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ABSTRACT

The effects on tropical cyclone statistics of doubling CO2, with fixed sea surface temperatures (SSTs), are

compared to the effects of a 2-K increase in SST, with fixed CO2, using a 50-km resolution global atmospheric

model. Confirming earlier results of Yoshimura and Sugi, a significant fraction of the reduction in globally

averaged tropical storm frequency seen in simulations in which both SST and CO2 are increased can be

thought of as the effect of the CO2 increase with fixed SSTs. Globally, the model produces a decrease in

tropical cyclone frequency of about 10% due to doubling of CO2 and an additional 10% for a 2-K increase in

SST, resulting in roughly a 20% reduction when both effects are present. The relative contribution of the CO2

effect to the total reduction is larger in the Northern than in the Southern Hemisphere. The average intensity

of storms increases in the model with increasing SST, but intensity remains roughly unchanged, or decreases

slightly, with the increase in CO2 alone. As a result, when considering the frequency of more intense cyclones,

the intensity increase tends to compensate for the reduced total cyclone numbers for the SST increase in

isolation, but not for the CO2 increase in isolation. Changes in genesis in these experiments roughly follow

changes in mean vertical motion, reflecting changes in convective mass fluxes. Discussion of one possible

perspective on how changes in the convective mass flux might alter genesis rates is provided.

1. Introduction

Most global high-resolution model simulations and

downscaling studies project a reduction in the frequency

of tropical cyclones, averaged over the globe, in response

to global warming (e.g., Yoshimura et al. 2006; Bengtsson

et al. 2007; Emanuel 2008; Gualdi et al. 2008; Sugi et al.

2009; Zhao et al. 2009), although there are a few excep-

tions showing little change globally (e.g., McDonald et al.

2005) or an increase (e.g., Wehner et al. 2010). [See Sup-

plementary Material Table S1 in Knutson et al. (2010) for

a summary.] It has been suggested by some that this in-

triguing response is connected, at least qualitatively, to

a reduction in the tropically averaged deep convective

mass flux (e.g., Sugi et al. 2002; Yoshimura et al. 2006;

Bengtsson et al. 2007). This reduced convective mass flux

can be rationalized, in turn, as a consequence of the larger

projected fractional increase in the specific humidity, or

more specifically, in the vertical gradient in humidity, as

compared to a smaller projected increase in the mean

precipitation as the climate warms (e.g., Betts 1998; Sugi

and Yoshimura 2004; Held and Soden 2006; Vecchi and

Soden 2007; O’Gorman and Schneider 2008). It has also

been argued that a decrease in storm activity should result

directly from the increase in the midtroposphere satura-

tion deficit, the difference between the saturation and

actual humidity (Emanuel et al. 2008). Also relevant are

the radiative–convective simulations on an f plane of

Nolan and Rappin (2008), which suggest that vertical

shear becomes more effective at preventing genesis as

temperatures increase.

A number of lines of evidence, ranging from global

model results to downscaling studies to theories of po-

tential intensity, suggest that an increase in intensity is

also to be expected from global warming on average, if
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not in all regions. This increase in intensity can partially

compensate or even overcompensate for the reduction

in total cyclone number when considering changes in the

number of very intense hurricanes and the destructive

potential of storm activity (e.g., Emanuel 2008; Bender

et al. 2010).

In some of the global modeling studies providing fu-

ture projections for tropical cyclones, only the SSTs are

changed, and the CO2 concentration is not modified, as-

suming, in effect, that the dominant effect of increasing

CO2 on tropical cyclones is through the SST field. In other

studies, both CO2 and SSTs are increased, but the effects

have not been broken down into the effect of increasing

SST with fixed CO2 and the effect of increasing CO2 with

fixed SSTs. In addition to helping us understand the re-

sponse, this decomposition is relevant for discussions of

geoengineering, such as Bala et al. (2010), in which one

tries to counteract the effects of CO2-induced warming

on temperatures with a reduction in the absorbed solar

flux, leaving behind the effects of the CO2 increase in

isolation.

