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Abstract 

This paper reports on an analysis of the tropical cyclone (TC) potential intensity (PI) and 

its control parameters in transient global warming simulations. Specifically the TC PI is 

calculated for Coupled Model Intercomparison Project/CMIP3 integrations during the first 70 

years of a transient run forced by 1% per year CO2 increase. The linear trend over the period is 

used to project a 70-yr change in relevant model parameters. The results for a 15-model 

ensemble mean climate projection show that the thermodynamic potential intensity (THPI) 

increases on average by 1.0%~3.1% over various TC basins, which is mainly attributed to 

changes in the disequilibrium in enthalpy between the ocean and atmosphere, in the transient 

response to increasing CO2 concentrations. This modest projected increase in THPI is consistent 

with that found in other recent studies. 

In this paper we also quantify the effects of evolving large-scale dynamical factors on the 

projected TC PI using the empirical formulation of Zeng et al. (2007, 2008),  which takes into 

account the effects of vertical shear and translational speed based on a statistical analysis of 

present day observations. Including the dynamical efficiency in the formulation of PI leads to 

larger projected changes in PI relative to that obtained using just THPI in some basins and 

smaller projected changes in others.  The inclusion of the dynamical efficiency has the largest 

relative effect in the main development region (MDR) of the North Atlantic where it leads to a 

50% reduction in the projected PI change. Results are also presented for the basin-average 

changes in PI for the climate projections from each of the 15 individual models. There is 

considerable variation among the results for individual model projections, and for some models 

the projected increase in PI in the Eastern Pacific and South Indian Ocean regions exceeds 10%. 
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1. Introduction 

The potential intensity (PI) of tropical cyclones (TCs) is defined as an upper bound of 

intensity that a TC may reach under a given suite of environmental thermodynamic and 

dynamical conditions. Thermodynamic PI (THPI) is a theoretically possible peak TC intensity 

that is limited by thermodynamic factors only. Somewhat different approaches have been 

advocated for computing the THPI from an environmental state (Emanuel, 1986; Holland, 1997; 

Bister and Emanuel 2002), but different approaches lead to fairly similar values (Tonkin et al., 

2000). The TCs simulated in simple axisymmetric models generally reach the THPI (Rotunno 

and Emanuel, 1987). Emanuel (2000) showed by analysis of real data that the probability that the 

maximum intensity (as measured by the maximum near-surface wind speed) attained by TCs of 

hurricane strength is roughly equal up to a value close to (but less than) the THPI determined 

from monthly mean climatological values of the background environment. Holland (1997) noted 

that the very strongest TCs observed in recent history seem to have attained very nearly the THPI.  

Previous studies have indicated that THPI of TCs agrees well with observed maximum 

intensities of most severe tropical storms, and also that the spatial and seasonal variability of real 

TC intensity is highly correlated to the variability of a THPI determined by the environment 

(Emanuel 1986; Tonkin et al.2000; Bister and Emanuel 2002; Free et al. 2004). Assuming that 

these observed connections between realized TC intensity and THPI hold in a changing climate, 

the predicted THPI should be a useful measure of how TC intensities will change with global 

warming (Emanuel 1987, 2007).  

Previous studies have identified both thermodynamic and dynamical environmental 

control parameters that determine the TC intensity. The former include sea surface temperature 

(SST), vertical temperature and humidity structure of the atmosphere, while the latter include 

vertical shear of large-scale horizontal winds and TC translational speed (e.g., Emanuel 2000; 
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Zeng et al. 2007, 2008). The TC intensity may also be affected significantly by internal dynamics 

of a TC itself (Camp and Montgomery 2001; Wang 2002; Wang and Wu 2004; Yang et al. 2008). 

Although there are considerable uncertainties in examining the TC intensity change in response 

to a changing climate based on past observations due to the uncertainties in observational 

databases (Landsea 2005; Landsea et al. 2006; Anthes 2005; Pielke 2005; Trenberth 2005), THPI 

of TCs can be calculated given large-scale thermodynamic structure of the atmosphere and the 

underlying SST (Emanuel 1995; Holland 1997). 

The local SST determines the energy input available to a TC development and 

maintenance (Malkus and Riehl 1960; Schade 2000; Saunders and Harris 1997) and thus is a key 

factor controlling the PI of a TC. SSTs over tropical oceans have displayed a warming of 

0.5~0.6°C since the mid-19th century (Houghton et al. 2001), with warming of 0.25~0.5°C 

during the past several decades (Rayner et al. 2003; Santer et al. 2006). State-of-the-art coupled 

general circulation models (CGCMs) with realistic anthropogenic forcing can simulate these 

warming trends reasonably well (Houghton et al. 2001; Barnett et al. 2005).  

A TC can be regarded to the first approximation as a natural Carnot heat engine 

(Emanuel 1986, 1987, 1999). The thermodynamic efficiency of such a Carnot engine is 

determined by both SST and outflow layer temperature in the upper troposphere (Emanuel 1995; 

Bister and Emanuel 2002). From this perspective global warming can influence the PI of TCs 

through changing the surface energy input or the upper tropospheric energy exhaust or both 

(Emanuel 1987, 1999; Holland 1997; Henderson-Sellers et al. 1998). Since global warming can 

potentially affect both SST and the outflow layer temperature, the response of TC PI to global 

warming cannot be determined purely by the changes in local SST.  

In addition to the effect of local changes to SST and atmospheric thermodynamic 

structure, global warming may affect the development of TCs through changing the large-scale 
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atmospheric circulation (Latif et al. 2007; Goldenberg and Shapiro 1996; Goldenberg et al. 2001; 

Vecchi and Soden 2007; Sobel et al 2002; Shen et al. 2000; Tang and Neelin 2004). For example, 

Vecchi and Soden (2007) and Emanuel et al. (2008) commented on the possible effects of 

projected changes in the large-scale vertical wind shear on future TC intensity. In this paper we 

investigate the possible changes in TC PI from projected large scale climate trends using a 

quantitative formulation of PI that explicitly includes both local thermodynamic fields and 

dynamical fields, namely that derived by Zeng et al. (2007, 2008). 

A dominant dynamical factor that controls the TC intensity is vertical shear of the large-

scale horizontal winds through the depth of the troposphere. Strong vertical shear inhibits the 

formation and intensification of TCs primarily by preventing the axisymmetric organization of 

deep convection and ventilating the TC warm core (Wang and Holland 1996; DeMaria 1996; 

Frank and Ritchie 2001; Wong and Chan 2004). Observational studies show consistent negative 

correlation between vertical shear and TC intensity change (DeMaria and Kaplan 1994; Paterson 

et al. 2005; Zeng et al. 2007, 2008). Goldernberg et al. (2001) attributed the active phase of 

North Atlantic hurricanes between 1995 and 2000 related to the weak phase between 1971 and 

1994 to simultaneous increases in local SST and decreases in vertical wind shear. Vecchi et al. 

