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            Abstract 30 

 Extratropical cyclone track density, genesis frequency, deepening rate, and maximum 31 

intensity distributions over eastern North America and the western North Atlantic were 32 

analyzed for 15 Coupled Model Intercomparison Project phase 5 (CMIP5) models for the 33 

historical period (1979-2004) and three future periods (2009-2038, 2039-2068, and 2069-34 

2098). The cyclones were identified using an automated tracking algorithm applied to sea-35 

level pressure every 6 hours. The CMIP5 results for the historical period were evaluated 36 

using the Climate Forecast System Reanalysis (CFSR). The CMIP5 models were ranked 37 

given their track density, intensity, and overall performance for the historical period. It was 38 

found that 6 of the top 7 CMIP5 models with the highest spatial resolution were ranked the 39 

best overall. These models had less underprediction of cyclone track density, more realistic 40 

distribution of intense cyclones along the U.S. East coast, and more realistic cyclogenesis and 41 

deepening rates. The best 7 models were used to determine projected future changes in 42 

cyclones, which included a 10-30% decrease in cyclone track density and weakening of 43 

cyclones over the western Atlantic storm track, while in contrast there is a 10-20% increase 44 

in cyclone track density over the eastern U.S., including 10-40% more intense (< 980 hPa) 45 

cyclones and 20-40% more rapid deepening rates just inland of the U.S. East coast. Some of 46 

the reasons for these CMIP5 model differences were explored for selected models based on 47 

model generated Eady growth rate, upper-level jet, surface baroclinicity, and precipitation. 48 

 49 

 50 

 51 

 52 
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1. Introduction 53 

a. Background 54 

 During the last decade there has been growing interest in assessing whether climatic 55 

extremes are changing as a result of global warming. Along the eastern U.S. this research is 56 

important since there is a relatively large population that is vulnerable to extreme 57 

temperature, precipitation, wind, and coastal flooding. During the cool season much of the 58 

high impact weather over the Northeast U.S. is related to intense cyclones that often track 59 

near the coast. Associated with these storms are heavy snow (Novak et al. 2008), inland 60 

flooding (Colle 2003), and storm surge (Colle et al. 2008). Therefore, any change in the 61 

frequency and intensity of these mid-latitude cyclones over the Northeast U.S. is of great 62 

interest given the potential catastrophic consequences. For example, coastal areas of the 63 

Northeast U.S. are extremely vulnerable to storm surge, with the problem likely to become 64 

worse as sea-level rises during the next 100 years (Colle et al. 2010).  65 

 During the past 50 years there has been a large interdecadal variability in mid-latitude 66 

cyclones and their associated storm surge for the New York City (NYC) area (Zhang et al. 67 

2000; Colle et al. 2010). For example, after a relatively active period in the early- to mid-68 

1990s for storm surge (4-5 flooding events around NYC), there were no significant NYC 69 

coastal flooding events from 1997-2009 (Colle et al. 2010). Hirsch et al. (2001) completed a 70 

~50-year climatology of east coast winter storms (nor-easters) using the NCEP global 71 

reanalysis and found inter-annual variations associated with ENSO (El Niño favors more nor-72 

easters) as well as relatively large interdecadal variations. Future planning for the protection 73 

of life and property in this populated Northeast region will require more knowledge of how 74 
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the intensity, frequency, and track of mid-latitude cyclones will change during the next 75 

several decades. 76 

 77 

b. Past studies 78 

 Storm track activity and extratropical cyclone changes have been diagnosed with the 79 

Coupled Model Intercomparison Project phase 3 (CMIP3; Meehl et al. 2007). This report and 80 

Pinto et al. (2007) highlight an increase in storm track activity in the middle-upper 81 

troposphere, which has been linked to an increase in the zonal-mean eddy kinetic energy that 82 

shifts poleward and to a slightly higher level (Yin 2005). This is consistent with an increasing 83 

temperature gradient at upper levels (250-500 hPa) related to cooling lower stratosphere at 84 

higher latitudes and greater warming in the tropics related to increased vertical vapor flux 85 

and latent heat release.  86 

 Any increase in surface storm track activity for the later 21
st
 century has been limited 87 

to specific regions (Ulbrich et al. 2008), while the total number of surface cyclones in climate 88 

models has been shown to decrease for future periods (Lambert and Fyfe 2006; Geng and 89 

Sugi 2003; Bengtsson et al. 2006). Other studies also suggest a decrease in storms given a 90 

reduction in the north-south temperature gradients at low levels (Zhang and Wang 1997; 91 

Knippertz et al. 2000). Other analyses by Mickley et al. (2004) and Leibensperger et al. 92 

(2008) point to reduced frequency of summer extra-tropical cyclones as well as 93 

displacements of tracks towards the north. Since there is larger warming in the lower 94 

troposphere at high latitudes from decreased albedo from less snow and ice cover, the 95 

meridional temperature gradient decreases near the surface and there is less potential for 96 

surface cyclogenesis. Even though there are competing upper and lower level changes to 97 
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storm track frequency, Held and O’Brien (1992), and Lunkeit et al. (1998) showed that 98 

baroclinic wave activity is more sensitive to lower level changes rather than changes in the 99 

upper troposphere.  100 

 There is more uncertainty in how the frequency of more intense extratropical 101 

cyclones will change in the future. In several CMIP3 models there was an increase in more 102 

extreme cyclones (central pressure < 970 hPa) in the future experiments (Lambert and Fyfe 103 

2006); however, the increase in intense cyclones is limited to some areas, depending on 104 

models and experiments. Regions near the British Isles and Aleutian Islands show an 105 

increase in some models (Geng and Sugi 2003; Pinto et al. 2007). This has been attributed to 106 

the latent heat release within these mid-latitude storms (Carnell and Senior, 1998). Latent 107 

heating may become more important for the intensity of these storms, since the globally 108 

averaged mean water vapor is projected to increase (Meehl et al. 2007). 109 

 Model spatial resolution is also important for the cyclone predictions. Jung et al. 110 

(2006) showed that a global model with T95 resolution can only simulate ~60% of the 111 

observed number of cyclones. Joyce et al. (2008) used a regional climate model over the 112 

western Atlantic to show a meridional shift of the local storm track along the U.S. East Coast 113 

is related to changes in the Gulf Stream SST gradient. Woollings et al. (2010) showed that 114 

the storm track over the western Atlantic is sensitive to how the Gulf Stream SST gradient is 115 

resolved in the model. A coarse resolution SST (100-200 km grid spacing) yields more 116 

storms closer to the U.S. coast than a high resolution (50-100 km) SST. 117 

 118 

 119 

 120 
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c. Motivation 121 

 More than 20 modeling groups completed simulations for the fifth phase of the 122 

Coupled Model Intercomparison Project (CMIP5; Taylor et al. 2012), which provides a 123 

unique multi-model framework for assessing future climate change and the mechanisms 124 

responsible for model differences. The CMIP5 data is available at 6-h intervals, which for the 125 

first time allows for the tracking of cyclones in a multi-model framework. There is a 126 

historical period from the mid-nineteenth century to 2005 forced by observed atmospheric 127 

composition changes (reflecting both anthropogenic and natural sources) and time-evolving 128 

land cover. Each of the models is also run for different emission scenarios or representative 129 

concentration pathways (RCPs) for the future to 2100 or later. The future CMIP5 runs for 130 

this paper focus on the high emission RCP8.5 scenario, since it was too computationally 131 

expensive to look at all scenarios. The CMIP5 models have been analyzed around North 132 

America for several different phenomena, such as temperature, precipitation, storm tracks, 133 

droughts, floods, etc., for both the historical (Sheffield et al. 2012) and the future period 134 

(Mahoney et al. 2012). For example, Harvey et al. (2012) investigated the storm track 135 

changes for the RCP4.5 scenario in the CMIP5 models and found that around 40% of the 136 

models in regions of the Northern Hemisphere had a future response that exceeded half the 137 

present day inter-annual variability. 138 

 There have been several studies looking at the hemispheric changes in cyclone 139 

frequency and intensity, but more studies are needed to focus on particular regions or 140 

ocean basins in order to determine how well global models can predict the historical 141 

cyclone distributions before attempting to dynamically downscale these models. This 142 

paper will focus on the North Atlantic storm track entrance region from the eastern North 143 
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America to central Atlantic region, which is of interest given the high population density 144 

along the U.S. East coast. 145 

 Most studies use all available models in an ensemble with equal weighting in the 146 

assessment of future changes, but there are likely major differences between the models 147 

attributed to spatial resolution and physics. We evaluate the models separately, rank 148 

them, and use selected members based on model performance during the historical period 149 

to determine if this approach has an impact on the future cyclone results. Finally, some 150 

physical reasons for the model difference in cyclone frequency and intensity have been 151 

explored in the western Atlantic storm track region. 152 

In summary, this paper will address the following questions: 153 

 How well can the CMIP5 models simulate western Atlantic extratropical cyclones 154 

