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ABSTRACT7

Tropical cyclone genesis indices (TCGIs) are functions of the large-scale environment which are8

designed to be proxies for the probability of tropical cyclone (TC) genesis. While the perfor-9

mance of TCGIs in the current climate can be assessed by comparison to observations of TC10

formation, their ability to represent future TC activity based on projections of the large-scale en-11

vironment cannot. Here we examine the performance of TCGIs in high-resolution climate model12

simulations of current and projected climates, with a particular interest in determining whether13

the index, when derived from the climatological seasonal cycle and spatial distribution of both TC14

genesis frequency and large-scale fields from present climate, but then computed from large-scale15

fields taken from simulations forced with SST patterns derived from coupled simulations of future,16

warmer, climate scenarios can capture the global mean decreases in TC frequency found in those17

future scenarios. This decrease is captured only when the humidity predictor is column saturation18

deficit (the difference between actual and saturation water vapor) rather than relative humidity (the19

ratio of these quantities). Using saturation deficit with relative SST as the other thermodynamic20

predictor over-predicts the TC frequency decrease, but using potential intensity as the thermody-21

namic predictor gives a good prediction of the decrease’s magnitude. These positive results appear22

to depend on the spatial and seasonal patterns in the imposed SST changes; none of the indices23

captures correctly the frequency decrease in simulations in which the only climate forcings are24

spatially uniform, whether a globally uniform increase in SST of 2K, or a doubling of CO2 with25

no change in SST.26
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1. Introduction27

It is critically important to understand how greenhouse gas-induced climate change will influ-28

ence tropical cyclone activity. To do this, we have to first know how the large-scale climate will29

change, and then how the large-scale climate changes will influence tropical cyclones. We focus30

here on the second question.31

Most model projections for the 21st century climate are computed with relatively low-resolution32

models. Most of the model simulations in the Coupled Model Intercomparison Project (CMIP5),33

for example, have horizontal grid spacings of order 100 km or greater. While these low-resolution34

models are able to simulate tropical-cyclone like structures that have grossly similar properties to35

observed TCs (Bengtsson et al. 1982; Vitart et al. 1997; Camargo et al. 2005, 2007b), these low-36

resolution model cyclones are inadequate for detailed studies of the relation of TCs to climate. The37

cyclones are too large and too weak, and in most cases their climatolological distributions in space38

and time of year are significantly biased (Walsh et al. 2013; Camargo 2013). An emerging genera-39

tion of high-resolution coupled climate models is enabling the exploration of the climate response40

of TCs more directly (e.g., Roberts et al. (2009); Delworth et al. (2012); Bell et al. (2013); Kim41

et al. (2013)), yet these high-resolution models represent a small fraction of the climate models42

presently used around the globe.43

Many methods for examining future tropical cyclone activity involve downscaling the results44

of global climate models, using the models to predict changes in the large-scale atmospheric and45

oceanic environmental fields that are statistically associated with tropical cyclone activity, and46

inferring the likely changes in tropical cyclone statistics from those environmental fields, using47

alternative ”downscaling” methods, rather than direct simulation by the climate model. Since low-48

resolution climate models have better skill in simulating the environmental fields than in simulating49

TC-like structures themselves (e.g., Camargo 2013), these strategies make better use of the climate50

models. One possibility is to use the large-scale fields of the global models to force regional climate51

models (Landman et al. 2005; Camargo et al. 2007a; Knutson et al. 2008). Another possibiility is to52

use a hybrid dynamical-statistical model which generates synthetic storms based on environmental53
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fields output from the models (Emanuel et al. 2006; Emanuel 2006; Vecchi et al. 2011). Still54

another option for downscaling is to use statistical models for basin-integrated activity (Villarini55

and Vecchi 2012, 2013).56

Another possibility, and the one explored here, is to relate the models’ projections to tropical57

cyclone changes using local (rather than basin-integrated) relationships between the environmental58

fields and TC activity in the recent historical climate. A local relationship between environmental59

factors and tropical cyclogenesis, in particular, when expressed as a single number which is a60

function of environmental variables and proportional to the probability of genesis, is known as a61

genesis index.62

Gray (1979) developed the first genesis index. Gray’s index is not appropriate to explore TC63

activity in the future, as it uses a fixed threshold for sea surface temperature (SST). To the extent64

that such a threshold is a good predictor, we expect that it will increase as the climate warms65

(e.g., Johnson and Xie 2010) since relative SST (the difference between local SST and the tropical66

mean, or another reference such as the tropical mean upper tropospheric temperature) is a better67

predictor than absolute SST (Vecchi and Soden 2007; Swanson 2008; Ramsay and Sobel 2011).68

Since then, many other indices have been developed. Most of these improve on Gray’s original69

index by replacing the fixed SST threshold with thermodynamic predictors more appropriate for70

handling climate change.71

One of the most widely used, the genesis potential index (GPI) was developed by Emanuel and72

Nolan (2004). It replaces SST entirely, using potential intensity instead. The GPI has been used in73

applications on various time scales, from intraseasonal to climate change Camargo et al. (2007a,74

