the ventilation favorability are compared with changes in TC “rapid” intensification.
GCMs do not resolve the TC inner core, and hence, do not simulate the rapid intensification process
with fidelity. In lieu of using the traditional definition of rapid intensification, we set the threshold for
rapid intensification to be the 5th percentile of 24 h pressure falls for each GCM in the database of
Camargo [2013] for TCs during the historical experiment period (1981-2000). The 5th percentile is moti-
vated by observations of rapid TC intensification in the best track database for the North Atlantic
[Kaplan et al., 2010]. The normalized rapid intensification is defined as the number of 24 h periods the
threshold is exceeded in each basin divided by the basin TC count. The percent change in the normal-
ized rapid intensification between the historical and RCP8.5 experiments is then calculated for each
model and basin. For this particular analysis, the latitude band is expanded to 10 - 30° for both the nor-
malized rapid intensification and ventilation favorability statistics to account for TCs migrating poleward
after genesis. Again, a model must have at least 10 TCs in either the historical or RCP8.5 experiments in
a basin in order to be included as a data point.

Figure 9 shows changes in the ventilation
favorability correlate well with changes in

é the normalized rapid intensification. The
1100 ¢ D rank correlation is 0.60, which is signifi-
32 1000 f O cant at the 95% level using a permutation
S o00l} : test. Small absolute changes in the tail of
3 800 - the intensification distribution can lead to
"é large relative changes, ranging from a
£ 700f decrease of —83% in the MIROCS in the
2 600f D Northeast Pacific (blue asterisk) to an infi-
& 500t nite increase in the CSIRO-Mk3.6.0 in the
3 D North-Central Pacific (green circle) due to
= 400¢ ‘ there being no cases of rapid intensifica-
g 300t N-Atl tion in the historical experiment. A nota-
z I NE Pac ble component of the positive correlation
e 200 NC Pac
2 100 NW. Pac is the strong pick up in changes in nor-
Q L
§ * SW Pac malized rapid intensification as changes in
o of ventilation favorability approach zero and
-100 : : - : : : become positive, especially in the CSIRO-
-75 -50 -25 0 25 50 75

; . - Mk3.6.0 and GFDL-ESM2M models.
Change in Ventilation Favorability (%)

The majority of the points in Figure 9

Figure 9. Similar to Figure 8, but for changes in normalized rapid intensifica- show an increase in the normalized rapid
tion, defined as the number of 24 h periods with pressure falls below the fifth ) ificati . hTCh
percentile of TCs in the historical experiment normalized by the number of intensification, meaning eac asa

TCs. greater chance of undergoing rapid
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intensification over at least one 24 h period during its lifetime in the RCP8.5 experiment compared to the
historical experiment. A greater number of rapidly intensifying storms may contribute to the increase in
power dissipation noted in other downscaling studies [Emanuel, 2013; Villarini and Vecchi, 2013].

The increase in normalized rapid intensification occurs despite many of the models indicating a decrease in
the ventilation favorability. Again, the models could be in error due to insufficient resolution to resolve the
ventilation process in TCs, or there could be some compensating effect that is canceling out the effects of
ventilation. While the majority of the models do show a pronounced increase in the upper percentiles of
intensification in many of the basins, there is substantial uncertainty. Such results must be interpreted with
caution until it is understood what is causing these changes.

5. Conclusions

Ventilation inhibits both tropical cyclogenesis and tropical cyclone intensification. Nondimensionalizing the
ventilation to form a ventilation index allows one to compare ventilation effects on TCs with changing cli-
mate in a consistent manner. The ventilation index can then be used as a proxy to infer potential changes
in the statistics of tropical cyclones due to changes in ventilation.

The ventilation index is compared between 1981-2000 and 2081-2100 in eight CMIP5 models between the
historical and RCP8.5 experiments. In the multimodel ensemble mean, there is an increase in the median
ventilation index and a decrease in the ventilation favorability over much of the North Atlantic, near Mexico,
around the Maritime Continent, and portions of the South Pacific, meaning fewer days favorable for tropical
cyclogenesis or rapid intensification. The North Indian is one of the few areas that models project an
increase in the ventilation favorability.

However, there is generally large regional and intermodel variability in the RCP8.5 projections of changes in
the ventilation index. The large variability is due to the nonlinear nature of the ventilation index and com-
pensation of its three components. The nondimensional entropy deficit increases significantly and the
potential intensity increases slightly in all the models and across almost all TC basins, while the vertical
wind shear decreases in most regions but shows more variability. All three components must be considered
as a whole in this framework.

Changes in the ventilation favorability from the historical to RCP8.5 periods are significantly and positively
correlated with both changes in the frequency of genesis and normalized rapid intensification. There are
several caveats to this finding. First, ventilation is only one aspect that controls TCs. Due to the small sample
size of TCs, it is not feasible to control for other factors, nor is it well understood what sets the climatology
of TCs in individual GCMs to begin with. Second, the GCMs do not properly resolve the interaction of TCs
with ventilation due to their relatively coarse resolution. Statistical-dynamical downscaling methods are an
alternative to assess how ventilation controls TC statistics, but applying such a method is also dependent
on how ventilation effects on TCs are handled in the downscaling itself. Third, the analysis does not apply
to hybrid or baroclinic developments, which can represent a substantial portion of the total TC activity
[McTaggart-Cowan et al., 2013].

In conclusion, there still remains large uncertainty in how the statistics of TCs will change with climate and
the underlying causes behind such changes. However, there is the potential for changes in the background
environment to have a significant role in controlling the distributions of both TC frequency and intensity.
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