(density, intensity, genesis, and deepening) for the cool season (Nov.-March) during 155 

the 1979-2004 historical period? 156 

 How do the western Atlantic results compare with a regional U.S. East coast domain? 157 

 What is the impact of resolution on model performance and the utilization of the best 158 

subset of CMIP ensemble members based on past performance? 159 

 Are there differences between models that may explain the cyclone differences, such 160 

as low-level temperature gradients and the upper-level jet? 161 

 Is there any indication of future cyclone change in terms of frequency, intensity, or 162 

spatial distribution? 163 

2. Data and methods 164 

 The climate forecast system reanalysis (CFSR; Saha et al. 2010) at ~38 km grid 165 

spacing (64 vertical levels) was used to verify and compare the cyclone properties with the 166 
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CMIP5 models for a few domains (ECL; ECW; and EC-WA) over the eastern North America 167 

and western North Atlantic (Fig. 1). The ERA-Interim re-analysis (Dee et al. 2011) was also 168 

used to test a 10-year period (~58 km grid spacing and 60 levels), and the cyclone density 169 

results over the Atlantic were within 5% of the CFSR in most locations (not shown). This is 170 

consistent with Hodges et al. (2011), who showed that tracking cyclones in these and other 171 

reanalyses yielded similar results. The cyclone tracks were constructed using 6-hourly sea 172 

level pressure from the CFSR and 15 CMIP5 models (Table 1). If a CMIP5 model had more 173 

than one member available, only the first one was used, which included none of the physics 174 

or different initial start date perturbations. The surface cyclone tracking scheme used here is 175 

the one developed by Hodges (1994, 1995). Only mean sea level pressure (MSLP) was used 176 

to do the tracking, which differs from other cyclone studies that used 850 hPa vorticity to 177 

track cyclones using the Hodges approach (Hoskins and Hodges 2002; Anderson et al. 2003). 178 

However, as will be shown later we found that MSLP tracking worked at least as good as the 179 

vorticity tracking in our region of interest, which is eastern North America and the western 180 

Atlantic region shown in Fig. 1. 181 

 MSLP is strongly influenced by large spatial scales and strong background flows, so a 182 

spectral bandpass filter was used to preprocess the data. For example, a weak and fast 183 

moving cyclone can be masked by the background flow until it significantly developed. The 184 

planetary scales (i.e., total wavenumber equal or less than 5) are removed. Anderson et al. 185 

(2003) showed little sensitivity using wavenumber 5 or 7 for this filter. The data are also 186 

truncated at small scales (i.e. total wavenumber larger than 70). This is slightly larger than 187 

the wavenumber 63 cutoff used in Hodges et al. (2011) so that some smaller-scale cyclones 188 

can be identified. 189 
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 The Hodges MSLP cyclone tracking involves four steps: Segmentation, feature point 190 

detection, tracking, and filtering. Segmentation identifies the objects in the MSLP fields, 191 

which are the regions around minima in the MSLP field. The feature detection identifies 192 

suitable points, like local minima in the field, within each object. The minima are identified 193 

by comparing each object point with its neighbors. If clusters of local minima occur with 194 

points having the same local extreme value, the centroid of these points is found for each 195 

cluster so that each cluster is represented by a single feature point. To determine the 196 

correspondence between the feature points, a constrained optimization of a cost function is 197 

used (based on the algorithm of Salari and Sethi 1990). Those identified storms are filtered to 198 

retain only those that last at least 24 hours and move farther than 1000 km over their lifetime. 199 

Hodges et al. (2011) used 48-h as a threshold, but we found it reduced the number of 200 

cyclones by ~15% and that 24-h performed best in our study region through a trial and error 201 

process. 202 

 The automated cyclone tracking was evaluated manually for 11 Januaries every other 203 

year from 1980-2000 from 20-60 
o
N and 40-90 

o
W. The cyclone needed to include at least a 204 

2 hPa closed MSLP contour to be counted manually, and the storm had to persist for at least 205 

24-h and move at least 1000 km, which are two criteria used for the automated tracking. 206 

There were 2286 cyclone centers identified during this period, with 181 cyclone centers 207 

missed (7.9%) and 103 false alarmed (4.5%) by the tracking. Therefore, the uncertainty of 208 

the automated cyclone tracking results is 5-10%.  209 

Other studies have used 850 hPa vorticity to obtain cyclone climatologies from global 210 

models (e.g., Hodges and Hoskins 2002; Anderson et al. 2003; Hodges et al. 2011). As in 211 

Hodges and Hoskins (2002), we spectrally filtered the data at T42 before tracking the 212 
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cyclones using the 850-hPa vorticity, but we used 24-h minimum cyclone lifetime rather than 213 

a 48-h lifetime as in Hodges’ papers. However, there are 15-20% more false alarm rates 214 

using 850 hPa vorticity than MSLP, since vorticity maxima are also co-located with 215 

elongated surface troughs rather than closed cyclone centers, such as shown for 0600 UTC 216 

10 January 2001 (Fig. 2). In contrast, the MSLP approach correctly identifies the well 217 

defined cyclone over the western Atlantic at this time. There is a slight shift between the 218 

automated cyclone position and the actual MSLP pressure minimum, since the Hodges 219 

approach tracks pressure anomalies, not total pressure. As a result, to get the minimum 220 

MSLP for each cyclone, the lowest pressure within 5 degrees of the identified pressure 221 

anomaly was applied. The number of cyclones identified using vorticity tracking is reduced if 222 

a 48-h lifetime is used (not shown), including eliminating the false alarms on 0600 UTC 10 223 

January 2001; however, we found that too many observed cyclones are removed that have a 224 

lifetime between 24 and 48 h (not shown).  225 

 The 15 CMIP models in Table 1 are ordered from highest to lowest horizontal grid 226 

spatial resolution, since the 7 highest resolution members are compared with the 8 lowest 227 

resolution members in section 3 below. Each member, the CMIP5 mean, and the mean for 228 

the high versus lower resolution members were evaluated for cyclone track density and 229 

central pressure. For cyclone density, a spatial correlation of track density (TR) of each 230 

member over the EC-WA box in Fig. 1 is computed with that based on the CFSR:  231 

    232 

           ,        (1) 233 

in which: Mi is the model track density for grid I, M̄ is the model average track density of all 234 

grids, Ci is the CFSR track density in grid i., C̄ is the CFSR average track density of all grids, 235 
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and N is the number of total grids. A similar spatial correlation was also calculated for the 236 

distribution of cyclone central pressures (PR), in which: Mi: is model cyclone number in 237 

pressure bin I, M̄ is the model average cyclone number of all bins, Ci is the CFSR cyclone 238 

number in bin i, C̄  is the CFSR average cyclone number of all bins, and N is the number of 239 

total bins (N = 11: < 935 hPa, 935-945, 945-955 … 1015-1025, > 1025).  240 

 An absolute difference was calculated for the track density (TD) within the EC-WA box 241 

in Fig. 1: 242 

        ,    (2) 243 

in which Mi: is the model track density in grid box i, Ci is the CFSR track density in grid i, and N 244 

is the total number of grids. A mean absolute difference of cyclone number for three pressure 245 

bins (PD) was also calculated using equation 2, in which Mi is the model cyclone number in bin 246 

i, Ci is the CFSR cyclone number in bin i, and N is the total number of total bins (N = 3; < 975 247 

hPa, 975-1005 hPa, and > 1005hPa). 248 

 The historical evaluation and future changes of cyclones were diagnosed for three 249 

domains from eastern North America to the western Atlantic (cf. Fig. 1). The smaller East 250 

coast domains are used to better understand the cyclone changes in this highly populated 251 

coastal region. An analysis of some of the reasons for select model differences is shown in 252 

section 3c. 253 

 254 

3. CMIP5 Cyclone Predictions 255 

a. Historical evaluations 256 

The cyclone track density for the CMIP5 mean, mean of the 7 high versus 8 lower 257 

resolution members (gray and black members in Table 1, respectively), and selected 258 
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individual members are compared with the CFSR for the cool seasons of 1979-2004. From 259 

eastern North America to the central Atlantic in the CFSR (Fig. 3a), there are three clusters 260 

of high cyclone track density (> 5 cyclones per cool season per 50,000 km
2
): around the 261 