2009); Vecchi and Soden (2007); Nolan et al. (2007); Lyon and Camargo (2009); Yokoi et al.75

(2009); Yokoi and Takayabu (2009). More recently, Emanuel (2010) modified his original index,76

using a variable associated with the saturation deficit in place of the relative humidity parameter77

used in the original index. While having a similar spatial and temporal distribution in the present78

climate, the saturation deficit differs from relative humidity — being the difference between the79

specific humidity and its saturation value, rather than the ratio, and thus increasing systematically80
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with warming if relative humidity remains constant — in a way that is consequential, and ap-81

parently better, for capturing climate change. Many other alternative indices have been developed,82

using different predictors or different functional dependences in their indices (DeMaria et al. 2001;83

Royer et al. 1998; Sall et al. 2006; Bye and Keay 2008; Kotal et al. 2009; Murakami and Wang84

2010; Bruyère et al. 2012). A recent intercomparsion of various genesis indices, including the85

Tippett et al. (2011) index used here, is given in Menkes et al. (2012).86

Our goal here is to evaluate how well tropical cyclone indices developed in the present climate87

are able to predict changes tropical cyclone frequency in future climates. Because these indices88

are partly empirical; the predictors are selected based on our current physical understanding of89

the factors that control genesis, but that understanding is imperfect, and the relationships between90

the predictors and the index are found using only statistics from the historical climate. Thus,91

it is possible that they will fail to capture the influence of future climate changes on TCs. We92

cannot perform empirical tests of the indices’ ability to capture these changes, since there are93

no ”observations” of future tropical cyclone activity. As an alternative, we use a perfect model94

framework to test our index methodology.95

Specifically, we use the GFDL high-resolution global climate model HIRAM, forced with spec-96

ified SST at 50km resolution. This model has been extensively examined in the present and future97

climates. It has been shown to simulate both the current climatological global distribution of tropi-98

cal cyclone activity, and recent historical interannual variations in Atlantic tropical cyclone activity,99

extremely well. It predicts a decrease in global tropical cyclone frequency in a warmer climate,100

similar to other comparable models (Knutson et al. 2010).101

Our procedure is:102

i. Use the model’s own TCs and large-scale environmental fields, taken from a control simula-103

tion, to derive a tropical cyclone genesis index;104

ii. compute the resulting index from model environmental fields taken from a simulation of a105

warmer climate;106
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iii. compare the future changes in the indices to future changes in the model’s own tropical107

cyclone frequency.108

We use the technique developed by Tippett et al. (2011) to generate and test a number of dif-109

ferent tropical cyclone genesis indices in this fashion. The indices differ in the predictors that are110

used. While our interest here is in the changes due to warming, our procedure also ensures that111

the indices capture the climatological spatial distribution and seasonal cycle of tropical cycloge-112

nesis in the control simulation from which the index is derived. This is an important difference113

between our method and those involving statistical models which are designed only to capture114

temporal variations in basin-integrated activity for a single basin. Each method has its advantages;115

the advantage of the index methodology is that, being based on local relationships between the116

probability of genesis and the environment, it is closer to a physical theory for genesis (though117

still not quite being one, since it is partly empirical). An index which captures the seasonal cycle,118

global spatial distribution, and temporal changes in genesis frequency everywhere — if one were119

to exist — would have more explanatory power than one which captures only temporal changes120

in the basin-integrated frequency for a single basin. If the goal is only to predict variations in121

basin-integrated activity for one basin, a model designed solely for that purpose may be best. Our122

approach, instead, tests our understanding of the local physics of genesis, to the extent that the123

indices represent that.124

In Section 2, we summarize the procedure used to obtain TCGI in Tippett et al. (2011). In125

Section 3, we describe the datasets, the HIRAM model, and the model simulations. A summary of126

the TC activity in the HIRAM model is given in Section 4. We apply the TCGI to HIRAM model127

in Section 5. Various alternative indices obtained using the HIRAM environmental fields and TCs128

are tested in Section 6. In section 7, we discuss our results.129
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2. Developing TCGI130

a. Overview of the methodology131

One objective of Tippett et al. (2011) was to develop a TCGI using a robust, objective and132

easily reproducible procedure. Such a procedure allows the index to be re-derived easily when133

new data sets become available for either the environmental fields or tropical cyclones, or if new134

hypotheses about which environmental fields should be used as predictors are developed. The135

statistical method used is Poisson regression. The TCGI in Tippett et al. (2011) was constructed136

using the observed climatology of tropical cyclogenesis and large-scale variables from the ERA-137

40 and NCEP/NCAR reanalyses, as well as retrievals of column water vapor from satellite passive138

microwave observations.139

The regression methodology is objective and provides a framework for the selection of the140

climate variables to be used in the index. This method led us to select four environmental variables141

for the index, similar but not identical to those used by Emanuel and Nolan (2004): low-level142

absolute vorticity, relative humidity, relative SST (difference between the SST and mean tropical143

