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ABSTRACT

Global climate model simulations forced by future greenhouse warming project that the tropical North

Atlantic (TNA) warms at a slower rate than the tropical Indo-Pacific in the twenty-first century, consistent

with their projections of a weakened Atlantic thermohaline circulation. Here, an atmospheric general cir-

culation model is used to advance a consistent physical rationale that the suppressed warming of the TNA

increases the vertical wind shear and static stability aloft in the main development region (MDR) for Atlantic

hurricanes, and thus decreases overall Atlantic hurricane activity in the twenty-first century. A carefully

designed suite of model experiments illustrates that the preferential warming of the tropical Indo-Pacific

induces a global average warming of the tropical troposphere, via a tropical teleconnection mechanism, and

thus increases atmospheric static stability and decreases convection over the suppressed warming region of

the TNA. The anomalous diabatic cooling, in turn, forces the formation of a stationary baroclinic Rossby

wave northwest of the forcing region, consistent with Gill’s simple model of tropical atmospheric circulations,

in such a way as to induce a secular increase of the MDR vertical wind shear. However, a further analysis

indicates that the net effect of future greenhouse warming on the MDR vertical wind shear is less than the

observed multidecadal swing of the MDR vertical wind shear in the twentieth century. Thus, it is likely that

the Atlantic multidecadal oscillation will still play a decisive role over the greenhouse warming in the fate of

Atlantic hurricane activity throughout the twenty-first century under the assumption that the twenty-first-

century changes in interbasin SST difference, projected by the global climate model simulations, are accurate.

1. Introduction

Observations during the satellite era indicate that a

0.58C increase of North Atlantic sea surface temperature

(SST) in the Atlantic hurricane main development region

(MDR; 108–208N, 858–158W) is associated with about

a 40% increase in Atlantic hurricane frequency (Saunders

and Lea 2008). According to the externally forced model

simulations for the twenty-first century used in the In-

tergovernmental Panel for Climate Change’s Fourth

Assessment Report (IPCC AR4), the MDR SST may

increase by about 28C or more between 2000 and 2100

because of anthropogenic global warming (AGW). This

is alarming given that the MDR SST has never reached such

an extremity since reliable and widespread instrumental

measurements became available in the late 1800s. At

issue is whether we are entering a new era of much

elevated hurricane activity because of the rising global

SST.

In the North Atlantic basin, the most critical environ-

mental factors for hurricane intensification are the MDR

vertical wind shear (VWS), which impedes the efficient

development of organized convection to increasing heights

as the storm intensity increases, and the MDR convective

instability of the troposphere (Emanuel 1994). Thus, both

the MDR VWS and convective instability are useful and

widely used proxies for overall Atlantic hurricane ac-

tivity. In this study, the MDR convective precipitation

rate (CPR) is used to represent the MDR convective

instability.

Figure 1 shows the 7-yr running-averaged MDR SST

anomaly (Fig. 1a), VWS (200 minus 850 mb) anomaly

(Fig. 1b), and CPR anomaly (Fig. 1c) for the period

1900–2100 obtained from the ensemble average of 21 IPCC
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AR4 climate model simulations under the Twentieth-

Century Climate in Coupled Model (20C3M; 1900–99)

and A1B (2000–2100) scenarios. The MDR SST in-

creases monotonically by more than 2.58C between 1900

and 2100. The MDR VWS is characterized by an overall

increase with relatively large amplitude of multidecadal

variation in the twentieth and twenty-first centuries,

whereas the MDR convective instability is significantly

reduced between 1900 and 2100. Both the increased

MDR VWS and decreased MDR convective instability

suggest that Atlantic cyclone activity could be reduced in

the twenty-first century despite an increase in the MDR

SST by 2.58C (Vecchi and Soden 2007c). Note that Wang

and Lee (2008) also reported a similar upward trend in

the observed MDR VWS during a relatively short period

of 1949–2006.