Great Lakes, north of the Gulf Stream over the western Atlantic, and just east of southeast 262 

Greenland. The CMIP mean was able to realistically simulate these three maxima (Fig. 3b); 263 

however, the mean values are underpredicted by 10-25%. There is also a relatively large 264 

spread (evaluated as one standard deviation) in the CMIP5 predictions in these regions (~1.0 265 

cyclone per cool season per 50,000 km
2
).  266 

There are also some important differences in the climatology of historical cyclone 267 

densities between the 7 highest resolution members and the other 8 members (Figs. 3c,d). 268 

The mean of the higher resolution members has a more well defined track maxima just north 269 

of the Gulf Stream and to the east of southern Greenland (difference significant at 95% 270 

level), which is more similar to the CFSR than the lower resolution members, which have the 271 

track density maximum too far north and close to the U.S. Northeast coast (also significant at 272 

95% level). This result is similar to Woollings et al. (2010), who found that using a higher 273 

SST resolution tended to shift the storm track southward towards the Gulf Stream. 274 

Figure 4 shows the historical (1979-2004) cyclone density for the cool season for the 275 

EC-Earth, MPI-ESM-LR, IPSL-MR, IPSL-LR, MIROC5, and NorESM models in order to 276 

highlight some more of the model variability as well as some potential impact of model 277 

resolution. Sheffield et al. (2012) highlight some other CMIP5 models used in this analysis. 278 

The two higher resolution members (EC-Earth and MIROC5) have a well defined storm 279 

track that extends east-northeastward from the mid-Atlantic U.S. coast (Figs. 4a,e). The 280 

MIROC5 overpredicts the cyclone density and eastward extension of the maximum in this 281 
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region (Fig. 4e), while the EC-Earth is more similar to the CFSR just north of the Gulf 282 

Stream (Fig. 4a). Two of the lower resolution members (NorESM and IPSL-LR) have a 283 

storm track shifted too far north and close to the coast (Figs. 4d,f). However, even the 284 

relatively low resolution IPSL-LR can produce a track density maximum (6-7) greater than 285 

the CFSR, while the MPI-ESM-LR has the cyclone track further offshore of the coast as in 286 

the CFSR; Fig. 4b). These differences for models with similar resolutions illustrate that 287 

model setup/physics differences can be just as important as model spatial resolution.  288 

A comparison of IPSL-LR and IPSL-MR highlights more of the impact of spatial 289 

resolution, since this was the only difference between these two members (Figs. 4c,d). A 290 

~50% increase of the horizontal resolution in IPSL-MR reduces the near coast maximum by 291 

10-20% just east of the Northeast U.S. coast and shifts the cyclone density further southward 292 

along the U.S. East coast, which is more similar to the CFSR. 293 

The distribution of maximum cyclone intensities (minimum central pressure during 294 

lifetime) was obtained for all CMIP5 members, CMIP5 mean, 7 highest resolution, and 8 295 

lowest resolution for all available cyclone tracks over a large portion of the western and 296 

central Atlantic (EC-WA box in Fig. 1) for the 1979-2004 cool seasons. The central pressures 297 

were separated into 10 hPa bins (Fig. 5). The CFSR has a maximum for the 995-1005 hPa 298 

bin, while most of the lower resolution CMIP5 members peak around 985-995 hPa (Fig. 5a). 299 

The mean of these 8 lower resolution members is nearly equal to the CFSR, but these 300 

members underpredict the numbers in all categories except the 985-995 hPa. Overall, the 301 

distribution for the mean of these 8 lower resolution CMIP5 models is narrower than 302 

observed. Most of the 7 higher resolution members also underpredict the frequency of < 970 303 

hPa cyclones (Fig. 5b), except the MRI-GCM3. Interestingly, the MIROC5 overpredicts the 304 
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cyclone frequency between 980 hPa and 1010 hPa, but it underpredicts the number of 305 

cyclones for < 970 hPa. The mean of the 7 higher resolution members does correctly 306 

represent the distribution of cyclones > 980 hPa, including the peak around 995-1005 hPa. 307 

The spread in cyclone number is about half as large for the 7 higher resolution members than 308 

the lower resolution.  Overall, the frequency distribution for cyclone central pressure 309 

illustrates that the mean is often better than any one member or small subset of members 310 

given the relatively large spread in cyclone predictions. 311 

Figure 5c shows the distribution of cyclone maximum intensity (minimum central 312 

pressure) for the combined East coast land and water areas (ECL and ECW boxes in Fig. 1). 313 

This central pressure distribution near the entrance of the storm track is narrower than the 314 

larger western Atlantic domain. The mean of the CMIP5 models better depicts this East coast 315 

distribution than the larger Atlantic domain, with less underprediction for relatively deep or 316 

weak cyclones. The largest spread is associated with several of the lower resolution models, 317 

with many members either underpredicting or overpredicting the peak number around 1000 318 

hPa. 319 

Table 2 presents the validation within the EC-WA box region in Figure 1 for the 320 

individual 15 CMIP5 members, the mean of all CMIP5 members, 7 highest resolution 321 

members, 8 lowest resolution members, and the 7 best members (hereafter referred to as 322 

Best7). As described in section 2, the track density (TR) and pressure distribution 323 

correlations (PR) were calculated as well as the absolute error in track density (TD) and the 324 

absolute error of cyclone pressure in pressure bins (PD). The 15 CMIP5 models are ranked 325 

separately for each of these metrics, and a combined (overall) rank is obtained by averaging 326 

the ranks for TR, PR, TD, and PD, which is shown by the order of models listed in Table 2. 327 
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For cyclone density, the TR (TD) scores range from 0.949 (0.53) for the EC-Earth to 0.899 328 

(0.88) for the IPSL-LR model.  The EC-Earth model has the best track density, since it best 329 

captures the position and number of tracks (Figs. 3a, 4a), while the IPSL-LR is ranked last 330 

given its northward shift of the storm track and maximum too close to the coast (Fig. 4d). 331 

Most of the top seven models for track density are also in the top 7 for cyclone intensity. 332 

However, the GFDL-ESM2M is 5
th

 best for track density but 14-15
th

 for intensity, while the 333 

MRI-CGCM3 is 9
th

 for density and 1
st
 for intensity. The PD ranged from 1.9 for the MRI-334 

CGCM3 to 10.9 for the IPSL-LR. For the final ranking, six of the top seven models were the 335 

top 7 higher resolution models, so increasing resolution improves most of the predictions. 336 

However, there are exceptions, since the lower resolution MPI-ESM-LR is ranked fourth 337 

overall, while the relatively high resolution MIROC5 is ranked third from the bottom.  338 

For cyclone track density, the mean of all CMIP members has the best TR and TD 339 

scores, while the Best7 and higher resolution 7 members have smaller errors than the overall 340 

mean for cyclone intensity, since some outliers increase the error for the overall mean. The 341 

only CMIP5 member that has less error for central pressure than the Best7 is the MRI-342 

CGM3. Although the overall CMIP5 mean is best for cyclone density, the Best7 statistics 343 

will be highlighted below for most metrics, since it has lower errors than CMIP5 mean for 344 

intensity. A Worst7 category is also defined and used below, which includes those members 345 

that finished in the bottom7 of the verification ranking (Table 2). 346 

Figure 6 shows a comparison of the cyclogenesis density locations for the historical 347 

period between the CFSR, CMIP5 mean, Best7, and Worst7. Most cyclogenesis events, 348 

which are defined as the first point in the cyclone track, occur just offshore of the U.S. East 349 

coast in the CFSR, with 3-6 cyclones per 5 cool seasons per 50,000 km
2
. Another maximum 350 
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of similar amplitude is located just east of southeast Greenland. The CMIP5 mean and Best7 351 

has a similar structure as the CFSR, but both underestimate the genesis along the U.S. East 352 

coast by 10-20% to the north and 40-50% to the south. The Best7 is slightly better than the 353 