The effect of an increase in CO2 with fixed SSTs on

aspects of global hydrology has been addressed in sev-

eral papers (e.g., Sugi and Yoshimura 2004; Bala et al.

2010), but the only paper to our knowledge addressing

the tropical cyclone problem in this context is that of

Yoshimura and Sugi (2005) using a global model at T106

resolution. Yoshimura and Sugi (2005) find a significant

decrease in cyclone frequency due to the effect of CO2 in

isolation—specifically a 13% decrease for doubling and

44% 5 2 3 22% for quadrupling. Their result has not

received sufficient attention in our view, and our pur-

pose here is to determine if the same qualitative re-

sponse is present in the global model with which we have

recently studied interannual variability, multidecadal

trends, seasonal predictions, and projections for the fu-

ture evolution of tropical storm statistics (Zhao et al.

2009, 2010; Zhao and Held (2010, hereafter ZH10). The

future projections using this model have included simul-

taneous SST and CO2 increases.

The following results are obtained from 4 integrations

with a model identical to that utilized in Zhao et al.

(2009). The first is a 25-yr control simulation with pre-

scribed climatological (seasonally varying) SSTs and

sea ice. This experiment is then perturbed in three ways:

(i) by a uniform 2-K increase in all SSTs, (ii) by a doubling

of the atmospheric CO2, and (iii) by the simultaneous

increase of 2 K and doubling of CO2. The increase in SST

of 2 K is roughly that expected from the transient climate

response associated with a doubling of CO2 (Randall

et al. 2007). The perturbed runs are also all 25 yr long.

The storm detection and tracking algorithm is described

by Zhao et al. (2009). Tropical cyclones (TCs) are all

warm-core vortices selected by this algorithm that have

near-surface winds greater than 17 m s21. The term

‘‘hurricane’’ is used here in all basins for storms in which

near-surface winds reach 33 m s21.

2. Results

The histograms in Fig. 1 show the fractional changes

in the number of tropical cyclones (top panel) and hur-

ricanes (bottom panel) in each of the three perturbation

experiments (P2K 5 2K increase in SST, 2 3 CO2, and

both). The results are shown for the Northern and

Southern Hemispheres separately as well as for the

global mean. All experiments show decreases in TC

counts in both hemispheres. Globally, the reductions are

11% for P2K, 10% for 2 3 CO2, and 21% for both. Our

result is qualitatively similar to that of Yoshimura and

Sugi (2005), for CO2 in isolation, but somewhat smaller

in magnitude. The 90% confidence interval is also shown

for each result in the figure, assuming normal distribu-

tions and considering each year as an independent sam-

ple. If the upper limit of this interval is less than zero,

then the reduction is significant at the 95% level. The

reduction in TCs is estimated to be significant at 95% in

all cases except for 2 3 CO2 in the Southern Hemisphere,

which is marginal. The reduction in hurricanes is some-

what less significant because the coefficient of varia-

tion is roughly a factor of 2 larger for hurricanes than

for all TCs. The sampling error from these 25-yr runs

precludes addressing whether there is significant non-

linearity when one superposes the effects of doubling

CO2 and the SST increase. The computations with both

effects present do provide evidence for a rough linearity

and increase our confidence in the decomposition within

this model.

There is also an indication that the relative contribu-

tion of the CO2 increase to the reduction in TCs is larger

in the Northern than in the Southern Hemisphere. A

weaker response to the SST increase in the Northern

than in the Southern Hemisphere and a stronger direct

CO2 response both contribute to this result. Longer in-

tegrations would be needed to make these distinctions

more quantitative. One explanation for a larger response

in the Northern Hemisphere would be that monsoonal

responses associated with the warming of land are partly

responsible for the reduction due to CO2 in isolation, but

we have no other evidence for this interpretation. We

return to this issue briefly in section 3 below.

This figure also suggests that the relative contribution

of CO2 to the reduction in hurricanes tends to be greater

than its contribution to the reduction in the frequency of

all TCs. This is a consequence of the result, discussed

more fully below, that the SST increase causes the
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average intensity to increase, while the CO2 increase

causes a slight reduction of intensity in this model.