(2006) found that an increasing linear trend in vertical shear over the tropical North Atlantic is 

reproduced well by CGCMs that participated in the IPCC-AR4 and is attributed to the 

anthropogenic forcing. Vecchi and Soden (2007) show that there is also a substantial increase in 

vertical shear over the tropical Atlantic and eastern Pacific in model projections for global 

warming scenarios. This is related to the model-projected decrease in the Pacific Walker 

circulation and the temperature difference between the tropical North Atlantic and the tropical 

Indian and Pacific Oceans that controls the vertical wind shear across the North Atlantic (Latif 

2007). 
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Another environmental dynamical control of TC intensity is the translational speed of the 

TC itself due to the steering effect of the large-scale environmental flow. Based on observational 

analyses, Wang and Wu (2004) and Zeng et al. (2007, 2008) found that both very intense TCs 

and TCs with rapid intensification rate only occur in a narrow range of translational speeds 

between 3-8 m s-1. If a TC moves too slowly, oceanic cooling induced by turbulent mixing 

generated by surface wind stress curl under the TC will disrupt the intensification (Schade and 

Emanuel 1999; Schade 2000), while if it moves too fast the resulting asymmetric structure will 

also inhibit intensification (Peng et al. 1999). In this regard, the storm translation can add a 

wavenumber-one wind asymmetry to the axisymmetric cyclone. In view of energetics (Emanuel 

2000), the contribution by the asymmetric component to the volume integrated entropy flux, 

which depends linearly on the ground-relative wind speed, tends to be zero if the exchange 

coefficient and boundary layer entropy are quasi-symmetric about the TC center. However, the 

asymmetric component in the ground-relative wind field can have a net contribution to the 

volume integrated surface frictional dissipation rate, which varies as the cube of the ground-

relative wind speed. As a result, the net frictional dissipation rate implies a weaker TC having a 

faster movement than that implied from the axisymmetric theoretical THPI (Emanuel 1995 2000). 

Zeng et al. (2007, 2008) studied the observed distribution of maximum TC intensities and 

their connection to large-scale environmental fields in 25 years of real data in both western North 

Pacific and North Atlantic. They found that the storms rarely reach full THPI and that the upper 

bound of the observed distribution of peak intensities is better characterized as the THPI is 

multiplied by an empirical “dynamical efficiency” that involves the mean shear and TC 

translational speed.  

The effect of global warming on the climatology of TC frequencies, tracks and intensities 

is a subject of much interest. One approach to project the global warming impacts on TCs is to 
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perform long integrations of regional or global climate models with spatial resolution sufficient 

to explicitly represent at least the broad features of individual TCs (e.g. Nguyen and Walsh 2001; 

Sugi et al. 2002; Oouchi et al. 2006; Knutson et al. 2007; Stowasser et al. 2007). Unfortunately 

limitations of computer power prevent such models from being run for long periods at resolution 

that would allow them to adequately represent the full spectrum of observed TC intensities. 

Knutson et al. (1998) adopt a different approach in which regional models are run embedded in 

global model fields for short periods and locations where storms are formed in the global model. 

Emanuel et al. (2008) and Knutson et al(2008) use different statistical-dynamical and dynamical 

techniques to downscale TC activity both from NCEP reanalyses for the present day (as a test of 

the method) and from IPCC-AR4/CMIP3 global climate model projections (Meehl et al. 2006) 

for the late 21st century.  

Here we examine possible changes in TC intensity through the 21st century by examining 

the THPI and the modified PI accounting for the dynamical efficiency using a large suite of the 

AR4/CMIP3 integrations. This approach, of course, is free of significant computational cost, and 

allows one to examine the results in a wide variety of models. This study aims to explore the 

projected changes in various control parameters, especially contributions of the environmental 

thermodynamic and dynamical factors that control TC PI over six individual active TC basins 

using ensemble simulations from 15 CGCMs forced by emission scenario 1pctto2x in the 

AR4/CMIP3 experiments. Unlike previous studies that focus mainly on the equilibrium response 

of increased CO2 concentration, this study analyzes the transient response of TC PI to the 

warming climate driven by increasing CO2 concentrations. 

The rest of the paper is organized as follows. Section 2 describes the data and 

methodology used in this study.  The projected changes in thermodynamic factors are analyzed 

in Section 3, and the projected THPI is discussed in Section 4. Section 5 discusses the projected 
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changes in dynamical factors and the modified TC PI that includes both thermodynamic and 

dynamical controls.  Our major results are summarized in the last section.  

2. Data and methodology  

The data analyzed in this study include both atmospheric variables, such as temperature, 

specific humidity, horizontal winds, and SST from 18 CGCMs (Table 1) downloaded from the 

website of the Program of Climate Model Diagnosis and Intercomparison (PCMDI) for IPCC-

AR4/CMIP3 archive. We focus mainly on the scenario 1pctto2x, in which the CO2 concentration 

is increased at 1% per year to doubling in the 70th year and then fixed for the remainder of the 

run, while all other greenhouse gas (such as CH4, N2O) concentrations were fixed at their initial 

values. The runs were initialized from the output of a pre-industrial control run. In addition, we 

analyzed results for 1900-1999 and 1948-1999 from the scenario 20c3m to evaluate the 

performance of these CGCMs in reproducing the variability and trend in SST during the 20th 

century. In this scenario, changing values of CO2 and other climate forcings were specified based 

on observations for a period that includes at least the entire 20th century. 

Because of differences in physical parameterizations, initial conditions, and effective 

climate forcings, these models produced different details in the mean climate and climate 

variability as well as the slope of the climate trend. Since SST is a basic factor that controls the 

TC intensity, we compared the time series of annual mean SST averaged over tropical oceans 

between 30°S and 30°N from all models in the 20c3m runs with that from the NOAA Extended 

Reconstructed SST V2 (ERSST, Smith and Reynolds 2004) (Fig.1). The ensemble annual mean 

SST based on the 18 models shows a cold bias in comparison with the ERSST. Several models 

simulate too low SST during 1948-1999 (Fig.1b). The final column of Table 1 shows the root-

mean square error (RMSE) of the time series of annual-mean tropical-mean SST for each model 
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relative to the ERSST observations. The second last column shows the same quantity but for the 

global-mean SST. We chose to exclude the results of CNRM_CM3, CSIRO MK3_0 and 

GISS_ER from our analyses. These three models display either the largest mean cold bias and 

RMSE values (CNRM_CM3, CSIRO MK3_0) 1  or a very weak tropical warming through 

1pctto2x run (GISS_ER, not shown). We will focus on the ensemble mean of the remaining 15 

model simulations in our analyses.  

The TC THPI (defined in terms of the maximum near-surface wind speed) is calculated 

following Bister and Emanuel (2002) 

                                                                                                                         (1) 

where Vm is the maximum near-surface wind speed; Ts is the SST; T0 is the outflow layer 

temperature; Ck is the exchange coefficient for enthalpy; CD is the drag coefficient; here we take 

k

D

C
C

=0.8; CAPE* is the convective available potential energy (CAPE) of air saturated at SST and 

lifted from sea level in reference to the environmental sounding, and CAPE is that of the 

boundary layer air at the radius of maximum wind. Besides, the THPI can also be defined as 

following (Bister and Emanuel 1998). 

                                      2 *0
0

0
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where 0k ∗  is the enthalpy of air in contact with the ocean and is assumed to be saturated enthalpy 

at SST and k is the enthalpy of air near the surface under the eyewall. Accordingly, the THPI is 

determined by SST, outflow layer temperature, and the degree of thermodynamic disequilibrium 

between the ocean and atmosphere. The thermodynamic efficiency is defined as (Bister and 

Emanuel 1998, 2002; Zeng et al. 2007, 2008) 

                                                 
1 Note that the RMSE of INM CM3_0 is larger than CSIRO MK3_0 during 1900-1999 but is smaller than CSIRO 
MK3_0 during 1948-1999.  
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                                                                                                                          (3) 

which is a function of SST and the outflow layer temperature. The latter is given as an output 

from the THPI calculation in Bister and Emanuel (2002). Because 
D

k
C

C  is considered as a 

constant, THPI can be decomposed into thermodynamic efficiency ε  and the disequilibrium in 

enthalpy between ocean and atmosphere, kk −*
0 . Because (1) or (2) includes only the 

thermodynamic factors, THPI is thus determined by thermodynamic control parameters only. 