CMIP mean, since the Best7 has 5-10% more genesis along the East coast.  In contrast, the 354 

Worst7 underestimates the genesis density by a nearly a factor of two just east of the mid-355 

Atlantic and Northeast U.S. coasts. The better result for the Best7, which primarily includes 356 

the higher resolution CMIP5 models, reiterates the importance of spatial resolution to more 357 

accurately predict cyclogenesis for this western Atlantic region. 358 

The 6-h cyclone central pressure deepening rates were also compared between the 359 

CMIP mean, Best7, and Worst7 members for the western Atlantic and smaller East coast 360 

domains (Fig. 7). For both regions the Worst7 underpredicts the more rapidly deepening (-10 361 

to -6 hPa per 6h) deepening rates, while the Best7 is most similar to the CFSR, with the 362 

Best7 distribution nearly equal to the CFSR for the East coast domains for these more rapidly 363 

deepening storms. Meanwhile, the Worst7 overpredicts the number of cases experiencing 364 

little or no deepening than the Best7. The CFSR maximum (> 5 hPa/6h) is located several 365 

hundred kilometers to the east of the Northeast U.S. coast and to the northeast of 366 

Newfoundland (Fig. 8a). The Best7 mean has both of these maxima (Fig. 8d), but they are 367 

underpredicted by 20-30% (Fig. 8b), while the Worst7 underestimates by nearly a factor of 368 

two (Fig. 8c). 369 

Figure 9a shows a time series of the number of cyclones per cool season within the 370 

EC_WA box in Fig. 1. There was an upward trend in cyclones in the CFSR between 1979 371 

and 1991 (10-15% increase), but there has been a slight downward trend since the early 372 

1990s (5-10%). There is a slight (~5%) decline in the CMIP mean since the early 1990s, 373 
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which is most pronounced in the Worst7 mean. The Best7 better simulates the number of 374 

cyclones compared to the CMIP5 and Worst 7 means, but all means underpredict storms, and 375 

there is a relatively large (30-40%) spread in the number of cyclones among the models. 376 

 377 

b. Future projections 378 

 The CMIP5 models were evaluated to diagnose potential future changes in cyclone 379 

track density, intensity, and deepening rates. Emphasis will be put on the Best7 models, since 380 

these models better represented the cyclones during the historical period. Figure 10 shows the 381 

change in cyclone track density over the northern Atlantic for three future periods (2009-382 

2038, 2039-2068, and 2069-2098) as compared to the historical period. All the dotted areas 383 

on the future plots have at least 6/7 (85%) of the Best7 members agreeing in the sign of the 384 

future cyclone change. For 2009-2038 (Fig. 10a), there is a 0.2-0.8 (5-10%) reduction in 385 

cyclone density over areas of the western Atlantic near the Gulf Stream in the Best7 models. 386 

Meanwhile, there was a 5-10% increase in track density around Nova Scotia in southeast 387 

Canada. There was less indication of tracks changes in the Worst7 models during this period 388 

(not shown). Over the western Atlantic, the cyclone density reduction increases in magnitude 389 

(to 10-15%) and spatial extent during the middle (2039-2068) 21
st
 century in the Best7 390 

models (Fig. 10b). By the late 21
st
 century (Fig. 10c), there is 15-20% fewer cyclones over 391 

much of the western Atlantic storm track and to the east of southern Greenland. Meanwhile, 392 

there was a 5-10% increase along the U.S. coast, and 10-20% increases along the eastern 393 

Canadian coast. For this same period the Worst7 changes relative to the historical period are 394 

5-10% less than the Best7 along the coast of eastern North America and western Atlantic 395 
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(Fig. 10d). Also, there is little change in the cyclone density in the Worst7 over southeast 396 

Canada between the historical and late 21
st
 century.  397 

 After averaging all CMIP5 members over the EC-WA box, there is a near linear 398 

decrease in cyclone frequency in the CMIP5 mean of around 7 cyclones per cool season over 399 

the 2009-2098 period (Fig. 9b), and this trend is similar between Best7 and Worst7 groupings 400 

when averaged for this box. There is also a large spread in the cyclone number in the CMIP 401 

models over the 21st century, ranging from 60-70 cyclones per cool season in the IPSL to 402 

100-110 in the MIROC-ESM and BCC-CSM. However, all models trend downward in 403 

cyclone number, with two-thirds of the models (and CMIP mean, Best7, and Worst7) having 404 

a non-zero trend that is significant at least at 90% confidence level using an F-test. 405 

 Figure 11 shows the difference and spread averaged for the Best7 models in the 406 

number of cyclones attaining a maximum intensity (minimum pressure) within each 10 hPa 407 

intensity bin for the domains in Fig. 1 for the three future 21
st
 century periods. For the larger 408 

EC-WA domain (Figs. 11a,b), most of the cyclone reduction (3-6%) is for the relatively 409 

weak (1010-1020 hPa) cyclones, and this reduction nearly doubles from the early to late 21
st
 410 

century, with the spread of models within one standard deviation of the mean for 1005-1015 411 

hPa all indicating weakening. The Worst7 models have nearly twice as large of a reduction 412 

for these weaker cyclones by the later 21
st
 century (not shown). The number of relatively 413 

deep cyclones (< 980 hPa) also decreases 3 to 10%, with the mean of the Best7 models 414 

indicating less frequent storms around 970 hPa. In contrast, for the ECL, there is a 5-40% 415 

increase in the number of 960-980 hPa cyclones by the middle 21
st
 century (Figs. 11c,d), 416 

with generally good model agreement (low spread), but the trend reverses slightly for the 417 

later 21
st
 century. Figure 9c shows a time series of this trend of the number of < 980 hPa 418 
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cyclones in the ECL, in which the peak number in the Best7 mean is reached by the 2050s. In 419 

contrast, there is little increase in these relatively strong cyclones for the ECW region (Figs. 420 

11e,f). The reduction of relatively weak (1000-1020 hPa) cyclones for both ECL and ECW 421 

boxes ranges from 5-8% (0.7 – 0.9 cyclones per season) in the early 21
st
 century to 10-15% (-422 

2.0 cyclones per season) in the later 21
st
 century. Overall, these results suggest large spatial 423 

differences in how the intensity of cyclones will change between the entrance of the storm 424 

track (U.S. East coast) to the middle of the storm track, as well as just inland and offshore of 425 

the U.S. East coast.  426 

 The change in the frequency of 6-h deepening rate of the cyclones was also calculated 427 

for each of the three future periods minus the historical period (Fig. 12). For the EC-WA 428 

domain (Figs. 12a,b), there was a reduction in the frequency of most of the deepening rates 429 

for all future periods. The largest changes between the -2 and -5 hPa (6h)
-1

 bins range from 2-430 

4% in the early 21
st
 century to 10-15% by the late 21

st
, with the spread indicating most 431 

models have this weakening by the late 21
st
 century. Meanwhile, there was little change in 432 

the 6-h weakening rate (filling) of cyclones between the 0 and 4 hPa (6h)
-1

 bins. In contrast, 433 

for the ECL region there is a 0.5-1.0 (10-35%) increase in the number of -4 hPa to -10 hPa 434 

(6h)
-1

 bins by the middle 20
th

 century (Fig. 12c,d), and a 5-10% increase by the late 21
st
 435 

century. Meanwhile, any deepening increases (~5%) over the ECW region is limited to the 436 

early 21
st
 century (Fig. 12e,f). The change in weakening rates for the ECL and ECW boxes 437 

are less than 5% for most pressure bins. 438 

 Figure 13 shows the spatial change in the frequency of 6-h cyclone deepening rates > 439 