Figure 2 shows the spatial pattern of the reduction in

TC genesis in each of the three perturbation runs. Also

shown in the figure for reference is the control simula-

tion’s distribution of genesis. [See Zhao et al. (2009) for

a discussion of the climatological simulation.] These re-

sults are averaged over 4 3 5 (latitude–longitude) boxes

and then filtered with a 9-point Gaussian filter to extract

the signal more clearly from small-scale noise that is

unlikely to be statistically significant. Both the P2K and

2 3 CO2 runs show reductions in most genesis regions.

Both reduce the number of storms in the west Pacific,

with 2 3 CO2 providing more of a reduction in genesis

close to the East Asian coast. P2K results in a better-

defined reduction in the southern Indian Ocean, while

2 3 CO2 and P2K have opposite effects in the east Pacific.

Both show reductions in genesis through much of the

tropical North Atlantic.

Several measures of intensity change in these simu-

lations are included in Fig. 3. As described by ZH10 for

the Atlantic basin, the distribution of intensities in this

GCM is reasonable up to the hurricane threshold, after

which the number of storms drops off too rapidly. ZH10

propose a simple statistical correction for this bias for

the North Atlantic and test it against differences in in-

tensity between active and inactive years. The difficulty

in applying an analogous procedure to the global results

presented here is that the required bias correction is basin

dependent. In particular, the model storms in the North

Pacific, while still weak on average, require less of a

bias correction than do the North Atlantic storms. We

have chosen to simply present the raw model intensities

here.

We use the same notation for various intensity di-

agnostics as in ZH10. After computing the maximum

wind speed at the lowest model level during each cy-

clone’s lifetime, we then compute F(I), the number of

cyclones with this maximum lifetime intensity larger than

a given value I. The change dF(I), cyclones per year, from

the control is displayed in the top panel of Fig. 3 for each

of the three perturbation runs. The P2K run shows an

increase in number of TCs with intensity greater than

roughly 40 m s21 despite the reduction in total number of

TCs. The 2 3 CO2 run shows no transition of this type

for higher intensity TCs. As a result, in the run with both

effects present there is a smaller increase in frequency of

the most intense cyclones in this model.

Setting F 5 NP(I) where N is the total number of TCs,

one can decompose the change in F into parts due to

changes in N and changes in P. The middle panel in Fig. 3

shows NdP(I), the contribution to dF due to changes in

the intensity distribution. The value for N is taken from

the control simulation. The distinction between the P2K

and 2 3 CO2 perturbations is now more evident. The

probability of a given TC exceeding the intensity I in-

creases for all I in the P2K experiment and when both

effects are present, but the 2 3 CO2 run, if anything,

shows a small reduction in the probability of exceeding

the hurricane threshold and higher intensities.

We also estimate the change in intensity as a function

of intensity in the bottom panel in Fig. 3, following a

procedure described in ZH10. From the two P(I) curves

for a perturbed and control simulation we first compute

FIG. 1. (a) Fractional changes in annual TC count for the Northern

Hemisphere (NH), the Southern Hemisphere (SH), and the globe

(Global) between each perturbation experiment (P2K, 2 3 CO2, and

both) and the control experiment. Error bars show the 90% confi-

dence interval. (b) As in (a), but for hurricanes (storms with lifetime

maximum near-surface winds exceeding 33 m s21).
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dI at fixed P (rather than dP at fixed I as in the middle

panel). But rather than plot dI versus P, we use the

control P(I) to convert from P to I, resulting in dI(I).

This procedure brings out the change in intensity at

large I more clearly. Globally, the P2K experiment re-

sults in a small (less than 1 m s21) increase in intensity

for I , 40 m s21, with the characteristic intensity increase

rising to greater than 2 m s21 for I ’ 45–50 m s21. The

pattern is similar when both effects are present, while the

CO2 increase in isolation has a slight negative effect on

intensity at nearly all intensity levels. These quantitative

results are not to be taken at face value, as discussed in

ZH10. But despite the model’s intensity biases, these

qualitative results suggest that intensity changes are

mostly due to SSTs and not changes in CO2, when the

effects of these two are examined in isolation.