Based on observational analyses, Zeng et al. (2007, 2008) introduced a dynamical 

efficiency that takes into account the combined effect of vertical shear and translational speed  

                                      (4) 

where  

                                                                                                                  (5) 

where Vshear is the vertical wind shear defined as the difference in wind speed between 200 hPa 

and 850 hPa, and Vtrans the translational speed of targeted TCs, which is estimated in this study 

by the mass weighted wind speed between 850 hPa and 300 hPa. 0U  is taken to be 60 m s-1.This 

dynamical efficiency can be considered as an empirical dynamical efficiency, which is smaller 

for larger UST, indicating the negative effects of both vertical shear and translational speed on TC 

intensity.  

The modified PI including the dynamical control then is given by (Zeng et al. 2008)  

                              PI= η • THPI                                                                            (6) 

As a result, the modified PI is determined by both the thermodynamic control and dynamical 

efficiency. In general, it is closer to the actual TC intensity than the THPI (Zeng et al. 2008). 

In the following analyses, we will focus on the major TC activity basins and their 

respective active TC seasons. Six TC basins are defined (Table 2): North Atlantic (NATL, 

0

0

SST T
T

ε −
=

2 20.6 ( 5)ST shear transU V V= + −

0

1
1 /STU U

η =
+
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40~80°W, 8~25°N), eastern Pacific (EPC, 100~130°W, 10~20°N), western North Pacific (NWP, 

125~170°E, 8~30°N), North Indian Ocean (NIO, 60~90°E, 8~20°N), South Indian Ocean (SIO, 

50~115°E, 8-20°S), and Southwest Pacific (SWP, 155~180°E, 8-20°S). The active TC seasons 

are different among different basins. The active TC seasons defined in this study (Table 2) are 

from July to October (JASO) over the NWP, NATL, and EPC, from May-June and September-

December (MJSOND) for the NIO, and January-March for the SWP and SIO. Unless otherwise 

stated, changes in TC PI and associated parameters are those for the TC basin averaged during its 

respective TC season from the 15 CGCM ensemble mean. 

As mentioned already in the introduction, we are interested in the transient response of 

TC PI to the warming scenario with increasing CO2 and thus a projection that might be 

applicable to late 21st century conditions. Furthermore, although strong variability exists at 

interannual, decadal, and interdecadal time scales, we focus mainly on the linear trend of the TC 

PI in response to global warming due to increasing CO2 concentration. When we refer to the 

change due to the doubled CO2 concentration, we mean the total change in the 70 years 

associated with the linear trend determined using a best-square fit to the first 70 years of the 

1pctto2x integrations.  

3. Projected changes in thermodynamic control parameters  

SSTs in the tropics/subtropics show a consistent increase with increasing CO2 

concentration. The response in SST in the linear trend to the doubled CO2 concentration has a 

distinct spatial pattern with larger increase in the equatorial and North Indian Ocean, equatorial 

eastern Pacific, and equatorial Atlantic (Fig. 2a). An east-west asymmetric SST response occurs 

in the equatorial Pacific with larger increase in the east, showing a spatial pattern similar to that 

in an SST anomaly in the mature phase of an El Nino event (Fig. 2b). With the doubled CO2 
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concentration, the annual mean SST averaged in the tropics (0~360°, 30°S~30°N) increases 

1.54°C with the Northern Hemisphere increasing more than the Southern Hemisphere (1.61°C 

versus 1.48°C). The annual mean tropical SST increases almost linearly with time in response to 

the increasing CO2 concentration (Fig. 3).  

Table 2 gives the 70-yr changes associated with the linear trends in the annual mean and 

the TC-season mean SSTs averaged over individual TC basins in response to increasing CO2 

concentration. The largest warming of 1.73°C in the annual mean SST occurs in the NIO. The 

rest are 1.60oC, 1.59°C, 1.54°C, 1.47°C, and 1.44°C, respectively, in the SIO, EPC, NWP, 

NATL, and SWP. The changes in the TC-season mean SST averaged in individual basins are 

similar to those in the annual mean (Table 2). The TC-season mean SST increases by 1.69°C, 

1.61°C, 1.67°C, 1.55°C, 1.52°C, and 1.44°C in the NIO, SIO, EPC, NWP, NATL, and SWP, 

respectively. The SST increases more in the TC season than in the annual mean in the NWP, 

EPC, NATL, and SIO but less or equal in the NIO and SWP. The above changes in SST are 

statistically significant at over 99% confidence level. The linear regression variances contribute 

over 90% to the total variances in the six basins (not show).  

The outflow layer temperature, T0, which represents the upper-troposphere temperature, 

is critical to the thermodynamic efficiency (3) and thus the TC THPI (Emanuel 1995; Bister and 

Emanuel 2002). The outflow temperature is not at a fixed pressure level but varies in space and 

time. In general, it is below -70°C in the major TC basins in their corresponding seasons except 

for in the equatorial eastern Pacific where it is relatively high (contours in Fig. 4a). The outflow 

layer temperature increases 1.09°C, 0.92°C 0.84°C in the EPC, NATL, NWP (Fig. 4a), and 

1.63 °C, 0.98°C, and 0.9°C in the SWP, SIO(Fig. 4b), and NIO (not shown) in their 

corresponding TC seasons in response to the 70-yr buildup of CO2 concentration. Note that the 

increase is larger in the outflow layer temperature than in SST in the SWP.  



 

 12

The 70-yr change associated with the linear trends in the thermodynamic efficiency in 

response to the increasing CO2 concentration displays a distinct spatial distribution (Fig. 5). The 

background thermodynamic efficiency shows the lowest averaged value (0.70) in the North 

Atlantic (Fig. 5a, Table 3) and the highest averaged value (0.74) in the Southwest Pacific (Fig. 

5b, Table 3). The thermodynamic efficiency increases in most of the TC basins but decreases 

over the eastern North Atlantic, South China Sea, far eastern Pacific, and Southwest Pacific in 

response to increasing CO2 concentration. The relative change (in percentage) in the 

thermodynamic efficiency varies between -1.1% and +3.2% in the six TC basins. The basin 

averaged relative changes are 0.13% (-0.81~1.23%), -0.02% (-0.83%~3.2%) and 0.074% (-

0.84%~1.12%) in the NWP, EPC, and NATL in JASO (Fig. 5a); 0.15% (-1.1%~1.4%) in the 

NIO during May-June and September-December (not shown); and 0.046% (-0.89%~1.22%) and 

-0.52% (-1.0%~0.068%) in the SIO and SWP in JFM (Fig. 5b). Therefore, the response of the 

thermodynamic efficiency to increasing CO2 is relatively small. This is mainly due to the fact 

that the increase in SST is largely offset by the increase in the outflow layer temperature. 

The degree of thermodynamic disequilibrium in enthalpy between the ocean and 

atmosphere is a direct controlling factor to THPI in addition to the thermodynamic efficiency as 

shown in (2). Figure 6 shows the spatial distribution of changes in kk −*
0   in percentage over 

six TC basins. In general, the disequilibrium in enthalpy across the air-sea interface increases in 

six basins except for a small area across the south Caribbean Sea. The largest increase in 

kk −*
0   occurs in the SIO with averaged increase of 3.48%, and the increase of 2.16%, 3.03% 

and 1.21% occurs in the NWP, EPC and NATL in JASO (Fig.6a), respectively.  Although the 

thermodynamic efficiency decreases in the SWP, kk −*
0   increases by 2.05% on average (Fig. 