SST), and vertical wind shear. One result of Tippett et al. (2011) is that the sensitivity of genesis144

on low-level absolute vorticity saturates after the vorticity exceeds a threshold; using a ”clipped145

vorticity” parameter to account for this saturation leads to a better fit of the index to the genesis146

observations. Although the index was fit only to the climatological data, it reproduces some aspects147

of the interannual variability reasonably well. The same procedure, with different predictors and148

predictands, was recently applied successfully to describe the relationship of tornado activity over149

the United States to environmental variables (Tippett et al. 2012).150

The fact that the index can be easily re-derived allows us to customize it to the HIRAM model151

(or any other). It is possible that the model’s relationship between its large-scale climate fields and152

its simulated TCs is different from the relationships between the same climate fields and TCs in153

the real climate. Since any index is at least partly empirical, it is possible that an index derived154

from TC observations and reanalysis fields will not perform well when used with TCs and envi-155
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ronmental variables from a model, since the physical relationships between environment ant TCs156

in the model may be different. To address this problem, we can simply re-derive our index using157

both TCs and large-scale fields from the model itself. In this case, we know that the resulting index158

will be faithful to the model’s own relationship between environment and TCs, at least in the sim-159

ulation from which it was derived. If the resulting index, when computed from the warmer climate160

simulation, successfully predicts changes in the TC genesis statistics, it increases our confidence161

in both the index methodology and our ability to understand the reasons for the TC changes in the162

simulated warmer climate.163

b. Specifics164

For each grid cell (on a latitude-longitude grid chosen to match the environmental data) and165

calendar month, we fit the index to the total number of TCG events during a 40-year period. We166

use a log-linear model, such that the logarithm of the expected number of TCs is linearly related167

to the index derived from the climate variables. We include a term that takes into account the168

convergence of the meridians, so that our index has dimensions of the number of TCG events169

per unit surface area. We use the maximized log-likelihood and the Akaike information criteria170

(Kaike 1973) to measure the model fit, and attempt to avoid the selection of useless predictors and171

over-fitting. We use a quasi-Poisson method in which the coefficient estimates are the same as in172

Poisson regression, but their standard errors are inflated to reflect over-dispersion. A characteristic173

of the Poisson regression model is that the coefficients of the regression can be interpreted as174

sensitivities.175

The form of the Poisson regression model is, for example:

µ = exp(b+ bηη + bHH + bTT + bV V + log cosφ),

where µ is the expected number of tropical cyclone genesis events per month in a 40-year clima-176

tological period, b is a constant term, and φ is latitude. Here η, H , T and V are, respectively, the177

absolute vorticity at 850hPa in 105, the column relative humidity in percent, relative SST in ◦C178
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and vertical wind shear between 850hPa and 200hPa levels in m/s. The best fit obtained in Tip-179

pett et al. (2011), using reanalysis fields to compute these predictors, together with observed TC180

climatology data, has the following coefficients: b = −11.96, bη = 1.12, bH = 0.12, bT = 0.46181

and bV = −0.13. Here, we will consider these same predictors, but also will consider possible182

substitutes for H and T .183

We first apply the TCGI obtained from reanalysis to the HIRAM model fields and compare it184

with the number of TCs in the HIRAM model. In the second part of the analysis, we will derive185

the index from the HIRAM model fields and its TCs in the present climate, performing the Poisson186

regression on those quantities to obtain a new TCGI from the HIRAM model itself (TCGI-H).187

Having derived this index from the HIRAM control simulation run over historical SST, we then188

compute the index using fields from HIRAM simulations with warmer SST, and assess whether the189

index captures the TC frequency changes simulated directly by the model. We repeat this procedure190

using multiple different choices for the predictors. We then derive indices using environmental191

fields and TCs taken directly from the warmer, future climate simulations in HIRAM, in order to192

examine the changes in the index that result.193

3. Data and HIRAM models and simulations194

The observed tropical cyclone data are from the best-track datasets of the National Hurricane195

Center for the North Atlantic and eastern North Pacific (NHC 2013) and the Joint Typhoon Warning196

Center for the North Indian, western North Pacific and southern Hemisphere (JTWC 2013). The197

reanalysis fields used to calculate the TCGI are from the NCEP-NCAR reanalysis (Kalnay et al.198

1996; Kistler et al. 2001) and the ERA-40 reanalysis (Uppala et al. 2005).199

The HIRAM model is a modified version of the GFDL AM2.1 model, as described in detail in200

Zhao et al. (2009). The version used here has 50 km horizontal grid spacing. The tropical cyclone201

activity in this model has been examined in many studies, including Zhao et al. (2009), Zhao et al.202

(2010), Zhao and Held (2010) and Zhao and Held (2012). The climatological TC activity in the203

HIRAM model is similar to that in the observations in its spatial and temporal characteristics,204
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although the storm frequency is biased slightly low in the North Atlantic, eastern North Pacific,205

South Indian basins, and slightly high in the western North Pacific and South Pacific. The HIRAM206

model is able to reproduce the interannual variability and trends of the TC activity in the period207