The upward (downward) trend in MDR VWS (con-

vective instability) and the simultaneous increase in MDR

FIG. 1. A 7-yr running mean (a) SST anomaly, (b) VWS (200 minus 850 mb) anomaly, and (c)

CPR anomaly averaged in the MDR (108–208N, 858–158W) for the period 1900–2100 obtained

from the ensemble average of 21 IPCC AR4 climate model simulations under the 20C3M

(1900–99) and A1B (2000–2100) scenarios. The period 1900–99 is used as the baseline for

computing the anomalies. Gray lines represent 95% significance, which is computed based on

a bootstrap technique.
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SST are apparently inconsistent with recent research,

which shows, based on theory, observations and models,

that a warm tropical North Atlantic (TNA) SST is asso-

ciated with an increase in the MDR convective instability,

decreases in the MDR subsidence and sea level pressure,

and a weakened tropical upper-tropospheric trough cir-

culation, and thus reduces the MDR VWS (Knaff 1997;

Knight et al. 2006; Wang et al. 2006; Zhang and Delworth

2006; Vimont and Kossin 2007; Kossin and Vimont 2007).

Therefore, it appears that using the observed correla-

tion in the twentieth century between the MDR SST and

MDR VWS (or convective instability) for projecting At-

lantic hurricane activity of the twenty-first century could

be misleading.

A newly emerging hypothesis provides us with some

insights as to why this may be the case (Latif et al. 2007;

Swanson 2008; Vecchi and Soden 2007a; Wang and Lee

2008). The main argument of the hypothesis is that At-

lantic hurricanes do not respond to the absolute SST of

the MDR but to the SST difference between the MDR and

the other tropical ocean basins (hereafter referred to as

differential interbasin ocean warming hypothesis). There-

fore, it argues that an important and relevant question is

whether and how the MDR is warming at a different rate

from the tropical Indo-Pacific (TIP) under the AGW sce-

narios.

As shown in Fig. 2, the IPCC AR4 climate model sim-

ulations project that the MDR indeed warms at a slower

rate than the tropical Indo-Pacific in the twenty-first cen-

tury, which is consistent with the projections of a weak-

ened Atlantic thermohaline circulation given an apparent

coherent relation between the Atlantic thermohaline cir-

culation and the TNA SST (Zhang and Delworth 2005;

Timmermann et al. 2007; Zhang 2007; Chiang et al. 2008).

It is also noticed that the equatorial Pacific, which is known

to be an important region to remotely influence the MDR

VWS (Gray 1984; Goldenberg and Shapiro 1996; Latif

et al. 2007), warms at a faster rate than the MDR, con-

sistent with the IPCC AR4 climate model projections of

the weakening Pacific Walker circulation (Vecchi and

Soden 2007b; DiNezio et al. 2009). Whatever the mecha-

nism that causes the differential interbasin ocean warming

in the IPCC AR4 climate model simulations, at issue is

whether the reduced warming of the MDR is the real cause

of the projected secular increase (decrease) of the MDR

VWS (convective instability) in the twenty-first century.

To address this important issue, we here explore the

atmospheric dynamics that provide physical basis for

the differential interbasin ocean warming hypothesis by

performing a set of climate model experiments using an

atmospheric general circulation model. Toward the end,

we attempt to explain the IPCC AR4 projected secular

increase (decrease) of the MDR VWS (convective in-

stability) in the twenty-first century by using the causal

relationship of the interbasin SST difference with the

MDR VWS (convective instability).

2. Model experiments

The National Center for Atmospheric Research

(NCAR) Community Atmospheric Model, version 3

(CAM3) is used as a primary tool for this study. The CAM3

is a global spectral model with a triangular spectral trun-

cation of the spherical harmonics at zonal wavenumber

85 (T85) and with 26 hybrid sigma-pressure layers. The

CAM3 is the atmospheric component of Community

Climate System Model, version 3 (CCSM3), which is one

of the climate models used in IPCC AR4. Model exper-

iments are performed by prescribing various composites

of global SST and sea ice fraction, taken from the en-

semble average of 11 IPCC AR4 climate model simula-

tions. The 11 IPCC AR4 model simulations are selected

because they show a consistent upward trend of MDR

VWS in the twenty-first century under the A1B scenario.