3. Some relationships between genesis and
large-scale fields

The direct response of precipitation, both globally and

regionally, to the change in CO2 has been discussed, for

example, by Sugi and Yoshimura (2004), Bala et al.

(2010), and Andrews et al. (2010). In the present model

the global response in precipitation is an increase of

6.8% for P2K, a reduction of 2.3% for 2 3 CO2, and

a 4.2% increase for both together. To focus on those

regions of most relevance to the present analysis, we

define an average in which the quantity of interest, given

as spatial maps of monthly means [A(x, y, m), m 5 1, 12],

is weighted by the control simulation’s spatial pattern of

genesis G(x, y, m), the annual mean of which is shown in

Fig. 2:

FIG. 2. Geographical distribution of the change in the frequency of genesis of TCs between

each perturbation experiment and the control experiment: (a) P2K minus CNTL, (b) 2 3 CO2

minus CNTL, (c) both minus CNTL, (d) CNTL (unit: annual count per 48 3 58 (latitude–

longitude) area. Genesis is defined following the algorithm in Zhao et al. (2009), in terms of

the first appearance of a warm-core vortex with surface wind speed greater than 17 m s21 (the

vortex must persist for at least 3 days).
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hAiG [
GA

G
. (1)

The overline indicates an annual as well as spatial mean.

The fractional changes in the genesis-weighted precipi-

tation, hdPiG/hPiG, are displayed in Fig. 4, using separate

spatial means over the two hemispheres. The precipita-

tion changes remain of opposite sign for P2K and 2 3

CO2 in the Northern Hemisphere, although in contrast

to the unweighted global mean, there is now a small de-

crease in the Southern Hemisphere in the P2K simula-

tion. These precipitation changes are small and do not

seem to be closely related to the much larger percentage

changes in tropical storm genesis.

Also shown in Fig. 4 are similarly weighted hemi-

spheric changes in potential intensity (PI), a shear in-

dex (S), and the negative of the pressure velocity v at

500 hPa. Potential intensity (Emanuel 1988) is some-

times considered relevant for genesis and not only for

storm intensity. For example, in the empirical model of

Emanuel and Nolan (2004) and Camargo et al. (2007),

genesis frequency is assumed proportional to the poten-

tial intensity raised to the third power. Genesis-weighted

FIG. 3. (a) Changes [dF(I)] in the (cumulative) frequency of

TCs (number per year) with lifetime maximum wind speed ex-

ceeding each value of intensity I 5 lifetime maximum wind speed,

computed over the global tropical ocean. (b) As in (a), but for the

component of dF due to changes in cumulative probability distri-

bution of intensity (NdP), where N is the total number of TCs

per year. (c) As in (a), but for changes in intensity [dI(I)]. See text

for the definition of notation.

FIG. 4. Fractional change of mean precipitation (P), potential

intensity (PI), an environmental shear index (S), 500-hPa mean

ascent (2v500), and mean TC genesis frequency (TC) over the

Northern Hemisphere between each perturbation experiment and

the control experiment. Here P, PI, S, and v500 are weighted av-

erages using the climatological TC genesis frequency distribution

from the control simulation as the weighting function [see text and

Eq. (1)]. (b) As in (a), but for the Southern Hemisphere.
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averages are similar in both hemispheres, with a global

average of hdPIiG 5 12.5 m s21 for P2K, 20.7 m s21

for 2 3 CO2, and, consistently, 11.6 m s21 for both si-

multaneously. There is a rough consistency with the sim-

ulated intensity changes described above. [These values

are computed following Bister and Emanuel (2002), as-

suming a ratio of thermal to momentum drag coefficients

of 0.5 (consistent with the GCM formulation at hurricane

intensities) and by assuming air parcel ascent between

the pseudoadiabatic and adiabatic limits (SIG 5 0.5 in

ftp://texmex.mit.edu/pub/emanuel/TCMAX/). Storm dis-

sipative heating is included in the calculation consistent

with the inclusion of dissipative heating in the model’s

boundary layer parameterization.] Changes in PI clearly

cannot be thought of as the dominant factor controlling

changes in genesis, since the changes in PI are of opposite

sign for the SST and CO2 simulations while genesis de-

creases in both cases.