1981-2005 in the North Atlantic with a high degree of fidelity when forced with observed SST. The208

model is skillful in interannual hindcast mode (i.e., given the SST) in most basins, with exception209

of the North Indian Ocean.210

We will examine the set of simulations with the HIRAM model forced by different speci-211

fied SST fields. The same simulations were discussed in Zhao et al. (2009) and Zhao and Held212

(2012).Each SST field is a function of position and time of year, but has no interannual or sub-213

monthly variability. The first simulation is a 25-year control run, in which the model is forced with214

the climatological SST from the Hadley Center. For the future climate runs, the climatological215

SSTs are modified by the addition of SST anomalies from the CMIP3 simulations (Zhao and Held216

2012). The atmospheric CO2 concentration is also increased in the model to be consistent with217

the A1B scenario for the period 2081-2100, from which the SST anomalies were calculated. The218

anomalies were calculated as the differences between the multi-model ensemble mean 2081-2100219

SSTs in the A1B scenario with the the SSTs in the historical simulations in the period 2001-2020220

for the multi-model ensemble mean. The simulation forced with the SSTs anomalies from the221

multi-model ensemble mean is called ”warm” here and lasts 20 years. The SST anomalies are222

calculated separately for each month and grid point and are discussed in Zhao and Held (2012).223

The two final simulations last 25 years each. In the first one, the SST is kept at the present224

climatological values and only the CO2 in the model is doubled (2xCO2). In the second one, a225

uniform warming of 2K is added to the climatological SST, but CO2 is not increased; this is called226

the ”plus 2K” or ”p2K” simulation. The response of the HIRAM model to an increase of CO2,227

with fixed SST, and comparison of that to the response in the p2K simulation, was analyzed by228

Held and Zhao (2011). Table 1 summarizes the 12 simulations considered in this study.229
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4. Tropical cyclone Activity in the HIRAM model230

The tropical cyclone activity in the HIRAM has been discussed extensively in previous studies231

Zhao et al. (2009, 2010); Zhao and Held (2010, 2012); Held and Zhao (2011). Here we give only232

a short summary of the results. The algorithm used to define and track model storms is based on233

Vitart et al. (1997, 2003); Knutson et al. (2007) and described in detail in the appendix B of Zhao234

et al. (2009).235

The first position density and the tracks in both observations and the control simulation with236

the HIRAM model are shown in Fig. 1. The model’s first position density pattern is quite similar237

to the observed pattern. Biases are noticeable only in a few regions. For example, storms form238

in the model, unrealistically, near the Nordeste coast of Brazil. The genesis density in the central239

North Pacific is too high. The genesis rate of subtropical storms is greater than that in observations240

in the southern hemisphere.241

The HIRAM tracks are also, overall, very similar to observed tracks. In some regions the242

HIRAM tracks tend to be longer than the observed ones, especially in the southern hemisphere,243

the eastern North Pacific and Arabian Sea.244

The mean numbers of storms per month in both hemispheres and in a few individual basins in245

the HIRAM control run and in observations are shown in Fig. 2. The seasonal cycle of HIRAM246

NTC is very similar to the observations in both hemipheres. However, in both hemispheres, the247

model produces too many TCs in the off season. In the peak season of each hemisphere, the model248

NTCs is very close to the observations, but is slightly below the observed mean in August (northern249

hemisphere) and February (southern hemisphere). When we examine a few individual basins, there250

are regions in which the model performs better than in others. Some biases are noticeable. For251

instance, while the model has a tendency to produce too many TCs in the South Indian Ocean252

(Fig. 2(c)), the peak season in the Australian region (Fig. 2(d)) has too few TCs. The formation of253

storms in the off season is more concentrated in the western North Pacific (Fig. 2(e)) than in the254

North Atlantic (Fig. 2(f)).255

In summary, as shown in many previous papers, the HIRAM model’s TC activity in the present256
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climate is very realistic with respect to the seasonal cycle, location, and shapes of the tracks. This257

suggests that the model ought to be a good tool with which to examine frequency changes of TCs258

in various future scenarios.259

Our main interest in this analysis is to determine to what extent the genesis indices are able260

to predict the differences between the future and present TC frequency. Knutson et al. (2010) has261

showed that high-resolution models agree on two main robust results regarding future TC activity:262

a slight reduction in the global frequency of TCs, and the a shift towards more intense storms. The263

magnitudes of these changes vary from one model to the next. The global reduction in frequency264

is a good test for a genesis index derived by fitting the spatial and seasonal variations in genesis.265

However, in contrast with these results, a recent downscaling of the CMIP5 models led to an266

increase in the global TC frequency in the future (Emanuel 2013).267

Fig. 3 shows the global number of TCs in the present and future cases forced with SST anoma-268

lies, while the differences in first position climatology between future cases and the present are269

shown in Fig. 4. In all future simulations, there is a reduction of the number of TCs in the future270

(with different magnitudes), depending on the SST pattern. This is the main issue we want to271

address here: how well can the TCGI (and other genesis indices) reproduce the global reduction of272

