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Abstract 32 

This scientific assessment examines changes in three climate extremes (extratropical 33 

storms, winds, and waves), with an emphasis on U.S. coastal regions during the cold season.  34 

There is moderate evidence of an increase in both extratropical storm frequency and intensity 35 

during the cold season in the Northern Hemisphere since 1950, with suggestive evidence of 36 

geographic shifts resulting in slight upward trends in off-shore/coastal regions.  There is also 37 

suggestive evidence of an increase in extreme winds (at least annually) over parts of the ocean 38 

since the early-to-mid 1980s, but the evidence over the U.S. land surface is inconclusive.  39 

Finally, there is moderate evidence of an increase in extreme waves in winter along the Pacific 40 

coast since the 1950s, but along other U.S. shorelines any tendencies are of modest magnitude 41 

compared with historical variability.  The data for extratropical cyclones are considered to be of 42 

relatively high quality for trend detection whereas the data for extreme winds and waves are 43 

judged to be of intermediate quality.  In terms of physical causes leading to multidecadal 44 

changes, the level of understanding for both extratropical storms and extreme winds is 45 

considered to be relatively low while that for extreme waves is judged to be intermediate.  Since 46 

the ability to measure these changes with some confidence is relatively recent, understanding is 47 

expected to improve in the future for a variety of reasons, including increased periods of record 48 

and the development of “climate reanalysis” projects. 49 

 50 

Capsule  51 

This scientific assessment examines changes in three climate extremes (extratropical 52 

storms, winds, and waves), with an emphasis on U.S. coastal regions during the cold season.  53 
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1.  Introduction 54 

Weather and climate extremes profoundly affect society and the environment, resulting in 55 

the loss of life, property, and habitat.  For example, since 1980 the United States has sustained 56 

well over 100 weather and climate disasters where damage exceeded one billion U.S. dollars 57 

(http://www.ncdc.noaa.gov/billions/).  Given the obvious importance of extreme events, a 58 

working group of the National Climate Assessment (NCA) convened a series of workshops in 59 

2011-2012 to address the state of scientific knowledge regarding changes in such extremes.  The 60 

goal of each workshop was to document observed changes on multidecadal timescales, assess the 61 

suitability of the underlying data, explore the potential causes of any observed changes, and rate 62 

the overall level of evidence (i.e., as strong, moderate, suggestive, or inconclusive, per NCA 63 

guidelines; Moss and Yohe 2011).  The first workshop focused on climate hazards, including 64 

tornadoes and heavy precipitation (Kunkel et al. 2012).  The second workshop focused on larger-65 

scale events, such as heat waves and droughts (Peterson et al. 2012).  This paper summarizes the 66 

findings of the third workshop, which addressed extratropical storms, winds, and waves, with an 67 

emphasis on U.S. coastal regions during the cold season. 68 

In this assessment, storm-related extremes refer to short-duration events that are 69 

uncommon for a particular place and time of year (Peterson et al. 2008). The extremes discussed 70 

herein are causally related: extratropical storms account for the majority of extreme winds during 71 

the cold season, and extreme waves are largely driven by extreme winds.  For assessment 72 

purposes, extremes are defined based on meteorological principles rather than physical 73 

destructiveness.  Nevertheless, each of these extremes can result in substantial societal impacts.  74 

Wind is illustrative in this regard; for example, one study reported that a 25% increase in peak 75 

gust causes almost a seven-fold increase in building damages (Kezunovic et al. 2008), and 76 



4 

 

another study found that insurance losses increased by 44% with only a 6% increase in the 77 

average winter gust (Schwierz et al. 2010). 78 

2.  Extratropical Storms 79 

The term “extratropical storm” refers to any synoptic-scale low pressure system 80 

developing in mid- and high-latitudes.  Such storms generally form in zones of marked 81 

temperature contrasts and account for the majority of all cyclonic systems affecting the United 82 