We define a vertical shear index (S) as the abso-

lute value of the vector wind difference between 850

and 200 hPa, using monthly mean winds. The genesis

weighted tropical average, hSiG is reduced by roughly

1.3%–3.5% among the experiments, with larger reduc-

tions in the Southern Hemisphere, as shown in Fig. 4. Not

only are these changes of the wrong sign to explain the

reduction in genesis in the most naive way, they are very

small. It is certainly possible that this gross shear index is

not a good way of summarizing the effects of large-scale

circulation changes on genesis.

If one computes the genesis-weighted change in

monthly mean v at 500 hPa, hdv500iG/hv500iG, as a sim-

ple measure of tropical deep convective activity,1 one

obtains the fractional changes shown in Fig. 4. There is

a reduction in deep convective activity in both hemi-

spheres, with substantially weaker upward motion, con-

sistent with the physical arguments and model results

discussed by Knutson and Manabe (1995), Betts (1998),

Sugi and Yoshimura (2004), Held and Soden (2006), and

O’Gorman and Schneider (2008). For convenience, Fig. 4

also replots the fractional changes in tropical cyclone

frequency in the two hemispheres shown in Fig. 1. Not

only the sign, but the relative magnitude of the effects in

P2K and 2 3 CO2, and in the two hemispheres, are now

qualitatively consistent, suggesting the plausibility of a

causal connection between changes in overall convective

activity in regions of genesis and changes in tropical cy-

clone frequency.

To examine the spatial structure of the changes in

these potentially relevant large-scale indices, we com-

pute each index, for each 4 3 5 (latitude–longitude) grid

square, weighting the 12 months by the control model’s

genesis rate for that month:

[A(x, y)]G [
eG(x, y)A(x, y)

eG(x, y)
, (2)

where the tilde is an average over the 12 months. The

genesis weighting provides a compact way of defining

a map of the change in the index at the most relevant

times of year.

Figure 5 contains maps of [dv500]G for the three sim-

ulations. There is some similarity between this map and

that of the change in genesis frequency, with a reduction

in most genesis regions in both the 2 3 CO2 and P2K

cases, the clearest exception being in the east Pacific in

P2K, where there is an increase in genesis and a some-

what noisy increase in mean upward motion. The frac-

tional contribution of TCs themselves to the mean upward

motion should be comparable to their fractional contri-

bution to precipitation, and estimates of the latter (Jiang

and Zipser 2010) indicate that this fraction is small in

nearly all of the major genesis regions. We have con-

firmed that this is the case in our GCM as well. The re-

semblance of the change in genesis-weighted upward

motion to the change in TC frequency suggests that TC

genesis is being influenced by the same factors that in-

fluence the more pervasive less-organized component of

deep convection.

From the maps of the local [dPI]G in Fig. 6 we learn

that these changes are relatively uniform in these sim-

ulations. The changes in the intensity of the model’s

storms, as documented in Fig. 3, are qualitatively con-

sistent with these PI changes, averaged over the tropics.

While the 2 3 CO2 simulation in isolation might be sug-

gestive of a connection between storm frequency and PI,

the P2K simulation is inconsistent with this effect being

dominant, as discussed earlier.

These changes in PI are dominated by changes in the

atmosphere–ocean disequilibrium in enthalpy, which de-

creases in most of the tropics in the 2 3 CO2 case and

1 Typically, over the tropical oceans in regions of mean upward

motion, the precipitation greatly exceeds evaporation. Thinking of

a simple moisture budget for such a region, the column-integrated

convergence of vapor can be thought of as qw, where q is the dif-

ference in humidity between the boundary layer and free tropo-

sphere, and w the upward mean flow at the top of the moist layer.