5 hPa between the three future periods for the Best7. During the early 21
st
 century (Fig. 13a), 440 

there is a 5-40% increase in this frequency over much of the Northeast U.S. and eastern Great 441 
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Lakes, and southeast Canada, while this is a slight decrease (0-20%) in this frequency over 442 

the western Atlantic storm track. By the middle 21
st
 century (2038-2069; Fig. 13b), there is 443 

more widespread increase over the Northeast U.S. (10-30%), and decrease (10-20%) over the 444 

western Atlantic. By the late 21
st
 century, the cyclone deepening frequency increases are 445 

reduced as compared to the middle 21
st
 century, while there is a widespread 10-30% decrease 446 

in 6-h deepening > 5 hPa over much of the western and northern Atlantic.  447 

 The change in 850 hPa maximum winds around the cyclones in the ECL region 448 

between the past and future was also explored for two of the Best7 models (MPI-ESM-LR 449 

and MRI-CGCM3), since their 850 hPa wind data was easily accessible. For each cyclone 450 

time within the ECL region, the maximum 850 hPa wind within 10 degrees of the cyclone 451 

center was recorded, and a distribution of these maximum winds was obtained for the 452 

historical and future periods. For the historical period (Fig. 14a), both models have a 453 

maximum frequency between 22-28 m s
-1

, with the MPI-ESM-LR having more moderate 454 

wind events (16-28 m s
-1

), and the MRI-CGCM3 having more strong wind events (> 34 m s
-

455 

1
). For the future periods (Figs. 14b,c), there is a 10-20% reduction in the number of 16-22 m 456 

s-1 wind events for the 2039-2068 and 2069-2098 periods, while there is a 15-45% increase 457 

in the > 34 m s
-1

 events.  This suggests that for these two models there is a shift towards more 458 

intense cyclones by the middle 21
st
 century. 459 

 460 

c. Evaluation of model differences and future changes 461 

 In order to understand some of the future cyclone changes in the models, the CMIP5 462 

analysis also included averages of the daily near-surface (2-m) temperature gradient, 250-hPa 463 
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windspeed, and Eady growth rate (Hoskins and Valdez 1990; Paciorek et al. 2002). The Eady 464 

growth rate is defined as  465 

 , (3) 
466 

where f is the Coriolis parameter, N is the buoyancy frequency, V is the horizontal wind  467 

vector, and z is the distance in the vertical. The Eady growth rate was calculated using daily 468 

data over the 850-500 hPa layer and then averaged for a set of cool seasons. Simmonds and 469 

Lim (2009) suggested that calculating Eady growth rate from shorter time periods (daily or 6-470 

h data) and then averaging these fields is better than calculating using monthly mean data 471 

when drawing connections between changes in Eady growth and changes in cyclone 472 

properties.  473 

The Eady growth rate and other variables were evaluated for the relatively high-474 

resolution CNRM-CM5 and MIROC5 members, as well as the more coarse resolution MPI-475 

ESM-LR and IPSL-CM5A-LR models. The CFSR was used to compare the past 476 

performance of the Eady growth rate and other parameters with these 4 CMIP5 members. 477 

The models selected were based on data availability as well as their relative performance and 478 

resolution. Two relatively good performing models (CNRM-CM5 and MPI-ESM-LR) in 479 

Table 2 were contrasted with two models verifying in the bottom one-third (MIROC5 and 480 

IPSL-LR). Meanwhile, these same models also help compare differences between two 481 

relatively high resolution models (MIROC5 and CNRM-CM5) and lower resolution models 482 

(MPI-ESM-LR and IPSL-LR). 483 

 The CFSR has an Eady growth rate maximum just east of the U.S. East coast of around 484 

1.05 day
-1

 and jet magnitude of 40 m s
-1

 (Figs. 15a,b). The model with the coarsest resolution 485 

and poorest cyclone performance (IPSL-LR) has the strongest upper-level jet (~47 m s
-1

) and a 486 
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relatively large Eady growth rate area of > 0.9 day
-1

 compared to the other four CMIP models 487 

over the western Atlantic (Fig. 16). Meanwhile, the other coarse resolution model (MPI-ESM-488 

LR) has a weaker ~37 m s
-1

 jet at 250 hPa and smaller area of > 0.9 day
-1

 Eady growth rate (Fig. 489 

16b). Therefore, the relatively poor IPSL-LR performance was not the result of the lack of 490 

tropospheric baroclinicity as compared to the other models. Also, the excessive cyclone track 491 

density over the western Atlantic for the MIROC5 (cf. Figs 3a, 4e) was not the result of 492 

excessive of Eady growth rate (Fig. 16c); however its Eady maximum is further south and the jet 493 

is more zonally elongated than the CFSR and other models.  494 

 The upper-level jet orientation and maximum were shifted ~500 km to the north in the 495 

two coarser resolution members (MPI-LR and IPSL-LR) than the MIROC and CNRM-CM5, 496 

which suggests that there are vertical levels with different horizontal temperature gradients 497 

between the two sets of models. One important level for cyclogenesis is near the surface, which 498 

is impacted by the SSTs. Figure 17 shows the 2-m temperature and absolute temperature gradient 499 

from the 4 CMIP models, which can be compared with the CFSR (Fig. 15b). All models except 500 

the IPSL-LR have the largest surface temperature gradient extending along the southeastern U.S. 501 

East coast. The largest gradient in the IPSL-LR is further north along the mid-Atlantic and 502 

Northeast U.S. coasts (Fig. 17d), which is where its cyclone density maximum was located (c.f. 503 

Fig. 4d). The MPI-ESM-LR has the largest surface temperature gradient along the north side of 504 

the Gulf Stream (Figs. 17b,c), which is consistent with their more zonal elongation of the storm 505 

track. Only the MIROC5 realistically simulated the more southwest to northeast orientation of 506 

the surface temperature gradient to the east of 50 
o
W. Chang et al. (2012) noted that the axis of 507 

the storm track tended to extend too zonally over the northern Atlantic, and Woollings et al. 508 

(2012) showed that nearly half of the northern Atlantic stormtrack differences in the CMIP5 509 
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models were related to ocean circulation differences, so future work needs to investigate the role 510 

of the ocean coupling and SSTs in this bias.  511 

We investigated the changes in Eady growth rate and 250 hPa windspeeds between the 512 

historical and late 21
st
 century for the CRNM-CM5 and MIROC5 models (Figs. 18a,b). 513 

Consistent with the decrease in western Atlantic cyclone density, there is a 5-11% decrease (-514 

0.05 to -0.1 day
-1

) in Eady growth rate over eastern North America and the western Atlantic. The 515 

decrease in baroclinicity also results in a 2-6 m s
-1

 weaker upper-level jet, especially over eastern 516 

North America.  517 

We also investigated some of the potential reasons for the slight increase in the number 518 

and intensity of storms just inland of the U.S. East coast, especially during the mid-21
st
 century 519 

(Fig. 9c). Most of analysis was restricted to the CCSM4 and MRI-CGCM3, since they were one 520 

of the Best7 models with either the largest positive cyclone density or intensity change over the 521 

ECL region. For the CCSM4, there was little change in the 300 hPa, Eady growth rate, and a 522 

slight decrease surface temperature gradient around the U.S. East coast for the mid 21
st
 century 523 

(Figs. 19a,b). However, there was a 40-120 mm increase (10-30%) of precipitation over this 524 

western region of the eastern U.S. storm track (Fig. 19c). The results from the MRI-CGCM3 525 

were similar (not shown), although the precipitation increase over the eastern U.S. was 526 

somewhat less (10-15%). These results suggest that there may be additional latent heating 527 

contributing to the slight enhancement of the number and intensity of surface cyclones even as 528 

the low-level temperature gradients along the coast weaken slightly during the 21
st
 century. 529 

Future work needs to more carefully analyze the differences between the CMIP models to 530 

explain the differences in their future cyclone predictions. 531 

 532 
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4. Discussion and Conclusions 533 

 This study has focused on the historical (1979-2004) evaluation and future 534 

projections of cool season extratropical cyclone predictions within 15 CMIP5 models (Table 535 

1) over eastern North America as well as the western and central North Atlantic. Mean sea 536 

level pressure (MSLP) every 6-h was used to track these cyclones using the Hodges (1994; 537 

1995) tracking approach. 538 

 The CMIP5 extratropical cyclones for the historical period were evaluated for track 539 

density and cyclone central pressure (intensity) over eastern North America and the western 540 

Atlantic using the CFSR as the observational analysis. The 15 CMIP5 members were ranked 541 

given their density, intensity, and overall performance and these results were related to their 542 

resolution. Most of the lowest 7 resolution members have grid spacings of more than two 543 

degrees in either the west-east or north-south directions. It was found that 6 of the top 7 544 