TCs in the future runs, while still capturing the spatial and seasonal structure of genesis in the con-273

trol climate? We will use the HIRAM model’s own TCs and environmental variables to examine274

this question in the next sections.275

5. TCGI-R applied to HIRAM276

As a first step in our analysis, we applied the TCGI developed using Reanalysis fields (TCGI-R277

Tippett et al. 2011) to data from the HIRAM model. We calculated the values of the TCGI-R using278

the monthly output data of each simulation. The resulting TCGI-R fields for the control (forced279

with climatological SST) are shown together with those computed from the NCEP and ERA40280

reanalyses in Fig. 5. The climatology of the HIRAM model for the present is very similar to that281

of the reanalysis. The main differences are the higher values of the index in the eastern North282
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Pacific and South Pacific, and the shift in the location of the western North Pacific maximum283

northeastward, compared with the reanalysis climatology for the period 1961-2000.284

Similarly, we calculated the climatologies for the future scenarios forced with SST anomalies.285

These are shown in Fig. 6. As might have been expected, the gross features of the climatologies286

are very similar, with differences in the maxima’s locations and strengths in each case varying287

according to the SST anomaly patterns in each case.288

Next we compare the future climatologies of TCGI-R with that in the present in the HIRAM289

simulations. The differences between them are shown in Fig. 7. While the number of TCs in all290

future scenarios decreases globally compared with the present, the difference in TCGI-R is positive291

when integrated globally, indicating that the index predicts an increase in the number of TCs. The292

TCGI-R index fails to predict the reduction in the number of TCs observed in the HIRAM model.293

6. TCGI obtained from HIRAM model294

One reason for the TCGI-R increases in the future while the NTC decreases in the same sim-295

ulations could be that the index was obtained using a statistical regression between reanalysis296

variables and observed TCs, rather than using the model output itself to derive the index. There-297

fore, we repeat the TCGI fitting procedure using the HIRAM simulations of present-day climate298

fields and TCs. Besides the variables used in the TCGI-R, we will test various other variable com-299

binations for our predictands. We will call the indices obtained from HIRAM data TCGI-H and300

will test their abilities to predict the number of future TCs in the model.301

First we use the same environmental variables as in TCGI-R, i.e.: low-level vorticity, vertical302

wind shear, column relative humidity and relative SST (RSST). We obtained a new index, TCGI-H,303

with the same variables but slightly different coefficients than TCGI-R. The coefficients of TCGI-304

R and TCGI-H are compared in table 2. We then used the HIRAM environmental variables for305

this index for the control and warm scenarios. The climatological patterns are very similar to those306

shown in Fig. 5(a) and 6, and are not shown. The difference in the future scenarios and the control307

run of the TCGI-H index is shown in Fig. 8. Similarly to what we obtained when using TCGI-R,308
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TCGI-H leads to an increase in TC activity in the HIRAM model, while there is a decrease in NTC.309

Given that our first choice of predictors did not lead to the reduction of TC activity in the310

model, we tested various other combinations of predictors. In each case we examine the ability of311

the resulting index to simulate a reduction in global TC frequency in the future. Fig. 9 shows the312

difference of indices integrated globally in the future and in the present using various scenarios,313

using as predictors low-level vorticity (850hPa), vertical wind shear, and either column relative hu-314

midity (the ratio of column water vapor to its saturation value) or saturation deficit (the difference315

between column water vapor and its saturation value) together with either potential intensity (PI),316

relative SST (RSST) or total SST. All cases with the column relative humidity predict an increase317

in TC activity in the future, of varying magnitude from one index to the next.318

Emanuel (2010) pointed out the importance of using the saturation deficit in predicting future319

tropical cyclone activity. When the saturation deficit is used as one of the index predictors (right320

panels), we obtain a reduction in future cyclone frequency for the cases in which the saturation321

deficit is used, in conjunction with either PI or RSST. We also show in Fig. 9 the difference of the322

mean global NTC in the present and the mean global NTC in the future scenarios (white bars).323

While the combination of both PI and RSST with saturation deficit results in a reduction of the324

index, amounting to a prediction of a decrease of TC activity in the future, the magnitude of the325

decrease is higher than that which occurs in the model-simulated NTC when RSST is a model326

predictor. On the other hand, the decrease in the index constructed using the combination of327

saturation deficit and PI is very close to the model decrease in NTC.328

Using the change in the global tropical cyclone frequency in future and present as our measure329

for the “best” TCGI-H index, the pairing of saturation deficit and PI seems to be the best choice330

of those we tried. These predictors are very similar to those Emanuel (2010) used in his improved331

genesis potential index, although the methodologies by which the two were derived are different.332

However, if we apply the Emanuel (2010) index to the HIRAM environmental variables it predicts333

an increase in the TC activity in all scenarios (not shown), similar to what happens when using the334