The time-averaged column-integrated moisture budget is then

qw ’ P 2 E 5 precipitation minus evaporation, while the moisture

budget of the free troposphere is qM 5 P, where M is the mass

exchanged between the moist lower layer and the drier free tro-

posphere. Thus, the mean w is an approximate surrogate for M to

the extent that E is small compared with P. Examining the con-

vective mass flux produced by the model’s parameterization

scheme is not a good measure of M in this model, since a substantial

fraction of tropical precipitation occurs in the model’s ‘‘large scale’’

component.
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increases in P2K (Emanuel 2007). The changes in the

enthalpy jump near the surface in turn are of the same

sign as the tropical mean changes in evaporation (or

precipitation)—an increase for P2K and a decrease for

2 3 CO2. Changes in surface winds are of secondary

importance; on average, the near-surface relative hu-

midity adjusts to produce the changes in evaporation/

precipitation demanded by the atmospheric energy

budget. Changes to free-tropospheric moisture and tem-

perature are very small in the 2 3 CO2 case.

In Fig. 7, we plot the spatial structure of the change

in [dS]G. There is no obvious correspondence between

these patterns and changes in genesis (spatial correla-

tions are close to zero). If changes in circulation are

important, their effect is not captured by this simple

large-scale, monthly mean shear index. We have not

tried other possibilities, such as a change in the Doppler-

shifted phase speed of easterly waves, as suggested by

the ‘‘pouch’’ perspective of Dunkerton et al. (2009) or

changes conducive to poleward propagation of easterly

wave trains (e.g., Dickinson and Molinari 2002; Li 2006).

While inspection of the large-scale flow indicates that

there are changes in monsoonal circulations in the 2 3

CO2 simulation, neither the spatial structure in S nor

in the genesis itself suggest that these changes are re-

sponsible for the bulk of the reduction in genesis.

Rather than using spatial structures to try to infer

relationships between changes in genesis and changes in

large-scale indices, such as monthly mean v, PI, or S, one

can follow the analysis of cloud feedbacks in Bony et al.

(2004), and think instead of the probability of genesis,

given a value of the index, irrespective of location. That

is, one writes the total genesis as
Ð

g(j)P(j) dj, where j

is some large-scale index, P(j) dj is the probability of

j lying within (j, j 1 dj), g(j)P(j) dj is the number of

cyclones forming with j in this range, and g(j) is mean

cyclone genesis frequency at given j. One can then de-

compose the change in gP as d(gP) ’ gdP 1 Pdg 1 dPdg.

Table 1 shows this decomposition, integrated over j, for

the three different perturbation experiments. While the

quadratic terms is not always small, especially in the P2K

case for j 5 PI, it is never large enough to change the

fundamental picture. In the limit that j is an irrelevant

variable, the term gdP should vanish when integrated

FIG. 5. Geographical distribution of the change in 500-hPa vertical velocity weighted by TC

genesis frequency ([2dv500]G) as described in Eq. (2) between each perturbation experiment

and the control experiment. (top) P2K minus CNTL, (middle) 2 3 CO2 minus CNTL, and

(bottom) both minus CNTL.
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over j, and Pdg should explain the total signal. In the

opposite extreme, in which g is simply a function of j,

the probability of genesis, given j, should not change,

and the term gdP should dominate.

As shown in Table 1, the integrated contribution due

to gdP is small for both j 5 S and j 5 PI, whether one is

perturbing CO2, SST, or both. For the shear index, the

integrated change due to gdP is actually of the opposite

sign to the net change. This is consistent with the claim

that perturbations in neither variable exert a dominant

influence on genesis in this model. In contrast, for j 5

v500, gdP contributes roughly 50% of the reduction in

genesis for the three perturbations.

Figure 8 shows this decomposition in more detail, as

a function of j. The top panel is gP in the control sim-

ulation, while the middle and bottom panels are gdP

and Pdg, respectively. The top panel shows that genesis

predominately occurs only when 40 , PI , 60 m s21,

S , 15 m s21, and 2150 , v500 , 0 (hPa day21), all in-

dices being monthly means.