CMIP5 models with the highest spatial resolution were ranked the best overall. Higher 545 

resolution members, such as MIROC5 and EC-Earth, tend to have a storm track that extends 546 

east-northeastward from the U.S. mid-Atlantic coast, while some of the lower resolution 547 

members (NorESM and IPSL-LR) have the storms too far north and close to the coast. 548 

However, there are exceptions, such as the relatively low resolution MPI-ESM-LR, which 549 

ranked number three for track density correlation over the western Atlantic. The higher 550 

resolution CMIP5 models also better predicted the maximum intensity of these cyclones, 551 

since the 8 lower resolution models have a central pressure distribution that is too narrow 552 

(too few deep and weak cyclones). Even the higher resolution CMIP5 models underpredict 553 

the relatively deep cyclones (< 970 hPa) over the western and central North Atlantic, but they 554 

had little bias for these strong storms for a box around the U.S. East coast. Overall, these 555 



 24 

results illustrate the importance of resolution in GCMs in realistically simulating the storm 556 

track. However, there were exceptions, which are consistent with Chang et al. (2012), who 557 

only found a -0.51 correlation between the storm track amplitude in the CMIP3 models and 558 

model resolution in the northern hemisphere. Thus, resolution is not the only factor 559 

controlling storm track amplitudes for some of these models.  560 

 Given the relatively poor cyclone density and intensity results for some of the CMIP5 561 

members, we primarily utilized those CMIP models with the smallest track density and 562 

central pressure errors (Best7 models) to do the future change analysis. The Best7 is shown 563 

to have the smallest errors for the historical period, especially for storm central pressure, 564 

cyclogenesis, and deepening rates. The Best7 models encompass 6 of the 7 highest resolution 565 

CMIP models. 566 

 There is a relatively large decadal variability in the number of cyclones in the CFSR 567 

from 1979-2004 over eastern North America and the western Atlantic, with a 5-10% increase 568 

in the mid-late 1980s and late 1990s. There is a slight downward trend in the number of 569 

cyclones since the early 1990s. The individual CMIP models also simulate large interdecadal 570 

variability peaking at various times, thus contributing to the 20-30% difference between 571 

models. 572 

 There is a decrease in cyclone track density over the western Atlantic storm track 573 

from 5-10% in the early 21
st
 century (2009-2038) to 10-30% by the late 21

st
 century (2069-574 

2098) in the Best7. This is in agreement with other studies focusing on this same region 575 

(Teng et al. 2008; Long et al. 2009). There is also a 5-20% decrease in track density around 576 

the Great Lakes and to the east of southern Greenland by the late 21
st
 century. Meanwhile, 577 

there is a 5-20% increase in track density along the eastern North American coast, which 578 
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differs from recent studies using 1-2 models (Long et al. 2009; Teng et al. 2008). These 579 

future changes are 20-30% weaker in the mean for the other (more coarse resolution) models 580 

for most locations. Previous studies have shown a decrease in the cyclone numbers for 581 

Northern Hemisphere winter (e.g., Lambert 1995; Geng and Sugi 2003; Bengtsson et al. 582 

2006; Lambert and Fyfe 2006; Pinto et al. 2007; Catto et al. 2011), but our results also 583 

emphasize the regional nature of the future changes around eastern North America.   584 

 Previous studies have suggested that the central pressure of the more extreme 585 

extratropical cyclones may intensify (Mizuta et al., 2011; Jiang and Perrie, 2007; Long et al. 586 

2009). In our study by the late 21
st
 century, the number of relatively deep (< 980 hPa) storms 587 

over the western Atlantic in the Best7 mean decreases by ~10%, while there is a 12% 588 

decrease for relatively weak (1000-1010 hPa) storms. In contrast, for over inland locations 589 

along the U.S. East coast and eastern Canada, there is a 10-40% increase in the number of 590 

relatively deep (< 980 hPa) cyclones, which peaks in the middle 21
st
 century. There is little 591 

change in the number of strong storms over the Atlantic along the East coast, while there is a 592 

5-15% decrease in the number of relatively weak storms. There are also 20-40% more storms 593 

deepening > 5 hPa in 6 h along the eastern U.S. The maximum 850 hPa winds within 10 594 

degrees around the cyclone center was analyzed for two models (MPI-ESM-LR and MRI-595 

CGCM3) for the U.S. East coast region and there was a 15-45% increase in periods > 34 m –596 

s
-1

.  597 

 Results based on CCSM4 and MRI-CGCM3 suggest that the increase along the East 598 

coast may be related to increased latent heating during the next century, since there was little 599 

change in Eady growth rates, jet strength, and temperature gradient, but there was 5-30% 600 

more precipitation for this part of the storm track. Overall, these results suggest that although 601 
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cyclones will be weaker and less frequent over much of the western Atlantic storm track, 602 

cyclones may become more intense and deepen more rapidly just inland of the U.S. East 603 

coast, especially during the middle 21
st
 century.  604 

These results emphasize the regional differences in cyclone changes around eastern 605 

North America, and the importance of model resolution in simulating these changes. Future 606 

work will involve dynamically downscaling select CMIP5 models using mesoscale models to 607 

determine the robustness of these CMIP5 results, as well as determine mechanisms for the 608 

increase in stronger storms along the U.S. East coast.  609 
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Figure 1. The domains used in this study. The solid black box is the region used for the 811 

cyclone track density analysis, while the dashed box (EC-WA) is used for the cyclone 812 

intensity analysis over the western Atlantic, and inner dashed ECL and ECW boxes areas are 813 

for the East coast water and land analysis, respectively. 814 

 815 

Figure 2: Sea-level pressure analysis from the CFSR at 0600 UTC 10 January 2001. The dots 816 

and box represent where the vorticity and sea-level tracking approaches identified cyclones, 817 

respectively, using the 24-h lifetime threshold. The sea-level tracking is based on the 818 

anomaly of pressure, and therefore it does not necessarily lie exactly at the low center.  819 

 820 

Figure 3. (a) Cyclone track density for the CFSR analysis showing the number of cyclones 821 

per cool season (November to March) per 50,000 km
2
 for 1979-2004. (b) Same as (a) except 822 

for the mean (shaded) and spread (contoured every 0.3) of all CMIP5 models in Table 1. 823 

Same as (b) except for the (c) high resolution (HRES), (d) low resolution (LRES), (e) Best7, 824 

and (f) Worst7 models. 825 

Figure 4. Same as Figure 3 except for selected CMIP5 members (a) EC-Earth, (b) MPI-ESM-826 

LR, (c) IPSL-MR, (d) IPSL-LR, (e) MIROC, and (f) NorESM. 827 
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 828 

Figure 5. Number of cyclone minimum central pressures for the 1979-2004 cool seasons 829 

within the EC-WA box region in Fig. 1 for a 10 hPa range centered every 10 hPa showing 830 

the CFSR (bold black), CMIP mean of the low resolution models, and each of the low 831 

resolution models. (b) Same as (a) except for the higher resolution CMIP5 models in Table 1. 832 

(c) Same as (b) except for all CMIP models and for ECL and ECW boxes in Fig. 1. 833 

 834 

Figure. 6: Cyclogenesis density (number per 5 cool seasons per 50,000 km
2
) for the historical 835 

1979-2004 period for the (a) CFSR, as well as the mean and spread for (b) all CMIP 836 

members, (c) Best7 members, and (d) Worst7 members. 837 

 838 

Figure 7. (a) Number and spread (one standard deviation range given by the vertical bar) of 839 

6-h cyclone central pressure changes for the 1979-2004 period over the western Atlantic 840 

domain for the CFSR, CMIP mean, Best7, and Worst7 models. (b) Same as (a) except for the 841 

combined ECL and ECW box domains. 842 

 843 

Figure 8. Spatial density of deepening rates > 5 hPa per 6-h averaged for all historical cool 844 

seasons per 50,000 km
2
 for the (a) CFSR, (b) Best7, and (c) Worst7. 845 

 846 

Figure 9. (a) Time series for the 1979-2004 cool seasons showing the numbers of 847 

cyclones per year within the EC-WA box in Fig. 1 for the CFSR, mean of all CMIP5 848 

members, Best7, Worst7, and individual members (Best7 members solid and Worst7 849 

dashed). (b) Same as (a) except for the 2006-2098 period, and a linear fit (dashed) is 850 
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made for the CMIP5 mean (black). (c) Same as (a) except for the number of relatively 851 

deep cyclones (< 980 hPa) for Best7 models and mean in the EC-L region for the 1979-852 