6b).  
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4. Projected changes in thermodynamic potential intensity 

The THPI of TCs at each grid point in each month for each model was calculated using 

Eq. (1) following Bister and Emanuel (2002). The ensemble mean from the 15 CGCMs was then 

constructed for the TC seasons over the global tropics. The background THPI of TCs (Fig. 7a) 

shows the spatial distribution very similar to the background SST (Fig. 2a), indicating the 

dominant control of the THPI by the local SST. The background THPI is generally large in 

JASO in the major TC basins with the maximum 66.9 m s-1 averaged in the EPC (with range 

from 39.8 to 80.2 m s-1), followed by 65.0 m s-1 in the NWP (46.6 to 77.4 m s-1), and the 

minimum of 61.4 m s-1 in the NATL (48.26 to 74.0 m s-1). The background THPI is, respectively, 

67.1 m s-1 (54.0 to 74.2 m s-1), 66.5 m s-1 (43.4 to 78.8 m s-1), and 72.0 m s-1 (62.5 to 78.4 m s-1) 

averaged in the NIO, SIO, and SWP (Fig. 7b). Therefore, the maximum basin-averaged 

background THPI occurs in the SWP among the six active TC basins. 

The THPI increases in all six TC basins in response to increasing CO2 concentration but 

with different linear trends (Figs. 7a and 7b). The basin-averaged increases in THPI are 0.67 m s-

1 (-1.15~2.62 m s-1), 1.87 m s-1 (-0.11~3.64 m s-1), and 1.3 m s-1 (-0.11~2.37 m s-1) in the NATL, 

EPC, and NWP (Fig. 7a), and 1.98 m s-1 in the NIO (not shown), 2.06 m s-1 (0.17~2.85 m s-1), 

and 0.93 m s-1 (0.46~1.66 m s-1) in the SIO and SWP (Fig. 7b). The increase in THPI is the 

smallest in the MDR over the NATL with a distinct decrease in the central and eastern Atlantic 

(Fig. 7a). The corresponding relative changes in THPI are 1.0% (-2.35%~4.45%), 2.84% (-

0.18~7.33%), 2.04% (-0.22%~3.86%), 2.98% (-0.14%~5.15%), 3.09% (0.38%~4.57%), and 

1.32% (0.6%~2.65%), respectively, in the MDR over the NATL, EPC, NWP, NIO, SIO, and 

SWP. Accordingly, the corresponding relative changes normalized by the local SST increase are 

then 0.63%/°C, 1.7%/°C , 1.38%/°C, 1.76%/°C ,1.91%/°C, and 0.91%/°C, respectively. The 
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THPI has the minimum response in the MDR over the NATL with only 1.0% increase with the 

70-yr buildup of the doubled CO2 concentration. Even though the maximum response occurs in 

the SIO, the THPI increases only by 3.1%. Therefore, the response of the TC THPI to increasing 

CO2 concentration is generally not dramatic. Because the change in thermodynamic efficiency is 

smaller than that in the disequilibrium in enthalpy across the air-sea interface, the percentage in 

THPI increase is mainly attributed to the increase in the thermodynamic disequilibrium except 

for in the NATL. The THPI decrease in the eastern Atlantic and southern Caribbean Sea is due to 

the smaller increase in enthalpy disequilibrium than the increase in thermodynamic efficiency. 

Note that there is a considerable increase in THPI in the region off the U.S. southeast coast in the 

Gulf of Mexico and NATL.  

Figure 8 shows the time series of TC THPI deviations from the corresponding initial 

values and the associated linear trends in the individual TC basins. The increasing trend over all 

TC basins is modest in the transient response to the increasing CO2 concentration. There is no 

apparent further trend after the CO2 concentration is fixed at year 70, but the interannual 

fluctuations are clearly stronger in the period after year 70 than during the period of rising CO2 

concentrations2. The interannual variability is relatively large in the NIO and SWP while is 

smaller in the NWP and NATL. The response of the TC THPI variability to the global warming 

is an interesting topic itself for a future study.  

5. Projected changes in potential intensity including dynamical control 

It is well known that vertical shear of large-scale horizontal flow is an important 

dynamical control on TC development and intensity (Golderberg et al. 2001; Emanuel and Nolan 

                                                 
2Note that the simulation length of CSIRO MK3_5, MIROC_HIRES, UKMOHADCM3 and UKMOHADGEM1 

was only 80 years, and thus only 11 models are available for the ensemble mean beyond 70 years in Fig. 8. 
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2004; Wang et al. 2004) and is expected to reduce the THPI (Zeng et al. 2007, 2008). It is thus 

important to examine the response of the large-scale vertical shear to the increase in CO2 

concentration. The initial background vertical shear is generally weak to modest in the major TC 

basins (Fig. 9). The averaged background vertical shears in their corresponding TC seasons are 

10.7 m s-1 (varying from 6.8 to 15.5 m s-1) over the NATL, 10.7 m s-1 (7.6 to 18.3 m s-1) over the 

NWP, 8.9 m s-1 (7.3 to 13.1 m s-1) over the EPC (Fig. 9a), and 14.6 m s-1 (11.6 to 20.5 m s-1) over 

the NIO (not shown). Over the SIO and SWP (Fig. 9b), the background vertical shear averaged 

in JFM is 10.2 m s-1 (6.3~15.2 m s-1) and 10.0 m s-1 (6.8~16.7 m s-1), respectively. The strong 

vertical shear over the NIO is mainly due to the effect of the Tibetan Plateau and the regional 

monsoon climate and is thus responsible for the low TC frequency and weak TCs in the basin. 

The model projected vertical shear in response to increasing CO2 concentration differs 

greatly among the six major TC basins (Figs. 9a and b). The vertical shear increases 0.97 m s-1 

(or 8.9%) over the NATL, 0.38 m s-1 (4.5%) over the EPC, and 0.24 m s-1 (2.3%) over the SWP 

while decreases 0.31 m s-1 (2.9%) over the NWP, 0.28 m s-1 (2.0%) over the NIO, and 0.31 m s-1 

(3.1%) over the SIO in response to the 70-yr buildup of CO2 concentration (Table 3). 

The translational speed is another dynamical factor affecting TC PI (Emanuel 2000; 

Wang and Wu 2004; Zeng et al. 2007, 2008). Figure 10 shows changes in the ensemble mean 

translational speed ( transV ) in JASO. The background transV  is about 4 m s-1 in TC active regions 

over the NWP and NATL basins. transV  increases by about 0.2 m s-1 in the southern NWP and 

0.2~0.4 m s-1 in the southern NATL and decreases by 0.2~0.4 m s-1 in the northern NWP, Gulf of 

Mexico, Caribbean Sea, and central NATL. There is a significant decrease off the U.S. southeast 

coastal region. Figure 10b shows the changes in percentage and the background spatial 

distribution of 5−transV  since | 5−transV | appears in Eq. (5).  5−transV  decreases in a large 
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portion of the NWP with 4~6% decrease in western NWP, off southeast China coast, and South 

China Sea. 5−transV  varies over the NATL from 9~12% increase in the southern NATL to 

4~6% decrease in the U.S. southeast coastal region. It increases by 6~9% over the EPC.  

Comparing Fig. 10b with Fig. 9a, we can see that 5−transV  and shearV  have similar spatial 

patterns and so do their percentage changes. However, vertical shear shearV  contributes much 

more to the factor stU  in Eq. (5) than 5−transV  because the large difference in their background 

values. As we can see from Fig. 10b, the background 5−transV  is about 2~3 m s-1 over the NWP 

and the NATL and about 2 m s-1 over the EPC. These are much smaller than the background 

vertical shear shearV , which is around 10 m s-1 (Fig. 9a). As a result, vertical shear dominates the 

factor stU  in Eq. (5) and the dynamical efficiency in Eq. (4) and their changes in response to the 

increasing CO2 concentration.  