FIG. 2. Linear trend of SST [8C (100 yr)21] in JJASON during the 2000–2100 periods computed

from the ensemble average of 21 IPCC AR4 climate simulations under the A1B scenario.
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We have performed three sets of model experiments,

as summarized in Table 1. In the control experiment

(EXP_CTRL), the global SSTs and sea ice fractions are

prescribed with 12 monthly climatological values taken

from the ensemble average of the 11 IPCC AR4 climate

simulations for the period 2001–20. The CO2 level is

fixed at 380 ppm, which is the averaged CO2 level for 2001–

20 under the A1B scenario. Similarly, in the global ocean

warming experiment (EXP_GLBW), the global SSTs

and sea ice fractions are prescribed with 12 monthly

climatological values taken from the ensemble aver-

age of the 11 IPCC AR4 climate simulations for the

period 2081–2100. The CO2 level is fixed at 675 ppm,

which is the averaged CO2 level for 2081–2100 under

the A1B scenario. Figure 3a shows the SST difference

between EXP_GLBW and EXP_CTRL during the At-

lantic hurricane season of June–November (JJASON).

Comparing EXP_GLBW with EXP_CTRL, the MDR

SST is warmer by 1.648C, while the TIP (from the east

coast of Africa to the west coast of the Americas, and

from the equator to 308N) SST is warmer by 2.058C,

indicating a 0.418C (80 yr)21 of differential warming

rate between the two regions. Finally, the warmer TNA

experiment (EXP_WTNA) is designed to isolate the

impact of the suppressed TNA warming. In this experi-

ment, the global sea ice fractions are taken from the en-

semble average of the 11 IPCC AR4 climate simulations

for the period 2081–2100, and the CO2 level is fixed at

675 ppm following the A1B scenario. SSTs in the sup-

pressed warming region of the TNA between the equator

and 408N are increased in such a way that the MDR SST

warming is equal to the TIP warming of 2.058C, whereas

the SSTs outside of the suppressed warming region of the

TNA are identical to those of EXP_GLBW (see Fig. 3

and Table 1 for more details).

In each model experiment, the model is integrated for

25 yr. The first 10 yr of model output are discarded to ex-

clude any possible transient spinup effects. The remaining

15 yr of model output are averaged to suppress internal

atmospheric variability. To isolate the effects of differ-

ential interbasin ocean warming associated with AGW,

the differences between EXP_GLBW and EXP_CTRL,

between EXP_WTNA and EXP_GLBW, and between

EXP_WTNA and EXP_CTRL are described and com-

pared with the corresponding ensemble average of the

11 IPCC AR4 climate simulations in the next section.

It is important to keep in mind that EXP_WTNA 2

EXP_GLBW represents a warmer minus cooler TNA.

In the case of EXP_GLBW 2 EXP_CTRL, many forc-

ing factors are represented, including 1) global ocean

warming, 2) increased greenhouse gas, and 3) suppressed

warming of the TNA in contrast to the TIP warming. In

the next section, it will be demonstrated that factor 3 is

the only major factor to influence the MDR VWS and

convective instability.

3. Results

Figure 4a shows the VWS difference between the

periods 2080–2100 and 2000–20 in JJASON, computed

from the ensemble average of the 11 IPCC AR4 climate

simulations under the A1B scenario, whereas Figs. 4b

and 4c show the VWS difference in JJASON between

EXP_GLBW and EXP_CTRL and between EXP_

WTNA and EXP_GLBW, respectively. The composite

difference in IPCC AR4 model simulations (Fig. 4a)

is characterized by an increase in the MDR VWS, par-

ticularly over the Caribbean Sea, with an averaged am-

plitude of about 1.6 m s21 in the MDR. The global

ocean warming minus control run (Fig. 4b) is also

characterized by an increased MDR VWS, which is

focused over the same region (i.e., the Caribbean Sea)

as in the IPCC AR4 composite difference (Fig. 4a)