For j 5 PI, the results conform to expectations if the

shift in the distribution of PI, toward larger values for

P2K and smaller values for CO2, have little effect on

genesis in the model. For the shear index S, there is an

increase in the frequency of very low values when SSTs

are increased, and this generates the small positive gdP

term seen in Table 1. But the bottom panel (Pdg) in-

dicates a reduction in genesis at all shears, more or less

proportional to the unperturbed distribution. For j 5

v500, in both the increased SST and CO2 cases, there is

a reduction in frequency in values of v500 between 250

and 2150 hPa day21, compensated by an increase in

frequency of weaker mean uplift, but, when weighted by

the likelihood of genesis in the control model the effects

of the reduction in frequency of stronger uplift domi-

nate. There are also some reductions in genesis associ-

ated with the rate of genesis at fixed v, arguing that there

are other controlling factors. But for the three indices

examined, the results for v500 are the only ones that

suggest an explanation for the genesis reduction.

Our hypothesis is that changes in storm frequency in

these simulations are primarily controlled by the overall

amount of deep convective activity in regions that are

otherwise favorable for genesis.

4. Comments on the connection between
convective mass fluxes and genesis

A theory for genesis roughly consistent with these

results might take the form G 5 MG(p, q, . . .), where M

FIG. 6. As in Fig. 5, but for potential intensity.
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is the total convective mass flux, while p, q, . . . are envi-

ronmental indices that affect the manner in which this

raw material M is organized. As an example of the kind

of argument consistent with this perspective, we provide a

qualitative discussion of the roles of the convective mass

flux, shear, and midtropospheric environmental moisture

in the generation of a moist midtroposphere conducive

for genesis.

Focusing on the successful moistening of the mid-

troposphere as a central element in genesis is consistent

with proposed genesis indices (DeMaria et al. 2001),

field program such as the Tropical Experiment in Mexico

(TEXMEX; Bister and Emanuel 1997), idealized models

(Rotunno and Emanuel 1987), and the recent ‘‘pouch’’

perspective (Dunkerton et al. 2009), which can be thought

of, in part, as diagnosing situations in which the region

being moistened by convection is protected from mixing

with drier environmental air. The following discussion

is also motivated by the study of genesis in a radiative–

convective model with imposed shear in Nolan et al.

(2007) and Nolan and Rappin (2008).

For this purpose, we write the specific humidity bal-

ance in the midtroposphere as

U
›qm

›x
; (Mc 2 w)

›qm

›z
1 D(qc 2 qm). (3)

On the right-hand side, Mc is the convective updraft

volume flux; w is total vertical velocity, so that Mc 2 w

FIG. 7. As in Fig. 5, but for vertical wind shear defined as the absolute value of the vector wind

difference between 850 and 200 hPa using monthly mean winds.

TABLE 1. Decomposition of the total change in gP into the three

components: gdP, Pdg, and dgdP between each perturbation ex-

periment and the control experiment. All terms are integrated over

j(j 5 v500, S, PI) and are shown with percentage changes.

P2K 2 CNTL 2 3 CO2 2 CNTL BOTH 2 CNTL

Tot 211.0% 210.2% 220.7%

j 5 v500

gdP 25.9% 24.9% 29.6%

Pdg 24.9% 25.8% 211.6%

dgdP 20.3% 10.5% 10.4%

j 5 S

gdP 12.3% 10.6% 13.0%

Pdg 213.2% 210.7% 223.2%

dgdP 20.2% 20.0% 20.5%

j 5 PI

gdP 12.2% 20.7% 14.0%

Pdg 219.3% 210.4% 225.9%

dgdP 16.0% 10.9% 11.3%
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represents the downward vertical velocity of envi-

ronmental air outside the convective updraft; D is the

detrainment rate from convective cores into the envi-

ronment; while qc and qm are, respectively, the in-cloud

total water and environmental specific humidity at some

representative midtropospheric level. The left-hand side

can be thought of as standing in for a variety of hori-

zontal advective processes on various length scales. The

strength of vertical shear can be thought of as pro-

portional to U.