The empirical dynamical efficiency is calculated based on Eq. (4) from Zeng et al. (2008). 

The background dynamical efficiency is over 0.8 over all TC basins (Fig. 11). It is relatively 

high (0.88) over the EPC, NWP, NATL (Fig. 11a), SIO and SWP (Fig. 11b), while relatively low 

in the NIO (0.84, not shown). The relative changes in the dynamical efficiency in response to the 

70 yr buildup of CO2 concentration show decreases of 1.05% and 0.46% averaged over the 

NATL and EPC, respectively, and an increase of 0.33% averaged over the NWP (Fig. 11a). The 

changes over other three TC basins are quite small (generally less than 0.3%). As indicated 

above already, although the empirical dynamical efficiency of Zeng et al. (2007, 2008) includes 

effects of both vertical shear and translational speed, its change in response to the increasing CO2 

concentration is dominantly determined by vertical shear. The relative changes in dynamical 

efficiency show an opposite trends to that in vertical shear (Figs. 11 and 9). 



 

 17

Figure 12 shows the spatial distributions of the changes in the modified PI including the 

dynamical control in JASO (a) and JFM (c) and the differences between the percentage changes 

in the modified PI and that in the THPI in JASO (b) in response to the doubled CO2 

concentration. Note that the changes in each grid box over the six TC basins are significant at the 

99% confidence level for the 15 model ensemble or for each model. The largest increases in 

percentage change occur in the SIO and NIO with 3.39% and 3.26%, respectively (Figs. 12a and 

12c). The intermediate increases occur in the EPC and NWP with 2.41% and 2.33%, respectively. 

These are roughly consistent with the changes in the THPI. In contrast to an overall increase in 

the THPI (Fig. 7), there appears a coherent band with significant reduction in the modified PI 

extending eastward from the Caribbean Sea to the MDR over the North Atlantic (Fig. 12a) as a 

result of the significant increase in vertical shear (Fig. 9a). However, consistent with the THPI, 

the modified PI also shows significant increase near the U.S southeast coast, Gulf of Mexico, 

areas near Bahamas and Cuba. Regions with PI increase are collocated with those with the active 

TCs affecting Cuba and the U.S. Therefore, this is an indication of potentially increased intensity 

of TCs that will affect the U.S. or Cuba. Therefore, we calculated the modified PI averaged in a 

small box (Fig. 12a, 90~50 ºW, 25~30ºN) to the north of the MDR over the NATL, which covers 

the U.S. southeast coastal region and Gulf of Mexico, a major region for TCs potentially to 

landfall in the U.S. southeast coast. Although it decreases by 0.07% averaged in the MDR, the 

modified PI increases by 1.35 m s-1 (or 2.38%) over 70 years averaged in the region slightly to 

the north of the MDR in the NATL. 

The difference in the percentage changes between the modified PI and the THPI in 

response to the increasing CO2 concentration is generally negative over the NATL, the ENP, and 

SWP, while positive over the WNP, NIO, and SIO (Figs. 12b and 13). Overall, the difference in 

the changes in the modified PI is larger than that in the THPI over basins with increasing 
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dynamical efficiency but smaller than that in the THPI over basins with decreasing dynamical 

efficiency (Table 3 and Fig. 13). According to Eq. (6), the percentage change in the modified PI 

would be the same as that in THPI if there is no change in dynamical efficiency. Therefore, the 

difference in the percentage changes between the modified PI and the THPI is mainly determined 

by the percentage changes in dynamical efficiency. Since there is a relatively large decrease in 

dynamical efficiency in the MDR over the NATL, the dynamical control is responsible for the 

51.2% decrease in the percentage change in the modified PI compared to that in the THPI in the 

region. The contributions by the dynamical control to the difference in percentage changes 

between the modified PI and the THPI are -13.94%, +13.92, +8.31%, +9.12%,-13.72% in the 

EPC, NWP, NIO, SIO, and SWP, respectively. For the west coastal region in the NATL and 

Caribbean Sea, the averaged contribution by dynamical control is about -15% because of the 

smaller increase in vertical shear and the larger increase in THPI than in the MDR/NATL.  

In a dynamical downscaling study using a regional atmospheric model for a warmed 

climate with doubled CO2 concentration, Knutson et al. (2008) found a 2.9% increases in the 

mean maximum wind speed for tropical storms and hurricanes combined and 1.7 % increase for 

hurricanes alone over the NATL. This is roughly consistent with our PI changes when averaged 

over the NATL with the MDR excluded. Note that most TCs over the NATL do not necessarily 

reach their maximum intensity over the genesis and development region, but slightly to the 

northwest of the MDR (see Fig. 2 in Knutson et al. 2008 for an example).  Based on the latest TC 

reanalysis dataset during 1981 and 2006, Elsner et al. (2008) found significant upward trends for 

TC lifetime maximum wind speed quantiles above the 70th percentile, with trends as high as 

0.3  0.09 m s-1 yr-1 for the strongest cyclones. The largest increase at this quantile is found to 

occur over the North Atlantic, although not all basins show statistically significant increases. 
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Note that the observed trends during a 26 year period might be affected by strong natural 

interannual and decadal variabilities and could not be compared directly with the long-term 

projected relative changes in TC PI discussed above for the difference in individual TC basins. 

Nevertheless, the increase in TC PI in response to global warming over the NATL in the global 

model ensemble mean documented in our study seems to be consistent with the observed 

increasing trend in TC intensity found by Elsner et al. (2008).  

In addition to the six major active TC basins, although rare in the current climate, TCs 

may possibly form in other ocean basins, such as the South Atlantic. Indeed, Hurricane Catarina 

occurred in South Atlantic in March 2004 just off the coast of Santa Catarina and Rio Grande do 

Sul of Brazil. From Fig. 12c, we can see that the modified PI increases 1-3% north of 15ºS and 

1% near the southeast coast of Brazil over the South Atlantic. These are closely related to the 

increase in THPI and the decrease in vertical shear to the north of 15ºS, while mainly to the 

increase in THPI near the southeast coast of Brazil (Figs. 7b and 9b). Although the background 

PI is relatively low, our result thus suggest a potential increase in TC activity over the South 

Atlantic in a warmed climate  

The discussion so far has focused on the multiple model ensembles. Figure 14 shows the 

percentage changes in the modified PI averaged over individual TC basins for each of the 15 

models considered. There is a general increasing tendency of PI in all models but with 

considerable variability among different models and different basins. This is consistent with the 

results of Emanuel et al. (2008) who showed an overall tendency toward increased intensity of 

storms under IPCC emissions scenario A1B but with large variability among results obtained 

with large-scale trends taken from different global models. In our analysis all models show 

increasing trends of PI in the NIO, fourteen, thirteen, and eleven out of fifteen models show 
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increasing trends in the SIO, NWP and EPC, respectively. In the NATL, however, six models 

show increasing trends, six models show decreasing trends while three models show almost no 

trend in PI. We noticed that the trends in our calculated PI for the NATL are slightly different 

from the projected changes in Emanuel (2008) from the same models. The difference is most 

likely due to the fact that in Fig. 14 we only show the result averaged in the MDR while in 

Emanuel (2008) he included TCs moving out of the MDR over the NATL. Another possible 

explanation for the difference is the fact that we only estimated the maximum potential intensity 

(the worst case), which is different from the mean intensity from all storms as given in Emanuel 

(2008). In Emanuel (2008), the intensity increase may be a result of the increase in the ratio of 

strong TCs not necessarily due to the increase in the most intense storms, as also shown in 

Knutson et al. (2008). 