States, particularly in winter.  Strong extratropical storms (such as the classic Nor’easter) can 83 

have significant impacts over large regions, accounting for heavy precipitation, severe icing, and 84 

high winds.  Coastal areas are especially at risk as onshore winds accentuate tides and enhance 85 

storm surge, battering shorelines and damaging structures.  Increasing sea levels extend the 86 

impact zone inland.     87 

Estimates of extratropical storm activity primarily derive from two sources: atmospheric 88 

reanalyses and pressure-based indices.  Reanalysis products have the advantage of uniform space 89 

and time fields on which to locate pressure minima or vorticity maxima, facilitating the 90 

identification of storm tracks.  In contrast, pressure-based indices have the advantage of being 91 

directly computed from in situ observations, which often extend further back in time than most 92 

reanalyses.  The two approaches generally exhibit comparable trends in data-rich areas (Wang et 93 

al. 2009, Wang et al. 2012), though the actual number of storms identified can vary. 94 

There is moderate evidence of an increase in both storm frequency and intensity during 95 

the cold season in the Northern Hemisphere since 1950 (Fig. 1).  Increases are now evident in 96 

both mid- and high-latitude zones, in contrast to the 2009 U.S. NCA report (Karl et al. 2009), 97 

which noted a decrease in mid-latitude storm frequency (a result obtained using a shorter 98 

analysis period).  Generally speaking, storm tracks have shifted slightly poleward (Wang et al. 99 
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2006, 2012).  From a littoral perspective, there is suggestive evidence of a shift toward off-shore 100 

activity (as well as an overall increase in storm activity around U.S. coastlines) during the second 101 

half of the 1950-2010 period (Fig. 2).  The increase along the Atlantic coast likely commenced 102 

before 1950, as the frequency of damaging storms was considerably lower in the early- to mid-103 

20
th

 century according to in situ storm reports (Mather et al. 1964). 104 

Most research on changes in extratropical storms has focused on mean frequency and 105 

intensity, with comparatively little attention on changes in extremes because of their sporadic 106 

occurrence.  Theoretically, however, extremes should be readily detectable in the historical 107 

record simply because of their size, and thus virtually any data source (reanalysis or other) could 108 

be scrutinized for trends therein.  For example, when the reanalysis-based record of Fig. 2 is 109 

stratified by intensity, the extreme extratropical storms (i.e., those exceeding the 90
th

 percentile) 110 

are found to exhibit changes comparable in pattern to the overall extratropical storm record 111 

(though the trends themselves are smaller).  In short, there is at least some indication of an 112 

increase in extreme extratropical storm activity during the cold season in the Northern 113 

Hemisphere since 1950, but the evidence overall is limited and thus inconclusive.  114 

Neither climate model projections nor our understanding of the physical climate system 115 

leads to any conclusive answers regarding extratropical cyclone activity in a warming climate.  116 

As discussed by Bengtsson et al. (2009), a decrease in the meridional temperature gradient at the 117 

surface would decrease the amount of available potential energy for extratropical storms.  At the 118 

same time, stratospheric ozone depletion in polar latitudes and increasing tropospheric 119 

greenhouse gas concentrations lead to a cooling within the stratosphere and an increase in the 120 

meridional temperature gradient, resulting in intensification of systems (Bengtsson et al. 2009).  121 

The additional latent heat available in warmer air is a factor that could result in greater 122 
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extratropical storm intensity.  Finally, an expansion of the Hadley cell would cause a subsequent 123 

poleward shift of the polar front, though there is as yet no evidence for a significant expansion in 124 

the Hadley cell during the Northern Hemisphere winter (Hu and Fu 2007; Seidel et al. 2008).  In 125 

short, the balance and interactions among these factors are not well understood.  Projections into 126 

the 21
st
 century generally show a slight poleward shift in extratropical storm tracks, while 127 

different conclusions (increase, no change, decrease) have been reached for changes in intensity 128 

(Bengtsson et al. 2009; Neu 2009; Catto et al. 2011). 129 

The frequency, intensity, and location of extratropical storm activity are also greatly 130 

influenced by large-scale circulation patterns such as the El Niño Southern Oscillation (ENSO) 131 

and the North Atlantic Oscillation (NAO).  For example, during the warm phase of ENSO there 132 

is enhanced storm activity along the East coast (Hirsch et al. 2001) and Gulf of Mexico, an 133 

equatorward shift in the North Pacific storm track, and decreased storm activity in Pacific 134 