2098 period. 853 

 854 

 855 

Figure 10. Difference in cyclone track density (shaded per cool season per 50,000 km
2
) for 856 

the Best7 mean between the (a) 2009-2038, (b) 2039-2068, and (c) 2069-2098 cool seasons 857 

and the historical (1979-2004) and percent change (contoured every 10%). The dots are 858 

locations in which 6 of the 7 Best7 models agree with the sign of the change. (d) Same as (c) 859 

except for Worst7. 860 

 861 

Figure 11. Difference in the number of cyclones per cool season reaching their maximum 862 

intensity (minimum pressure) for each 10 hPa bin between the three future periods and 1979-863 

2004 cool season for the (a) EC-WA, (c) ECL, and (e) ECW boxes in Fig. 1. The difference 864 

for each future period is for the mean of the results of each Best7 model, with the one 865 

standard deviation range shown by the vertical bar. (b) Same as (a) except percentage 866 

change. (d) Same as (c) except percentage change. (f) Same as (e) except percentage change. 867 

 868 

Figure 12. Same as Fig. 11 except for 6-h central pressure changes of the full cyclone 869 

evolution within the boxes EC-WA in (a) and (b), ECL in (c) and (d), and ECW in (e) 870 

and (f) for the three future periods minus the historical period. The dots are locations in 871 

which 6 of the 7 Best7 models agree with the sign of the change. 872 

 873 
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Figure 13. Change in the number of 6-h cyclone deepening rates > 5 hPa (shaded as the 874 

number of cyclone tracks per 5 cool seasons) per 50,000 km
2
 and the percentage change 875 

(contour every 10% with negative dashed) between the (a) 2009-2038, (b) 2039-2068, and 876 

(c) 2069-2098 future periods minus the 1979-2004 historical period. 877 

 878 

Figure 14.  (a) The number of times with the maximum 850 hPa windspeed within 10 879 

degrees around the cyclone falling within the specified bins (in m s
-1

) using only those 880 

cyclones within the ECL region for the MPI-ESM-LR and MRI-CGCM3 models for the 881 

historical (1979-2004) period. (b) Same as (a) except for the change in number of 882 

occurrence between the three future periods and the historical. (c) Same as (b) except 883 

percent change. 884 

 885 

Figure 15. (a) Average Eady growth rate (solid every 0.15 day
-1

) and 250 hPa windspeeds 886 

(color shaded every 5 m s
-1

) for the CFSR during the 1979-2004 cool seasons. (b) Same as 887 

(a) except for the CFSR surface (2-m) temperature (color shaded every 5 
o
C) and magnitude 888 

of the surface temperature gradient (solid every 5 
o
C 1000 km

-1
). 889 

 890 

Figure 16. Same as Fig. 14a except for the (a) CNRM-CM5, (b) MIROC5, (c) MPI-ESM-LR, 891 

and (d) IPSL-LR. 892 

 893 

Figure 17. Same as 14b except for the (a) CNRM-CM5, (b) MIROC5, (c) MPI-ESM-LR, and 894 

(d) IPSL-LR. 895 

 896 
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Figure 18. Difference in the Eady growth rate (contoured every 0.05 day
-1

) and 250-hPa 897 

windspeed (shaded every 2 m s-1) between the 2069-2098 minus the historical (1979-2004) 898 

period for the (a) CNRM-CM5 and (b) MIROC5. 899 

 900 

Figure 19. (a) Same as Fig. 18 except for the CCSM4 showing the difference between the 901 

mid-21
st
 century (2039-2068). Difference in (b) average surface temperature (

o
C) and 902 

temperature gradient (
o
C per 1000 km) and (c) precipitation (shaded in mm per cold 903 

season) between mid 21
st
 century (2039-2068) and the past (1979-2004). The percentage 904 

precipitation difference is contoured every 10%, with negative dashed. 905 

 906 

 907 
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Table 1. CMIP5 models evaluated and their attributes. The 7 relatively high 908 

resolution models are bold. 909 

Model Center Atmos. Horiz. 

Resolution (lon. x 

lat.) 

Number of 

model 

levels 

Reference 

CCSM4 National Center for Atmospheric 

Research, USA 

1.25 x 0.94 26 Gent et al. 

(2011) 

EC-Earth EC-Earth Consortium 1.125x1.12 62 Hazeleger et al. 

(2010) 

MRI-CGCM3 Meteorological Research Institute, 

Japan 

1.125 x 1.12 48 Yukimoto et al. 

(2011) 

CNRM-CM5.1 National Centre for 

Meteorological Research, France 

1.4 x 1.4 31 Michou et al. 

(2011) 

MIROC5 Atmosphere and Ocean Research 

Institute (The University of 

Tokyo), National Institute for 

Environmental Studies, and Japan 

Agency for Marine-Earth Science 

and Technology, Japan 

1.4 x 1.4 40 Watanabe et al. 

(2010) 

HADGEM2-ES Met Office Hadley Centre, UK 1.875 x 1.25 38 Jones et al. (2011) 

HADGEM2-CC Met Office Hadley Centre, UK 

(Chemistry-coupled version) 

1.875 x 1.25 60 Jones et al. 

(2011) 

INMCM4 Institute for Numerical 

Mathematics, Russia 

2.0 x 1.5 21 Volodin et al. 

(2010) 

IPSL-CM5A-MR Institut Pierre Simon Laplace, 

France 

2.50 x 1.25 39 Dufresne et al. 

(2012) 

MPI-ESM-LR Max Planck Institute for 

Meteorology, Germany 

1.9 x 1.9 47 Jungclaus et al. 

(2006); 

Zanchettin et al. 

(2011) 

NorESM1-M Norwegian Climate Center, 

Norway 

2.5 x 1.9 26 Zhang et al. 

(2012) 

GFDL-ESM2M NOAA Geophysical Fluid 

Dynamics Laboratory, USA 

2.5 x 2.0 24 Donner et al. 

(2011) 

IPSL-CM5A-LR Institut Pierre Simon Laplace, 

France 

3.75 x 1.8 39 Dufresne et al. 

(2012) 

BCC-CSM1.1 Beijing Climate Center, China 

Meteorological Administration, 

China 

2.8 x 2.8    26 Wu et al. (2011) 

MIROC-ESM-

CHEM 

Japan Agency for Marine-Earth 

Science and Technology 

2.8x2.8 80 Wantanbe et al. 

(2011) 
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Table 2. Verification of the CMIP5 models for track density correlation (TR), track density 910 

absolute error (TD), central pressure correlation (PR), and mean absolute difference of 911 

cyclone number in pressure bins (PD). The CMIP5 member ranking is presented for each of 912 

these verification metrics, and the models are ordered according to their final ranking. The 913 

verification of the CMIP5 mean, Best7, high resolution 7 (HRes7), and low resolution 8 914 

(LRes8) models is also presented, with the Hres7 in bold italics. 915 

 916 

Models TR TD PR PD Rk-TR Rk-TD Rk-PR Rk-PD 

EC-EARTH 0.9493 0.532 0.9889 3.13 1 4 2 3 

MRI-CGCM3 0.9091 0.517 0.9920 1.90 9 2 1 1 

CNRM-CM5 0.9415 0.513 0.9797 5.23 2 1 7 7 

MPI-ESM-LR 0.9404 0.553 0.9831 3.77 3 6 5 4 

HadGEM2-ES 0.9284 0.519 0.9812 4.10 6 3 6 6 

HadGEM2-CC 0.9108 0.555 0.9873 4.03 8 7 4 5 

CCSM4 0.9180 0.651 0.9759 3.07 7 11 9 2 

IPSL-CM5A-MR 0.9325 0.708 0.9879 8.20 4 12 3 13 

BCC-CSM1 0.9035 0.544 0.9764 5.97 12 5 8 8 

INMCM4 0.9081 0.577 0.9631 6.07 11 8 10 9 

GFDL-ESM2M 0.9307 0.588 0.9460 8.43 5 9 15 14 

NorESM1 0.9089 0.747 0.9629 6.57 10 13 11 10 

MIROC5 0.8884 0.640 0.9469 7.10 14 10 14 11 

MIROC-ESM-CHEM 0.8839 0.783 0.9609 7.50 15 14 12 12 

IPSL-CM5A-LR 0.8987 0.879 0.9594 10.93 13 15 13 15 

Mean 0.9667 0.340 0.9868 3.67     

Best7 0.9634 0.352 0.9932 2.80     

HRes7 0.9614 0.358 0.9899 2.82     

LRes8 0.9580 0.379 0.9828 4.89     
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 924 