6. Conclusions 

In this study, we have analyzed the 70-yr changes associated with the linear trends in the 

thermodynamic and dynamical parameters that control TC PI in response to a transient global 

warming scenario due to the increase in CO2 concentration based on the ensemble of the 

projected simulations from 15 of the CGCMs that participated in the IPCC-AR4. Two 

formulations of TC PI have been applied. One is the pure thermodynamic PI (THPI) and the 

other is a modified PI that includes the effect of the dynamical efficiency empirically determined 

based on observations by Zeng et al. (2008). Our major results are summarized below. Trends 

are expressed as the change over 70 years of increasing CO2 concentration. 

1) The warming in SST is universal and robust in response to the increase in CO2 

concentration. The SST over the tropical oceans (0~360°, 30°S~30°N) on average increases 

1.54°C. The increase is the smallest in the North Atlantic among the four TC basins in the 
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Northern Hemisphere. In particular, the increase in SST in the equatorial eastern Pacific is larger 

than in the equatorial western Pacific, giving a pattern similar to that in the SST anomalies 

associated with an El Nino event. 

2) The linear trend of the outflow layer temperature is positive, indicating a warming in the 

upper troposphere due to the increasing CO2 concentration although the trend is generally 

smaller than the increase in SST in the active TC basins. The thermodynamic efficiency that is 

critical to the TC PI shows a very small increasing trend of 0.046%~0.13% averaged in most of 

the major TC basins except for in the eastern Pacific and Southwest Pacific where it shows a 

very small decreasing tendency of -0.02% and -0.52%, respectively. 

3)  The change of the disequilibrium in enthalpy across the ocean-atmosphere interface 

varies from 1.21%~3.48% averaged over different TC basins, which is much larger than that of 

the thermodynamic efficiency. As a result, the change in THPI is mainly due to the local 

thermodynamic disequilibrium between the ocean and the atmosphere, which is also a function 

of SST. The THPI increases in all TC basins while the increase is the smallest in the MDR over 

the North Atlantic with an average increase of 1%. The maximum increasing trend occurs in the 

South Indian Ocean with an average increase of 3.09%. The THPI increases by 2.84%, 2.04%, 

and 2.98% in the eastern Pacific, western North Pacific, and North Indian Ocean, respectively. 

4) The linear trend in vertical shear differs greatly among the six TC basins. Vertical shear 

increases in the North Atlantic, eastern Pacific, and Southwest Pacific by 8.9%, 4.5%, and 2.3%, 

respectively, while it decreases in other three TC basins. Although the percentage change in 

| 5−transV | is generally larger than that in vertical shear, the background | 5−transV | is much 

smaller than the background vertical shear. As a result, the spatial pattern and the linear trend in 

dynamical efficiency are both determined predominantly by vertical shear. 

5) The extent to which the dynamical control affects the PI of TCs depends strongly on 
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changes in vertical shear. The dynamical control modifies the linear trend in THPI by -51.2%, -

13.94%, and -13.72% averaged in the MDR over the North Atlantic, eastern Pacific, and 

Southwest Pacific and 13.92%, 8.31%, and 9.12% averaged in the western North Pacific, North 

Indian Ocean, and South Indian Ocean. 

6) The modified PI including the empirical dynamical efficiency in response to the 70-yr 

buildup of CO2 concentration increases by 2.41%, 2.33%, 3.26%, 3.39%, 1.03% and 2.38% 

averaged over the eastern North Pacific, western North Pacific, North Indian Ocean, South 

Indian Ocean, Southwest Pacific, and off U.S. southeast coast, respectively, but it changes little 

in the MDR over the North Atlantic. Therefore, the most significant increase in the modified PI 

is in the North and South Indian Oceans, while there are only very small changes in the MDR 

over the North Atlantic, and modest changes over the other TC basins. The percentage change 

off the U.S. southeast coast is consistent with the changes in simulated storm intensity found in 

the dynamical downscaling study of Knuston et al. (2008). 

At least some earlier studies suggest that the changes in THPI are related to the actual 

changes seen in average storm intensity due to climate variability and change (Tonkin et al. 2000; 

Bister and Emanuel 2002). This study is the first to include the dynamical control on the 

quantitative TC PI estimation. An obvious limitation is that the dynamical efficiency formulation 

is empirically determined purely based on statistical analysis of observations for current climate. 

However, both vertical shear and translational speed are found to be dominant environmental 

dynamical factors limiting TC intensity from not only observations (DeMaria 1996; Paterson et 

al. 2005; Zeng et al. 2007, 2008) but also from high-resolution modeling of individual storms 

(Frank and Ritchie 2001; Wong and Chan 2004; Peng et al. 1999) and from simulations for 

climate change projections (Vecchi 2007). Therefore, the correction applied to the THPI using 

the empirical dynamical efficiency taking into account the negative effects of vertical shear and 
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translational speed is physically plausible. We have shown that the inclusion of dynamical 

effects result in PI trend estimates that are most directly comparable to those recently obtained 

based on different dynamical downscaling approaches by Emanuel et al. (2008), Knutson et al. 

(2008). 

Finally, it is also found that the TC PI may experience larger interannual variability in the 

warmed climate than the present climate. A similar increase in interannual variability of the 

projected TC power dissipation index (PDI) over the western North Pacific has been reported in 

Stowassor et al. (2007) based on a dynamical downscaling approach using a regional climate 

model (see their Fig. 12). This could imply an overall increase in the interannual variability of 

TC activity and intensity in response to the global warming. This issue will be addressed in a 

future study.   
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scenario from 15 CGCM ensemble mean. 

Table 3. The 70-yr changes associated with the linear trends in THPI, modified PI, 

thermodynamic and dynamical control parameters of PI of TCs over individual basins in 

response to the increasing CO2 concentration in the IPCC-AR4 1pctto2x scenario from the 

15 CGCM ensemble mean. 
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Figure Caption 

Figure 1. Time series of the annual mean SST averaged over the topical oceans (0-360o, 30°S-

30°N) for the 20th century runs (20C3M) and the NOAA ERSST. Line 19: ERSST; Line 20: 

all model ensemble; Line 21: ensemble with CNRM CM3, CSIRO MK3_0, and GISS ER 

removed. The order from Line 1 to Line 18 is the same as that in Table 1. Ensemble mean 

from models 25.31°C for 1900-1999 (a) and 25.44°C for 1948-1999 (b) versus the NOAA 

ERSST mean 25.64°C  and 25.76°C  (Table 1). 

Figure 2. (a) The 70-yr changes associated with the linear trends  in the annual mean SST (oC) of 

model ensemble mean in response to the increasing CO2 concentration in the IPCC-AR4 

1pctto2x scenario; (b) composite mean SST anomaly (oC) in June in El Nino year. 

Contours in (a) show the ensemble-mean background (initial) annual mean SST. 

Figure 3. Time series of CO2 concentration (dashed) used in IPCC-AR4 1pctto2x scenario and 

annual mean SST (solid) of 15 CGCM ensemble averaged over the tropical oceans (0-360°, 

30° S ~30° N). 

Figure 4. Spatial distribution of the 70-yr changes associated with the linear trends in the outflow 

layer temperature (°C) in response to the increasing CO2 concentration in the IPCC-AR4 

1pctto2x scenario from the 15 CGCM ensemble mean for JASO mean (a) and JFM season 

(b). Contours show the initial background outflow layer temperature (°C). 