Emanuel and Nolan (2004) original GPI (not shown).335
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Given that the combination of saturation deficit and PI is our best choice for predicting a re-336

duction, we examine the spatial pattern of the difference in the future and present TCGI-H for that337

combination of variables (Fig. 10). While the decrease in TC activity in the future is apparent all338

cases in Fig. 10, the southern hemisphere, particularly the south Indian Ocean, is the location with339

the highest negative anomalies. We now examine whether the reduction in the frequency of storms340

is similarly greater in the southern hemisphere compared with the northern hemisphere. Fig. 11341

shows the NTC per year in each hemisphere in future scenarios, normalized by the mean NTC per342

year in the control run in each hemisphere. While there is a percentage reduction overall in both343

Northern and Southern hemispheres, in most models the reduction is larger in the southern than344

then Northern hemisphere. Furthermore the only case in which there is a significant increase in345

the distribution of the percentage NTC in the future occurs in the Northern hemisphere (HadCM3346

SST). However, the interhemispheric asymmetry seems to be larger for the index than in the sim-347

ulated NTC.348

a. Vertical Velocity349

Held and Zhao (2011) argued that changes in genesis in the HIRAM model in different future350

scenarios followed changes in the mean vertical motion, reflecting changes in convective mass351

fluxes. Zhao and Held (2012) analyzed the changes in the frequency of TC formation in the352

same HIRAM simulations that we analyze here. They computed correlations between different353

environmental variables, individually, and percentile changes in TC frequency. The variable with354

the highest correlation to TC frequency in their analysis, globally and by basin, was the 500hPa355

pressure vertical velocity. This suggests that we should consider using 500hPa pressure vertical356

velocity in the index. We test here whether including 500hPa pressure vertical velocity as one of357

our predictors allows us to obtain a better relationship between the index and the changes in NTC358

in the HIRAM model.359

We repeat the procedure of Tippett et al. (2011), using as predictors again low-level vorticity360

and vertical shear, but instead of the column relative humidity or the saturation deficit (used above),361
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we consider the vertical velocity. In conjunction with these three predictors, we still include either362

the RSST, PI or SST as the fourth possible predictor.363

Similarly to Fig. 9, Fig. 12 shows the globally integrated difference between the future and364

present for the indices obtained using the vertical velocity as one of the predictors. In all three365

cases, the indices obtained using the vertical velocity either either stay nearly constant increase366

in the global mean, implying a prediction of either almost no change or an increase in the TC367

frequency. None of them predicts a substantial decrease in the HIRAM TC frequency such as368

actually occurs in the model. For one of the cases, namely the one in which vertical velocity and369

RSST are the predictors, we show in Fig. 13 the pattern of the difference between future and370

control simulations. While there is a decrease in TCGI-H in this case in the southern hemisphere371

for most scenarios, in many cases there is an increase of the index in the North Pacific, which leads372

to an overall increase in the global index.373

Vertical velocity by itself does have a correlation with percentage changes in NTC in differ-374

ent regions as shown in Zhao and Held (2012). However, when used in conjunction with other375

environmental variables in the construction of an index which is fit to the climatological spatial376

distribution and seasonal cycle of genesis, it is unable to simultaneously predict the changes in377

NTC in the HIRAM model.378

b. Fewer predictors379

Given that the vertical velocity by itself is a good predictor for changes in TC frequency380

changes, but not when used together with other predictors, we step back and check whether it381

is really necessary to use four predictors in deriving TCGI-H. While this was tested using reanaly-382

sis data and observations in Tippett et al. (2011), it is possible that the result in the HIRAM model383

might be different.384

As an example, we derived 3 new TCGI-H indices, using only three predictors: vorticity, ver-385

tical shear and either vertical velocity, column relative humidity, saturation deficity or 600hPa386

relative humidity; i.e., we didn’t include in the statistical model SST, PI or RSST. The resulting387
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climatologies of these indices are shown in Fig. 14. We can clearly see that when one of the388

thermodynamical predictors (SST, RSST or PI) is omitted, it is not possible to reproduce the cli-389

matological pattern of the TC activity globally. Thus if we wish to have an index that is able to390

reproduce both the spatial and seasonal patterns of TC activity in the present, as well as to predict391

changes in future TC activity, four predictors appear to be necessary.392

The differences in the globally integrated indices in future scenarios and the present using only393

three predictors are shown in Fig. 15. Even if our only criterion for developing the best genesis394

index were the ability of the index to predict future global TC activity, the three-predictor indices395

still fall short. Notice that when we use vertical velocity as one of the three predictors, there is an396

increase in the values of the index in most scenarios (Fig. 15).397

c. Additional cases398

All the future scenarios discussed until now were based on adding spatially and seasonally399

varying SST anomalies to the SST climatology as boundary condition for the HIRAM model.400

Two additional simulations were available to us. In the first one the historical climatological (i.e.,401

control) SST is used, while the CO2 concentration in the model was doubled. We call this case402

2CO2. In the other case, we changed the SST by adding 2K uniformly to the SST climatologies,403

called here plus 2K or p2K, but CO2 was kept constant. These cases were analyzed previously in404

Held and Zhao (2011) and Zhao and Held (2012); those authors concluded that the changes in the405