with comparable amplitude. In this case, however, the

MDR box-averaged VWS increases only by 0.6 m s21

because the positive VWS change over the Caribbean

Sea does not extend into the eastern TNA. In the warmer

TNA minus global ocean warming run (Fig. 4c), the

MDR VWS over the Caribbean Sea is substantially

weakened as expected from the earlier studies (Knight

et al. 2006; Wang et al. 2006; Zhang and Delworth 2006),

with about 21.0 m s21 averaged in the MDR box. This

result clearly indicates that the MDR VWS increase in

EXP_GLBW 2 EXP_CTRL could be almost negated

if the warming rate of the MDR in the twenty-first

century were as large as that of the TIP. The apparent

similarity in the spatial pattern and amplitude of the

MDR VWS changes between EXP_GLBW and EXP_

CTRL (Fig. 4b) and between EXP_WTNA and EXP_

GLBW (Fig. 4c) strongly suggests that the main driver for

the MDR VWS increase in EXP_GLBW 2 EXP_CTRL

TABLE 1. Global SST and sea ice fraction prescribed in the four

CAM3 experiments are obtained from the ensemble average of 11

IPCC AR4 climate simulations for the twenty-first century under

the A1B scenario for the periods described in this table. Also

shown in this table are the TIP and MDR SST increases in each

experiment in reference to the control experiment. CO2 level

specified for the three experiments is also summarized in this table.

Refer to text for more detail.

Expt

TIP

SST

increase

MDR

SST

increase

Global

SST

Sea ice

fraction

CO2

level

(ppm)

EXP_CTRL — — 2001–20 2001–20 380

EXP_GLBW 2.05 1.64 2081–2100 2081–2100 675

EXP_WTNA 2.05 2.05 2081–2100 2081–2100 675
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is the suppressed warming of the TNA in contrast to the

TIP. Thus, the differential interbasin ocean warming

response to the AGW explains why a secular increase

of MDR SST in the IPCC AR4 model simulations does

not necessarily result in a secular decrease in MDR

VWS. We will come back to this point in the latter part

of this section, where we present a consistent physical

rationale that supports the differential interbasin ocean

warming hypothesis.

To further understand the atmospheric dynamics as-

sociated with the MDR VWS changes shown in Fig. 4,

we now examine the horizontal gradient of geopotential

thickness between the upper and lower troposphere,

which is dynamically related to VWS via the thermal

wind relationship. Figure 5a shows the geopotential

thickness and VWS (200 minus 850 mb) vector differ-

ences in JJASON between the periods 2080–2100 and

2000–20, computed from the ensemble average of the

11 IPCC AR4 climate simulations under the A1B sce-

nario, whereas Figs. 5b and 5c show the geopotential

thickness and VWS vector differences in JJASON be-

tween EXP_GLBW and EXP_CTRL and between EXP_

WTNA and EXP_GLBW, respectively.

The composite difference of the IPCC AR4 climate

model simulations (Fig. 5a) is clearly characterized by

a region of minimal thickness and cyclonic vertical shear

straddling the eastern North Pacific, the Central Ameri-

can cordillera, and the Gulf of Mexico. The global ocean

warming minus control run (Fig. 5b) also shows a similar

pattern of the geopotential thickness and VWS vector

differences; although in this case, the Atlantic side of the

cyclonic gyre is somewhat separated from the Pacific

side by the Sierra Madre and Rocky Mountains and

much stronger than the Pacific side. (The discrepancies

between Figs. 5a and 5b, which are particularly large over

the eastern TNA and North Africa, can be attributed to

FIG. 3. SST difference (8C) in JJASON for (a) EXP_GLBW 2 EXP_CTRL and (b) EXP_

WTNA – EXP_GLBW. The box region indicates the MDR for Atlantic hurricanes (108–

208N, 858–158W). The MDR-averaged SST difference between EXP_GLBW and EXP_CTRL

is indicated in the upper right corner of (a) along with the SST difference averaged in the TIP

(from the east coast of Africa to the west coast of the Americas, and from the equator to 308N).

Similarly, the MDR-averaged SST difference between EXP_WTNA and EXP_CTRL is in-

dicated in the upper right corner of (b) along with the SST difference averaged in the TIP.
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model-to-model variation in response to external SST

forcings.) The mean atmospheric circulation in boreal

summer over the TNA features the easterly trade winds

in the lower troposphere and the westerly winds in the

upper troposphere. Thus, the wind patterns associated

with the baroclinic cyclone strengthen both the lower-

tropospheric easterly winds and the upper-tropospheric

westerly winds over the Caribbean Sea, resulting in an

increase of the MDR VWS.