Figure 5. The 70-yr relative changes (in percentage) associated with the linear trends in 

thermodynamic efficiency in response to the increasing  CO2 concentration in the IPCC-

AR4 1pctto2x scenario for JASO mean (a) and JFM mean (b) based on 15 CGCM 

ensemble mean. Contours show the corresponding initial background thermodynamic 

efficiency. 
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Figure 6. The 70-yr relative changes (in percentage) in the root of disequilibrium enthalpy 

between the ocean and atmosphere in response to the increasing CO2 concentration in the 

IPCC-AR4 ipctto2x scenario for (a) JASO and (b) JFM from 15 CGCM ensemble mean. 

Contours show the initial background fields ( kk −*
0 , m s-1). 

Figure 7. The 70-yr changes associated with the linear trends in the thermodynamic potential 

intensity of TCs (in m s-1, THPI) in response to the increasing CO2 concentration in the 

IPCC-AR4 1pctto2x scenario for JASO mean (a) and JFM mean (b) based on the 15 

CGCM ensemble. Contours in (a) and (b) show the corresponding initial background THPI 

(m s-1). Boxes indicate the major TC activity basins (see Table 1).  

Figure 8. Time series of THPI changes from the corresponding initial values: (a) Line 1 and 

Line2 for South Indian Ocean; Line 3 and Line 4 for North Indian Ocean; Line 5 and Line6 

for Eastern Pacific; Line 7 and Line 8 for western North Pacific; Line 9 for CO2 

concentration, (b) Line 1 and Line2 are the same as in (a); Line 3 and Line 4 for the 

Southwest Pacific, Line 5 and Line6 for the North Atlantic; Line 7 for CO2 concentration. 

Solid curve is the THPI change averaged over all basins and dot curve is for the linear 

regression of THPI relative to the initial value. 

Figure 9. The 70-yr changes (in percentage) associated with the linear trends in model ensemble 

mean vertical shear in response to the increasing CO2 concentration in the IPCC-AR4 

1pctto2x scenario for JASO mean (a) and JFM mean (b). Contours show the initial 

background vertical shear (m s-1). 

Figure 10. The 70-yr changes associated with the linear trends in model ensemble mean 

translational speed ( transV ) in response to the increasing CO2 concentration in the IPCC-

AR4 1pctto2x scenario for JASO mean (a) and the corresponding changes in percentage of 
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the absolute ( transV -5) (b). Contours show the initial background  transV  (a, m s-1) and 

absolute ( transV -5) (b, m s-1). 

Figure 11. The 70-yr changes (in percentage) associated with the linear trends in model ensemble 

mean dynamical efficiency in response to the increasing CO2 concentration in the IPCC-

AR4 1pctto2x scenario for JASO mean (a) and JFM mean (b). Contours show the initial 

background dynamical efficiency.  

Figure 12. The 70-yr changes (m s-1) associated with the linear trends in the TC PI with 

dynamical control in response to the increasing CO2 concentration in the IPCC-AR4 

1pctto2x scenario from 15 CGCM ensemble for JASO mean (a) and JFM mean (c). (b) 

shows the difference between the changes in the modified PI and the THPI for JASO mean. 

Contours show the initial background modified PI (m s-1). 

Figure13. The 70-yr changes (in percentage) associated with the linear trends in various control 

parameters and PI of TCs averaged in six individual TC activity basins in response to the 

increasing CO2 concentration in the IPCC-AR4 1pctto2x scenario from the 15 CGCM 

ensemble: black for the thermodynamic potential intensity (THPI); green for 

thermodynamic efficiency; blue for dynamical efficiency, and red for the modified 

potential intensity (PI). 

Figure 14. The 70-yr change (in percentage) in the PI modified by the empirical dynamical 

efficiency in six individual TC basins in response to the increasing CO2 concentration in 

the IPCC-AR4 1pctto2x scenario from 15 CGCMs. The different color bars correspond to 

the different CGCMs as given in the legends. The values of the percentage changes 

averaged across all models are also given. 



 

 34

 

 

 

 

Model Modeling Center  RMSE (global) of 
20c3m run from 
1948-1999 (1900-
1999) 

RMSE (30oS-30oN) 
of 20c3m run from 
1948-1999 (1900-
1999) 
 

CCCMA CGCM3 Canadian Centre for Climate 
Modeling & Analysis 

0.8(0.26) 0.7(0.49) 

CNRM CM3 Centre National de Researches 
Meteorologiques 

1.54(0.31) 1.78(1.61) 

CSIRO MK3_0 CSIRO Atmospheric Research 1.35(0.19) 1.50(1.06) 
CSIRO MK3_5 CSIRO Atmospheric Research 1.02(0.91) 1.06(0.62) 
GFDL CM2_0 Geophysical Fluid Dynamics 

Laboratory 
1.33(0.6) 1.16(0.84) 

GFDL CM2_1 Geophysical Fluid Dynamics 
Laboratory 

1.14(0.17) 1.05(0.5) 

GISS EH Goddard Institute for Space Studies 1.73(1.16) 1.17(0.35) 
GISS ER Goddard Institute for Space Studies 1.24(0.25) 1.28(0.14) 
IAP FGOALS1 Institute for Atmospheric Physics 1.32(0.25) 1.24(0.55) 
INGV_ECHAM4 Instituto Nazionale di Geofisica e 

Vulcanologia 
1.01(1.03) 0.83(0.26) 

INM CM3_0 Institute for Numerical Mathematics 1.47(0.45) 1.39(1.12) 
IPSL CM4 Institute Pierre Simon Laplace 1.23(0.33) 1.14(0.28) 
MIROC_HIRES Center for Climate System Research 1.17(0.28) 1.19(0.63) 
MIROC_MEDRES Center for Climate System Research 1.04(0.37) 1.28(0.87) 
MPIECHAM5 Max Planck Institute for 

Meteorology 
0.79(0.2) 0.92(0.36) 

MRICGCM2 Meteorological Research Institute 1.20(0.15) 0.74(0.56) 
UKMOHADCM3 Hadley Centre for Climate Prediction 1.13(0.28) 1.22(0.34) 
UKMOHADGEM1 Hadley Centre for Climate Prediction 1.66(0.58) 1.37(0.97) 
Ensemble mean  1.23(0.44) 1.17(0.64) 

 

 

Table 1. List of CGCMs that participated in the Intergovernmental Panel on Climate Change 
4th Assessment Report (IPCC-AR4) and the corresponding root mean square errors (RMSE) 
of the simulated global and tropical mean SST of each model for the 20th century against 
those from the NOAA ERSST. 
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Table 2. Definition of major tropical cyclone (TC) basins and the corresponding TC activity 
seasons and the corresponding annual mean SST and TC seasonal mean SST increase as a result 
of the increasing CO2 concentration in the first 70 yrs in the IPCC-AR4 1pctto2x scenario from 
15 CGCM ensemble mean. 
 