There are two limiting cases of interest: a region in

which precipitation is much larger than evaporation

on average, in which Mc and w roughly cancel, and

radiative–convective equilibrium, in which w 5 0. We

focus on the first of these simplifications as being es-

pecially relevant for regions in which genesis typically

occurs. The balance is now between drying due to the

import of environmental air and moistening due to

detrainment. Assuming that the detrainment is pro-

portional to the cloud-base mass flux, Mb, and that

›qm/›x ; qm/L, and ignoring changes in horizontal

length scale L, we then have

dU

U
;

dMb

Mb

1
dg

g
, (4)

where g [ (qc 2 qm)/qm. Thought of as an expression for

dU, Eq. (4) estimates how shears would need to change

for their drying tendency to balance changes in the

moistening tendencies. If dU is negative, the implication

is that smaller advective drying tendencies are needed

to overcome typical convective moistening tendencies,

so that weaker ‘‘shears’’ are able to suppress genesis.

Genesis would then be expected to decrease if the

spectrum of advective drying tendencies is, in fact,

unchanged.

FIG. 8. (top) g(j)P(j) from the control simulation, (middle) g(j)dP(j) from each perturbation experiment and the control experiment,

and (bottom) as in (middle), but for P(j)dg(j). (left) j 5 v500, (middle) j 5 shear, and (right) j 5 potential intensity. [See text for the

definition of g(j) and P(j).]
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One can consider two limiting cases for the in-cloud

water: reversible ascent with in-cloud water equal to the

humidity in the boundary layer, qc 5 qb, and pseudo-

adiabatic ascent with all condensate dropping out as it is

formed, qc 5 q*(Tm), where q* is the saturation specific

humidity. Reality and the GCM are both intermediate

between these two extremes. For the pseudoadiabatic

case, if relative humidities are assumed to remain un-

changed, then dg ’ 0 and dU/U ; dMb/Mb. In the case

of reversible ascent, dg/g should be negative as the tem-

peratures increase, since fractional changes in qm are

expected to be larger than the fractional changes in

qb 2 qm if relative humidities remain unchanged and if

the temperature profile remains close to a moist adiabat.

For the case of a CO2 increase with fixed SSTs,

changes in atmospheric moisture are small and, irre-

spective of the choice of adiabat used to estimate cloud

water, the result of this crude scaling is dU/U ; dMb/Mb.

For the SST increase, according to these estimates mois-

ture changes would likely amplify the reduction in dU

somewhat, or decrease genesis, over the expected de-

crease from dM in isolation.

The picture underlying this scaling is simply that de-

creased mass flux makes it easier for advection of dry air

to suppress genesis.

5. Conclusions

This work is a continuation of a series of studies in

which a global atmospheric model of roughly 50-km

resolution is used to study aspects of the statistics of

tropical cyclogenesis. (Zhao et al. 2009, 2010; ZH10). A

reduction in tropical mean cyclogenesis is simulated by

this model when subjected simultaneously to the pat-

terns of SST change generated by a variety of coupled

climate models and to a CO2 increase. In this paper

we separate the effects of the SST change (idealized as

a 2-K uniform warming) and the increase (a doubling)

in CO2.

In this model the roughly 20% reduction is due, in

roughly equal proportions, to the increase in SSTs with

fixed CO2 and to the increase in CO2 with fixed SST,

qualitatively confirming earlier results of Yoshimura

and Sugi (2005). Analysis of these integrations suggests

that the reduction of the convective mass flux, which

occurs in both simulations, underlies this reduction in

genesis. A crude scaling is provided that suggests that

one can rationalize this dependence on convective mass

flux by focusing on the competition between moistening

of the midtroposphere by convection and the drying by

horizontal advection.

While the model-generated storm intensities cannot

be considered quantitatively useful in general, this model

does produce a realistic distribution of intensities at least

up to hurricane strength (ZH10). The model increases

intensities when SSTs are increased by 2 K, and decreases

intensities only slightly when CO2 is doubled. The result is

that the relative suppression of hurricanes as compared

to all tropical cyclones is stronger for the CO2 increase

than for the SST increase, averaged over the tropics.

We emphasize that the tropical mean reduction in

genesis discussed here should be differentiated from the

changes in particular regions such as the North Atlantic.

Regional changes in this model differ substantially from

these results when the changes in SST are not spatially

uniform but instead reflect the changes in the spatial

pattern of warming projected by coupled GCMs (Zhao

et al. 2009; ZH10).
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