In the case of the warmer TNA minus global ocean

warming run (Fig. 5c), an intense baroclinic anticyclone

is formed in a broad region extending from the eastern

North Pacific to the western TNA. The wind patterns

associated with the baroclinic anticyclone decrease the

FIG. 4. (a) VWS (200 minus 850 mb) difference in JJASON between the periods 2080–2100

and 2000–20 computed from the ensemble average of 11 IPCC AR4 climate simulations under

the A1B scenario. The VWS difference in JJASON for (b) EXP_GLBW 2 EXP_CTRL and

(c) EXP_WTNA 2 EXP_GLBW. White areas are mountain regions without 850-mb data. The

box region indicates the MDR for Atlantic hurricanes.
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FIG. 5. (a) Geopotential thickness and VWS vector (200 minus 850 mb) differences in

JJASON between the periods 2080–2100 and 2000–20 computed from the ensemble average of

11 IPCC AR4 climate simulations under the A1B scenario. Geopotential thickness and VWS

vector differences in JJASON for (b) EXP_GLBW 2 EXP_CTRL and (c) EXP_WTNA 2

EXP_GLBW. White areas are mountain regions without 850-mb data. Dynamic responses of

the atmosphere to AGW are most prominent over high latitudes around 508–608N, with a sig-

nificant amplitude in zonally averaged components (not shown). Since the main interest is

tropical atmospheric dynamics around the MDR, the zonal mean components of geopotential

thickness difference are removed. Note that the zonal means are not removed in VWS dif-

ference.
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MDR VWS. The baroclinic atmospheric response in this

case is largely consistent with the Gill model’s solution

to a diabatic-heating in the TNA associated with the

prescribed SST pattern (Fig. 3b), and thus can be referred

to as a heat-induced stationary baroclinic Rossby wave

(Gill 1980). It is immediately noticed that the baroclinic

cyclone in EXP_GLBW – EXP_CTRL (Fig. 5b) is almost

a mirror image to the baroclinic anticyclone in EXP_

WTNA – EXP_GLBW (Fig. 5c), and thus consistent with

the Gill model’s solution to a diabatic cooling in the TNA.

However, note that the prescribed MDR SST is warmer

in EXP_GLBW than in EXP_CTRL by 1.648C. Appar-

ently, the positive MDR SST forcing in EXP_GLBW 2

EXP_CTRL is in contradiction with a diabatic cooling

in the TNA.

To explain this conundrum, we present the following

physical rationale. Even though the TNA SST is warmer

in EXP_GLBW than in EXP_CTRL, the overlying at-

mosphere is also warmed because of the global average

tropospheric warming of the tropics, which is largely in-

duced by the increased SSTs in the TIP. In other words, the

tropical troposphere tends to respond to surface heating

in a zonally symmetric fashion, such that the temperature

difference between the troposphere and the differentially

heated surface layer (i.e., the atmospheric static instability)

will be greater in the TIP and less in the TNA, thus af-

fecting the thickness field as shown in Fig. 5b. Therefore, in

this sense, the suppressed warming of the TNA increases

the atmospheric static stability and decreases the convec-

tion aloft, and thus evokes a Gill response consistent with

local diabatic cooling.

To substantiate this physical explanation, the MDR-

averaged atmospheric heating rate (longwave and con-

vective) and pressure velocity from the three CAM3

experiments are plotted in Fig. 6. Note that the long-

wave cooling is increased in both EXP_GLBW and

EXP_WTNA from EXP_CTRL, suggesting that the

differential interbasin ocean warming has much smaller

impact on radiative cooling of the troposphere aloft

of the MDR in comparison to other AGW impacts—a

slightly reduced midtropospheric longwave cooling in

EXP_WTNA from EXP_GLBW can be attributed to

the increased MDR convection, as suggested in Knaff

(1997). On the other hand, the convective heating is

much reduced in EXP_GLBW 2 EXP_CTRL but not

in EXP_WTNA 2 EXP_CTRL. Consistently, EXP_

GLBW 2 EXP_CTRL is characterized by an en-

hanced subsidence throughout the entire troposphere

aloft the MDR, whereas EXP_WTNA 2 EXP_CTRL

is characterized with a weakly enhanced subsidence

only in the upper troposphere, possibly associated with

the increased radiative cooling in the upper tropo-

sphere. The convective precipitation changes shown

in Fig. 7 also clearly support the physical rationale

explained here.