Basin Domain TC season Annual mean 

SST increase 

TC season SST  

increase 

North 

Atlantic(NATL) 

40~80°W, 

8~25°N 

 July to October 1.47°C 1.52°C 

Eastern 

Pacific(EPC) 

100~130°W, 

10~20°N 

 July to October 1.59°C 1.67°C 

western North 

Pacific(NWP) 

125~170°E, 

8~30°N 

 July to October 1.54°C 1.55°C 

North Indian 

Ocean(NIO) 

60~90°E, 

8~20°N 

May-June; September 

to December  

1.73°C 1.69°C 

South Indian 

Ocean(SIO) 

50~115°E, 

8-20°S 

January to March 1.60°C 1.61°C 

Southwest 

Pacific(SWP) 

155~180°E, 

8-20°S 

January to March 1.44°C 1.44°C 

Tropical oceans 30°S~30°N  1.54°C ---------- 
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Basins NATL EPC NWP NIO SIO SWP US_coast

Initial averaged 
background 
thermodynamic efficiency 

0.7 0.72 0.72 0.73 0.73 0.74 0.69 

Relative change in 
thermodynamic efficiency 
(%) 

0.074 -0.02 0.13 0.15 0.046 -0.52 0.013 

Initial background vertical 
shear (m s-1) 

10.73 8.9 10.69 14.6 10.21 9.97 11.15 

Relative change in vertical 
shear (%) 

8.89 4.52 -2.92 -1.96 -3.07 2.34 3.88 

Relative change in 
dynamical efficiency (%) 

-1.05 -0.46 0.33 0.27 0.31 -0.21 -0.42 

Changes in THPI/PI (m s-1) 0.67/0.0

2 

1.87/1.4

3 

1.3/1.32 1.98/2.2

1 

2.06/2.0

1 

0.93/0.6

5 

1.86/1.35 

Relative change in the ratio 
THPI/PI (%) 

1.0/-0.07 2.84/2.4

1 

2.04/2.3

3 

2.98/3.2

6 

3.09/3.3

9 

1.32/1.0

3 

2.86/2.38 

Contribution of dynamical 
control to PI(%) 

-51.2 -13.94 13.92 8.31 9.12 -13.72 -12.8 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3. The 70-yr changes associated with the linear trends in THPI, modified PI, 
thermodynamic and dynamical control parameters of PI of TCs over individual basins in 
response to the increasing CO2 concentration in the IPCC-AR4 1pctto2x scenario from the 15 
CGCM ensemble mean. 
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Figure 1. Time series of the annual mean SST averaged over the topical oceans (0-360o, 

30°S-30°N) for the 20th century runs (20C3M) and the NOAA ERSST. Line 19: ERSST; 
Line 20: all model ensemble; Line 21: ensemble with CNRM CM3, CSIRO MK3_0, and 
GISS ER removed. The order from Line 1 to Line 18 is the same as that in Table 1. 
Ensemble mean from models 25.31°C for 1900-1999 (a) and 25.44°C for 1948-1999 (b) 
versus the NOAA ERSST mean 25.64°C  and 25.76°C  (Table 1). 
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Figure 2. (a) The 70-yr changes associated with the linear trends  in the annual mean SST 
(oC) of model ensemble mean in response to the increasing CO2 concentration in the 
IPCC-AR4 1pctto2x scenario; (b) composite mean SST anomaly (oC) in June in El 
Nino year. Contours in (a) show the ensemble-mean background (initial) annual mean 
SST. 
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Figure 3. Time series of CO2 concentration (dashed) used in the IPCC-AR4 1pctto2x 
scenario and annual mean SST (solid) of 15 CGCM ensemble averaged over the 
tropical oceans (0-360°, 30° S ~30° N). 
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Figure 4. Spatial distribution of the 70-yr changes associated with the linear trends in the 
outflow layer temperature (°C) in response to the increasing CO2 concentration in the 
IPCC-AR4 1pctto2x scenario from the 15 CGCM ensemble mean for JASO mean (a) 
and JFM season (b). Contours show the initial background outflow layer temperature 
(°C). 
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Figure 5. The 70-yr relative changes (in percentage) associated with the linear trends in 
thermodynamic efficiency in the response to increasing  CO2 concentration in the 
IPCC-AR4 1pctto2x scenario for JASO mean (a) and JFM mean (b) based on 15 
CGCM ensemble mean. Contours show the corresponding initial background 
thermodynamic efficiency. 
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Figure 6. The 70-yr relative changes (in percentage) in the root of disequilibrium enthalpy 
between the ocean and atmosphere in response to the increasing CO2 concentration in 
the IPCC-AR4 ipctto2x scenario for (a) JASO and (b) JFM from 15 CGCM ensemble 
mean. Contours show the initial background fields ( kk −*

0 , m s-1). 
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Figure 7. The 70-yr changes associated with the linear trends in the thermodynamic potential 
intensity of TCs (in m s-1, THPI) in response to the increasing CO2 concentration in the 
IPCC-AR4 1pctto2x scenario for JASO mean (a) and JFM mean (b) based on the 15 
CGCM ensemble. Contours in (a) and (b) show the corresponding initial background 
THPI (m s-1). Boxes indicate the major TC activity basins (see Table 1).   
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Figure 8. Time series of THPI changes from the corresponding initial values: (a) Line 1 and 
Line2 for South Indian Ocean; Line 3 and Line 4 for North Indian Ocean; Line 5 and Line6 
for Eastern Pacific; Line 7 and Line 8 for western North Pacific; Line 9 for CO2 
concentration, (b) Line 1 and Line2 are the same as in (a); Line 3 and Line 4 for the 
Southwest Pacific, Line 5 and Line6 for the North Atlantic; Line 7 for CO2 concentration. 
Solid curve is the THPI change averaged over all basins and dot curve is for the linear 
regression of THPI relative to the initial value.

(a) 

(b) 
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Figure 9. The 70-yr changes (in percentage) associated with the linear trends in model 
ensemble mean vertical shear in response to the increasing CO2 concentration in the 
IPCC-AR4 1pctto2x scenario for JASO mean (a) and JFM mean (b). Contours show the 
initial background vertical shear (m s-1). 
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Figure 10. The 70-yr changes associated with the linear trends in model ensemble mean 
translational speed ( transV ) in response to the increasing CO2 concentration in the 
IPCC-AR4 1pctto2x scenario for JASO mean (a) and the corresponding changes in 
percentage of the absolute ( transV -5) (b). Contours show the initial background  transV  
(a, m s-1) and absolute ( transV -5) (b, m s-1). 
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Figure 11. The 70-yr changes (in percentage) associated with the linear trends in model 
ensemble mean dynamical efficiency in response to the increasing CO2 concentration in 
the IPCC-AR4 1pctto2x scenario for JASO mean (a) and JFM mean (b). Contours show 
the initial background dynamical efficiency.  
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Figure 12. The 70-yr changes (m s-1) associated with the linear trends in the TC PI with 
dynamical control in response to the increasing CO2 concentration in the IPCC-AR4 
1pctto2x scenario from 15 CGCM ensemble for JASO mean (a) and JFM mean (c). 
(b) shows the difference between the changes in the modified PI and the THPI for 
JASO mean. Contours show the initial background modified PI (m s-1). 
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Figure13. The 70-yr changes (in percentage) associated with the linear trends in various 
control parameters and PI of TCs averaged in six individual TC activity basins in 
response to the increasing CO2 concentration in the IPCC-AR4 1pctto2x scenario 
from the 15 CGCM ensemble: black for the thermodynamic potential intensity 
(THPI); green for thermodynamic efficiency; blue for dynamical efficiency, and red 
for the modified potential intensity (PI). 

NATL     EPC      NWP        NIO      SIO       SWP     US-coast 
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Figure 14. The 70-yr change (percentages) in the PI modified by the empirical dynamical 
efficiency in six individual TC basins in response to the increasing CO2 concentration in 
the IPCC-AR4 1pctto2x scenario from 15 CGCMs. The different color bars correspond 
to the different CGCMs as given in the legends. The values of the percentage changes 
averaged across all models are also given. 
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