 925 
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Figure 1. The domains used in this study. The solid black box is the region used for the 954 

cyclone track density analysis, while the dashed box (EC-WA) is used for the cyclone 955 

intensity analysis over the western Atlantic, and inner dashed ECL and ECW boxes areas 956 

are for the East coast water and land analysis, respectively. 957 
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 986 

Figure 2. Sea-level pressure analysis from the CFSR at 0600 UTC 10 January 2001. The 987 

dots and box represent where the vorticity and sea-level tracking approaches identified 988 

cyclones, respectively, using the 24-h lifetime threshold. The sea-level tracking is based 989 

on the anomaly of pressure, and therefore it does not necessarily lie exactly at the low 990 

center.  991 

992 
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Figure 3. (a) Cyclone track density for the CFSR analysis showing the number of cyclones 1027 

per cool season (November to March) per 50,000 km
2
 for 1979-2004. (b) Same as (a) except 1028 

for the mean (shaded) and spread (one standard deviation range contoured every 0.3) of all 1029 

CMIP5 models in Table 1. Same as (b) except for the (c) high resolution (HRES), (d) low 1030 

resolution (LRES), (e) Best7, and (f) Worst7 models. 1031 

1032 
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Figure 4. Same as Figure 3 except for selected CMIP5 members (a) EC-Earth, (b) MPI-1070 

ESM-LR, (c) IPSL-MR, (d) IPSL-LR, (e) MIROC5, and (f) NorESM. 1071 

1072 
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Figure 5. Number of cyclone minimum central pressures for the 1979-2004 cool seasons 1114 

within the EC-WA box region in Fig. 1 for a 10 hPa range centered every 10 hPa 1115 

showing the CFSR (bold black), CMIP mean of the low resolution models, and each of 1116 

the low resolution models. (b) Same as (a) except for the higher resolution CMIP5 1117 
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models in Table 1. (c) Same as (b) except for all CMIP models and for ECL and ECW 1118 

boxes in Fig. 1. 1119 

1120 
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Figure. 6: Cyclogenesis density (number per 5 cool seasons per 50,000 km
2
) for the 1148 

historical 1979-2004 period for the (a) CFSR, as well as the mean and spread (one 1149 

standard deviation) for (b) all CMIP members, (c) Best7 members, and (d) Worst7 1150 

members. 1151 
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Figure 7. (a) Number and spread (one standard deviation range given by the vertical bar) 1184 

of 6-h cyclone central pressure changes for the 1979-2004 period over the western 1185 

Atlantic domain for the CFSR, CMIP mean, Best7, and Worst7 models. (b) Same as (a) 1186 

except for the combined ECL and ECW box domains. 1187 
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Figure 8. Spatial density of deepening rates > 5 hPa per 6-h averaged for all historical 1229 

cool seasons per 50,000 km
2
 for the (a) CFSR, (b) Best7, and (c) Worst7. 1230 

1231 
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Figure 9. (a) Time series for the 1979-2004 cool seasons showing the numbers of 1251 

cyclones per year within the EC-WA box in Fig. 1 for the CFSR, mean of all CMIP5 1252 

members, Best7, Worst7, and individual members (Best7 members solid and Worst7 1253 

dashed). (b) Same as (a) except for the 2006-2098 period, and a linear fit (dashed) is 1254 

made for the CMIP5 mean (black). (c) Same as (a) except for the number of relatively 1255 

deep cyclones (< 980 hPa) for Best7 models and mean in the EC-L region for the 1979-1256 

2098 period. 1257 
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 1274 

 1275 

Figure 10. (a) Difference in cyclone track density (shaded per cool season per 50,000 km
2
) for the 1276 

Best7 mean between the (a) 2009-2038, (b) 2039-2068, and (e) 2069-2098 cool seasons and the 1277 

historical (1979-2004) and percent change (contoured every 10%). The dots are locations in 1278 

which 6 of the 7 Best7 models agree with the sign of the change. (d) Same as (c) except for the  1279 

Worst7. 1280 

1281 
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 1315 

Figure 11. Difference in the number of cyclones per cool season reaching their maximum 1316 

intensity (minimum pressure) for each 10 hPa bin between the three future periods and 1979-1317 

2004 cool season for the (a) EC-WA, (c) ECL, and (e) ECW boxes in Fig. 1. The difference for 1318 

each future period is for the mean of the results of each Best7 model, with the one standard 1319 

deviation range shown by the vertical bar. (b) Same as (a) except percentage change. (d) Same as 1320 

(c) except percentage change. (f) Same as (e) except percentage change. 1321 

1322 
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 1326 

Figure 12. Same as Fig. 11 except for 6-h central pressure changes for all times that the 1327 

cyclone is within the boxes EC-WA in (a) and (b), ECL in (c) and (d), and ECW in (e) 1328 

and (f) for the three future periods minus the historical period. 1329 

1330 

  

 

 
 

(e)  (f)  

(c)  

(b)  (a)  

 

(d)  



 55 

 1331 

 1332 

 1333 

 1334 

 1335 

 1336 

 1337 

 1338 

 1339 

 1340 

 1341 

 1342 

 1343 

 1344 

 1345 

 1346 

 1347 

 1348 

 1349 

 1350 

 1351 

 1352 

 1353 

 1354 

 1355 

 1356 

 1357 

 1358 

 1359 

 1360 

 1361 

 1362 

 1363 

 1364 

 1365 

 1366 

 1367 

Figure 13. Change in the number of 6-h cyclone deepening rates > 5 hPa (shaded as the 1368 

number of cyclone tracks per 5 cool seasons) per 50,000 km
2
 and the percentage change 1369 

(contour every 10% with negative dashed) between the (a) 2009-2038, (b) 2039-2068, 1370 

and (c) 2069-2098 future periods minus the 1979-2004 historical period. The dots are 1371 

locations in which 6 of the 7 Best7 models agree with the sign of the change. 1372 

1373 
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Figure 14.  (a) The number of times with the maximum 850 hPa windspeed within 10 1395 

degrees around the cyclone falling within the specified bins (in m s
-1

) using only those 1396 

cyclones within the ECL region for the MPI-ESM-LR and MRI-CGCM3 models for the 1397 

historical (1979-2004) period. (b) Same as (a) except for the change in number of 1398 

occurrence between the three future periods and the historical. (c) Same as (b) except 1399 

percent change. 1400 

1401 
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Figure 15. (a) Average Eady growth rate (solid every 0.15 day
-1

) and 250 hPa windspeeds 1417 

(color shaded every 5 m s
-1

) for the CFSR during the 1979-2004 cool seasons. (b) Same 1418 

as (a) except for the CFSR surface (2-m) temperature (color shaded every 5 
o
C) and 1419 

magnitude of the surface temperature gradient (solid every 5 
o
C 1000 km

-1
). 1420 

1421 
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 1434 

Figure 16. Same as Fig. 15a except for the (a) CNRM-CM5, (b) MIROC5, (c) MPI-ESM-1435 

LR, and (d) IPSL-LR. 1436 

1437 
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Figure 17. Same as 15b except for the (a) CNRM-CM5, (b) MIROC5, (c) MPI-ESM-LR, 1451 

and (d) IPSL-LR. 1452 

1453 
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Figure 18. Difference in the Eady growth rate (contoured every 0.05 day
-1

) and 250-hPa 1470 

windspeed (shaded every 2 m s
-1

) between the 2069-2098 minus the historical (1979-1471 

2004) period for the (a) CNRM-CM5 and (b) MIROC5. 1472 

1473 
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Figure 19. (a) Same as Fig. 18 except for the CCSM4 showing the difference between the 1498 

mid-21
st
 century (2039-2068). Difference in (b) average surface temperature (

o
C) and 1499 

temperature gradient (
o
C per 1000 km) and (c) precipitation (shaded in mm per cold 1500 

season) between mid 21
st
 century (2039-2068) and the past (1979-2004). The percentage 1501 

precipitation difference is contoured every 10%, with negative dashed. 1502 