A similar argument has been used to explain the ob-

served global tropospheric warming in the tropics as-

sociated with El Niño (e.g., Chiang and Sobel 2002). The

physical background for this argument is that atmo-

spheric Kelvin waves tend to redistribute temperature

anomalies originating at one particular longitude band

over the global tropical strip, which is a very efficient

mechanism for tropical teleconnections. Note that the

physical rationale provided here is also consistent with

Xie et al. (2010), who showed the importance of regional

differences in SST warming for tropical convection.

In summary, our model experiments clearly demon-

strate that the main driver for the increased MDR VWS

and decreased MDR convective instability in the IPCC

AR4 climate model simulations for the twenty-first cen-

tury is the formation of a baroclinic cyclone to the north-

west of the MDR, which is a Gill response to a diabatic

cooling associated with the suppressed warming of the

TNA in contrast to the TIP.

4. Discussion

We now have a consistent physical rationale for ex-

pecting a significant relationship between a differential

interbasin ocean warming and the MDR VWS and con-

vective instability in the North Atlantic sector. Naturally,

the next question is how well this relationship explains the

secular increase (decrease) of the MDR VWS (convec-

tive instability) within the twenty-first century projected

by the IPCC AR4 climate model simulations.

Figure 8a shows the time series of reconstructed MDR

VWS in JJASON for the period 1900–2100 based on

a multiple regression of the MDR VWS onto the MDR

SST and TIP SST from the ensemble average of the 21

IPCC AR4 climate model simulations under the 20C3M

and A1B scenarios. The MDR CPR is also reconstructed

using the MDR SST and the TIP SST as the predictors

for a multiple regression, as shown in Fig. 8b.

A close inspection of Figs. 1 and 8 suggests that the

original time series and the least squares fits share

similar long-term signals and overall trend throughout

1900–2100. The least squares equations used for recon-

structing MDR VWS and CPR are given by MDR VWS 5

22.7 3 MDR SST 1 3.0 3 TIP SST and MDR CPR 5

0.9 3 MDR SST – 1.0 3 TIP SST, respectively. These

equations confirm that a uniform warming of the MDR

SST and TIP SST has little impact on the MDR VWS and

convective instability, which are the two most critical

environmental factors for Atlantic hurricane activity, and

that the interbasin SST difference is the most important

indicator and predictor of Atlantic hurricane activity for
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both the twentieth and twenty-first centuries, consistent

with Vecchi et al. (2008). Multiple linear regressions

similar to Fig. 8 are also performed for 18 IPCC AR4

model simulations, individually. With an exception of

only 1 model simulation, the 7-yr running-averaged MDR

VWS is negatively correlated with the 7-yr running-

averaged MDR SST and positively correlated with the

7-yr running-averaged TIP SST, confirming the robust

relationship between the interbasin SST difference and

the MDR VWS.

At the multidecadal or longer time scales, the observed

MDR VWS during 1949–2006 changes by up to 4.0 m s21

(Wang et al. 2008), whereas the ensemble average of IPCC

AR4 model simulations projects that the MDR VWS in-

creases by about 1.0 m s21 in the late twenty-first century

(Fig. 1b). Therefore, if the twenty-first-century changes

in interbasin SST difference projected by the IPCC AR4

model simulations are accurate, then the net effect of AGW

on the MDR VWS is less than the observed multidecadal

swing in the twentieth century associated with the Atlantic

multidecadal oscillation (AMO). Note that the IPCC

AR4 model simulations underestimate the multidecadal

swing of the observed MDR VWS in the twentieth century

because the internally generated multidecadal signals are

canceled out after applying the ensemble mean (Knight

2009; Ting et al. 2009).

FIG. 6. MDR-averaged (a) longwave (QL) and (b) convective (QC) heating rates and (c) pressure velocity (v) in

JJASON computed from EXP_CTRL, EXP_GLBW, and EXP_WTNA. Changes of (d) QL, (e) QC, and (f) v in