TC activity in the future could be attributed to both the changes in CO2 and to the changes in SST,406

with a nearly equal contribution from each factor.407

Here we examine the TCGI-H predictions for these two cases. In both cases in the global NTC408

is reduced, as shown in Fig. 3. While the climatology of the various TCGI-H indices in the present409

are very similar to the other cases, and to each other, the changes in the future for these 2 scenarios410

are very different from what we obtained in the other scenarios.411

Fig 16 shows the difference between the future and present for the 2CO2 scenario using many412

TCGI-H choices, with various combinations of predictors. Similarly, Fig 17, shows these differ-413
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ences for the p2K scenario. Figs. 16 and 17 are close to the opposites of each other for all panels.414

While the indices constructed with column relative humidity and PI predict a significant uniform415

increase in TC activity regions in the future for the CO2 scenario, there is a very similar decrease416

in the p2K scenario. In contrast, the indices with vertical velocity show much smaller and spo-417

radic differences, with the values of the indices slightly decreasing for the CO2 case and slightly418

increasing in the p2K case. It is puzzling how different changes in the indices are in these two419

scenarios from the other cases examined before.420

At this point, we do not have a truly satisfactory explanation for the apparent failure of our421

index methodology in the case of the 2CO2 and p2K experiments. At a somewhat superficial422

level, it seems that our index is more successful when changes in the environment for TCs are423

caused by climate change with some spatial structure, here imposed through the SST field. This is424

broadly consistent with arguments based on relative SST; on the other hand, such arguments might425

suggest that in there might be cancellation between NTC changes in different regions (since by426

definition relative SST cannot have the same sign everywhere). In this light, the fact that our index427

— if saturation deficit and PI are chosen as the thermodynamic predictors — is able to capture the428

global mean change in the various CMIP-based SST scenarios is encouraging. At the same time,429

our index fails to capture global NTC changes when the imposed forcings, whether SST or CO2,430

have no spatial structure. We leave this as an open problem for future work.431

7. Discussion432

Genesis indices have been widely used in the climate community as a proxy for TC activity in433

models. Given that climate models are usually better at simulating the large-scale climate features434

than they are at simulating the TCs themselves, genesis indices are potentially useful for inferring435

TC activity in simulated present (e.g. seasonal forecasts) and future climates. However, it has436

been shown that the relationship of models’ own TCs and genesis indices computed from the437

same models’ large-scale fields is not optimal; a strong relationship between them occurs only in438

specific cases, e.g. in same basins and models (Camargo et al. 2007b). In the case of a genesis439
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index developed for the North Atlantic, a relationship is valid only when smaller sub-basins are440

considered (Bruyère et al. 2012). Walsh et al. (2010) found that the agreement between one genesis441

index (GPI) and model TCs increased with model resolution.442

Here we explored the relationship of genesis indices to the frequency of TCs in models further,443

using a methodology that we developed previously that allows us to derive genesis indices, easily444

and reproducibly, from environmental fields (from reanalysis or models) and TC frequency (from445

observations or models). Although all the genesis indices examined (TCGI-R, TCGI-H, GPI and446

new GPI) are able to reproduce the climatology of the model TC activity well, most of the genesis447

indices tested predict an increase of TC activity in future climates (including TCGI-R, GPI and448

new GPI), while the global TC frequency in the HIRAM model in these climates, similarly to other449

high-resolution climate models, decreases relative to the present. Only one of the combination of450

predictors tested, the one using PI and saturation deficit, is able to capture the reduction of the451

global frequency in future climates. Using fewer than four predictors, as suggested by Bruyère452

et al. (2012) leads to other problems, such as substantial errors in the climatological pattern.453

Our primary conclusions are:454

i. Many genesis indices developed for the present climatology are not able to capture the re-455

duction of global TC activity in a warmer world, at least within the context of the HIRAM456

model. A successful fit to the present climatology, or even success in interannual predic-457

tion or other independent data, is not a guarantee that the index will capture the response to458

greenhouse gas-induced warming.459

ii. Our results suggest that the global reduction in TC frequency in warmer climates simulated460

by the HIRAM model is attributable to the increasing saturation deficit as temperature in-461

creases while relative humidity stays close to constant. This effect is partly compensated by462

increases in PI, which reduce the magnitude of the decrease in TC frequency.463

iii. Our results show the value of an objective and reproducible method to derive genesis indices,464

as derived in Tippett et al. (2011). As either new observations of TCs Landsea et al. (2008,465
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2012) or large-scale fields (or both) become available, or new insights emerge regarding466

which environmental variables are important to genesis, our methodology will allow us to467

derive better indices.468

iv. However, our methodology fails here to capture the global TC changes found in which the469

forcings — either SST or CO2 — have no spatial structure. At present, we do not understand470

whether this is a failure of the index methodology itself, a poor choice of predictors, or some471

other issue.472
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TABLE 1. HIRAM simulations used in this study: forcing, name, duration

Type Name Duration
Climatological SST Clim 25 years

Multi-model ensemble mean SST anomalies Warm 20 years
SST anomalies CCCMA model CCCMA 10 years
SST anomalies Echam5 model Echam5 10 years

SST anomalies GFDL CM2.1 model GFDL 2.1 10 years
SST anomalies GFDL CM2.0 model GFDL 2.0 10 years

SST anomalies HadCM3 model HadCM3 10 years
SST anomalies HadGEM1 model HadGEM1 10 years

SST anomalies MIROC model MIROC 10 years
SST anomalies MRI model MRI 10 years

2 times CO2 CO2 20 years
SST plus 2K globally p2K 20 years
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TABLE 2. Coefficients of the Poisson regression between the numbers of tropical cyclone genesis
(TCG) events for the reanalsyis index (TCGI-R) and the HIRAM index (TCGI-H)

Index Vorticity Humidity Relative SST Shear Constant
TCGI-R 1.12 0.12 0.46 -0.13 -11.96
TCGI-H 1.43 0.11 0.55 -0.12 -33.41
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FIG. 1. First position density and tracks for the control simulation of HIRAM (a) and (b) and in
observations (c) and (d). The control simulation is forced with climatological SST for 25 years
and the observed data used is for the period 1981-2005.
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FIG. 2. Mean NTC per month for the HIRAM control run and observations (1981-2005) in the (a)
Southern and (b) Northern hemispheres, (c) South Indian Ocean, (d) Australian region, (e) western
North Pacific and (f) North Atlantic.
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FIG. 3. Global number of TCs per year in each of the HIRAM simulations
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FIG. 4. Difference in the first position climatology between the future HIRAM simulations with
different SST anomalies and the present.
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FIG. 5. Climatology of reanalysis TCGI for (a) HIRAM Clim, (b) NCEP reanalysis, (c) ERA40
reanalysis.
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FIG. 6. Climatology of TCGI-R for HIRAM runs forced with different SST anomalies as described
in Table 1.
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FIG. 7. Difference in the climatology of TCGI-R for the future simulations with different SST
anomalies and the present control simulation, using as TCGI-R predictors: vorticity, vertical shear,
column relative humidity and RSST.

38



FIG. 8. Difference in the climatology of TCGI-H for the future simulations with different SST
anomalies and the present control simulation, using as TCGI-H predictors: vorticity, vertical shear,
column relative humidity and RSST.
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FIG. 9. Difference of globally integrated indices (black bars) in the future (all warm scenarios) and
the control simulation, using as predictors low-level vorticity, vertical wind shear, column relative
humidity (left panels) or saturation deficit (right panels) and either potential intensity (PI; top
panels), relative SST (RSST; middle panels) or SST (bottom panels). Difference of mean global
NTC in future scenarios and present climatology for HIRAM (white bars). Scenarios are shown in
the plots W (Warm), WC (Warm CCMA), WE (Warm Echam5), WG (Warm GFDL CM2.1), W0
(Warm GFDL CM2.0), W3 (Warm HadGM3), W1 (Warm HadGEM1), WO (Warm MIROC), WI
(Warm MRI).

40



FIG. 10. Difference in the climatology of TCGI-H for the future simulations with different SST
anomalies and the present control simulation, using as TCGI-H predictors: vorticity, vertical shear,
saturation deficit and potential intensity.
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FIG. 11. Box plot of NTC per year (southern hemispehre July to June season) in future scenarios
normalized by the mean NTC per hemisphere in the control run in the southern (a) and northern
(b) hemisphere.
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FIG. 12. Difference of globally integrated indices (black bars) in the future (all warm scenar-
ios) and the control simulation, using as predictors low-level vorticity, vertical wind shear,vertical
velocity and either potential intensity (PI; top panel), relative SST (RSST; middle panel) or SST
(bottom panel). Labels of scenarios as in Fig. 9.
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FIG. 13. Difference in the climatology of TCGI-H for the future simulations with different SST
anomalies and the present control simulation, using as TCGI-H predictors: vorticity, vertical shear,
vertical velocity and RSST.
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FIG. 14. Climatology of TCGI-H in the present control simulation, using as TCGI-H predictors:
vorticity, vertical shear, and either: column relative humidity, 600hPa relative humidity, saturation
deficit, or vertical velocity.
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FIG. 15. Difference of globally integrated indices (black bars) in the future (all warm scenarios)
and the control simulation, using as predictors low-level vorticity, vertical wind shear, and either (a)
column relative humidity, (b) 600hPa relative humidtiy, (c) saturation deficity, (d) vertical velocity.
Labels of scenarios as in Fig. 9.
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FIG. 16. Difference in the climatology of TCGI-H for the future simulations with double CO2 and
the present control simulation, using as TCGI-H predictors: vorticity, vertical shear, column rela-
tive humidity (top panels), saturation deficit (middle panels) or vertical velocity (bottom panels),
as well as potential intensity (left panels) or RSST (right panels).
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FIG. 17. Difference in the climatology of TCGI-H for the future simulations with 2K added
uniformily to the SST (plus 2K) and the present control simulation, using as TCGI-H predictors:
vorticity, vertical shear, column relative humidity (top panels), saturation deficit (middle panels) or
vertical velocity (bottom panels), as well as potential intensity (left panels) or RSST (right panels)
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