EXP_GLBW and EXP_WTNA in reference to EXP_CTRL. The pressure velocity is positive upward.
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An important and practical question is why the trop-

ical Indo-Pacific warms faster than the TNA in the IPCC

AR4 climate model simulations for the twenty-first cen-

tury. Given the existing evidence from research that the

cold AMO phase occurs in concert with decreases in the

Atlantic thermohaline circulation (e.g., Delworth and

Mann 2000; Knight et al. 2006), the suppressed warming

of the TNA, in reference to the warming in the tropical

Indo-Pacific, is consistent with the IPCC AR4 projec-

tion of a significantly weakened Atlantic meridional

overturning circulation (AMOC) in the twenty-first

century—about 25% weaker in the models that produce

a reasonable AMOC in the twentieth century. Apart from

the potential contributions of the weakening AMOC,

recent studies by Leloup and Clement (2009) and Xie

et al. (2010) provide an alternative explanation for the

FIG. 7. (a) CPR difference (mm day21) in JJASON between the periods 2080–2100 and

2000–20 computed from the ensemble average of the 11 IPCC AR4 climate simulations under

the A1B scenario. The CPR difference in JJASON for (b) EXP_GLBW 2 EXP_CTRL and (c)

EXP_WTNA 2 EXP_GLBW.
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suppressed warming of the TNA. Their main argument

is that a uniform increase of SST may result in a greater

evaporative cooling response in the region of high mean

surface wind speed, such as in the TNA, because the mean

surface wind speed serves as the efficiency of evaporative

cooling response to external forcing. Further studies are

warranted to clarify why the IPCC AR4 climate models

project a suppressed warming in the TNA and how reliable

that projection is.

In this study, we are mainly concerned with secular

changes in the Atlantic hurricane climatology in the

twenty-first century using the MDR VWS and CPR from

the IPCC AR4 model simulations as the proxies. How-

ever, it is also important to understand the changes in

the amplitude of short-term variability, especially those

associated with El Niño–Southern Oscillation (ENSO;

Gray 1984; Goldenberg and Shapiro 1996), the Atlantic

warm pool (AWP; Wang et al. 2006; Wang et al. 2008),

and the Atlantic meridional mode (AMM; Vimont and

Kossin 2007). The IPCC AR4 model simulations project

an increase of about 17% in the amplitude of the MDR

VWS at high frequencies (with periods shorter than 7 yr).

Further studies are recommended to explore the changes

in ENSO, AWP, and AMM, and their relationships with

Atlantic hurricane activity in the twenty-first century.

Finally, there remains another crucial question: Is the

suppressed warming of the TNA in the IPCC AR4 cli-

mate model simulations detectable from observed SST

records of the twentieth century? Unfortunately, we do

not have a clear answer to this question because it is

difficult if not impossible to cleanly separate the secular

trend of observed MDR SST from the multidecadal sig-

nal of the AMO, which is the dominant mode of SST

variability in the North Atlantic (Enfield and Cid-Serrano

2010). For instance, during 1901–2008, the Met Office

Hadley Centre Sea Ice and Sea Surface Temperature

(HadISST) and extended reconstructed SST, version 3

(ERSST.v3), data give 1.18 and 1.58C (100 yr)21 of sec-

ular trends of MDR SST, respectively. During the same

period, the secular trends of the TIP SST in the HadISST

and ERSST.v3 are 1.08 and 1.48C (100 yr)21, respec-

tively, indicating a preferential warming of the MDR.

FIG. 8. Times series of reconstructed (a) MDR VWS and (b) CPR in JJASON for the period

1900–2100 based on multiple regressions of the MDR VWS and CPR onto the MDR SST and

TIP SST from the ensemble average of 21 IPCC AR4 climate model simulations under the

20C3M and A1B scenarios. A 7-yr running mean is applied to all indices before applying the

multiple regressions.
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However, if a positive AMO phase of 1996–2008 is ex-

cluded, the secular trends of MDR SST in the HadISST

and ERSST3 drastically drop to 0.88 and 1.28C (100 yr)21,

respectively, whereas the secular trends of the TIP SST

in the HadISST and ERSST3 become 0.98 and 1.38C

(100 yr)21, respectively, indicating a suppressed warming

of the MDR. An important message here is that the

AMO played a decisive role over the AGW in the fate

of Atlantic activity in the twentieth century, and it will

continue to do so throughout the twenty-first century,

assuming that the net effect of AGW on the interbasin

SST difference, projected by the IPCC AR4 model

simulations, is accurate, and that the AMO is primarily

a natural phenomenon, as argued by Enfield and Cid-

Serrano (2010).
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