Northwest (Eichler and Higgins 2006).  The positive phase of NAO is associated with a 135 

poleward shift of storms tracking across the Atlantic (Wang et al. 2011).  When the negative 136 

phase of NAO coincides with the warm phase of ENSO, East Coast winter storms are weaker but 137 

tend to move more slowly, enhancing the impact of coastal flooding and beach erosion 138 

(Bernhardt and DeGaetano 2012).  Climate model simulations vary in their depiction of future 139 

changes in atmospheric circulation patterns, increasing uncertainty regarding both the frequency 140 

and distribution of extratropical storm activity during the 21
st
 century. 141 

3.  Winds 142 

Extreme winds impact numerous aspects of society, ranging from structural engineering 143 

(Jensen et al. 1992) to energy production (Pryor and Barthelmie 2011).  Extreme winds also 144 

contribute to other high-impact phenomena, such as extreme waves (Wang et al. 2009a) and 145 
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storm surge.  While the exact definition varies by economic sector, “extreme” generally implies a 146 

return period >1 year and/or an event in the upper tail (e.g., 90
th

 percentile) of the probability 147 

distribution.  From the perspective of engineering design, both short-term, high-magnitude 148 

perturbations (1-3 second gusts) and sustained, positive excursions (e.g., 10-minutes) are of 149 

practical importance.  150 

Estimates of extreme winds are available from four distinct sources: in situ observations, 151 

satellite data, atmospheric reanalyses, and pressure-based indices (i.e., geostrophic winds derived 152 

from pressure fields; Wang et al. 2009). Each source covers a different period, represents a 153 

different spatial scale, and has a different accuracy and precision.  In general, both wind speed 154 

and direction are available from most sources, with the latter sometimes being more important 155 

from an impacts perspective (e.g., bridge closures are functions of both speed and direction).  156 

There is suggestive evidence of an increase in extreme winds at the annual time scale 157 

over parts of the ocean since the early-to-mid 1980s, but the evidence over land is inconclusive.  158 

In particular, both atmospheric reanalyses (Pryor et al. 2009) and radar altimeters (Young et al. 159 

2011, 2012) generally depict increases in extreme winds along many parts of the Atlantic and 160 

Pacific coasts since the early-to-mid 1980s, though the accuracy of the altimeter trends has been 161 

debated (e.g., Wentz and Ricciardulli 2011).  In contrast, atmospheric reanalyses and in situ data 162 

exhibit little consistency over the conterminous United States since the 1970s.  For example, one 163 

comprehensive analysis of annual 90
th

 percentile wind speeds found reanalysis products 164 

generally depicted increases while the in situ record depicted substantial decreases, particularly 165 

in the eastern half of the nation (Pryor et al. 2009) (Fig. 3).  Additionally, there were large 166 

differences in the actual magnitude of the 90
th

 percentile across the various datasets (Pryor et al. 167 

2012b). 168 
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There are several ongoing challenges in identifying trends in the historical record.  For 169 

example, the record itself is short compared with the entire spectrum of time scales on which 170 

wind regimes vary (Barring and Fortuniak 2009).  There are substantial inhomogeneities due to 171 

changes in surface instruments and siting (Pryor et al. 2009; Wan et al. 2010) and algorithms 172 

applied to derive wind speeds from remotely sensed data.  Land-based data may not be archived 173 

at a resolution that is always sufficient for climate change detection (e.g., wind speeds may be 174 

truncated to the closest knot).  Quality control and assessment procedures often focus on mean 175 

conditions and may erroneously remove extreme values.  Finally, reanalysis products do not 176 

explicitly model conditions at 10-m and may contain biases resulting from changes in 177 

assimilated datasets. 178 

Mechanistic understanding of how extreme winds might evolve in a non-stationary 179 

climate has improved since the 2009 U.S. National Climate Assessment report (Karl et al. 2009).  180 

This is largely attributable to recent enhancements in global and regional climate models, such as 181 

the increases in spatial resolution and improved characterization of topography (Pryor et al. 182 

2012a, Pryor et al. 2012b, Pryor et al. 2012c).  Nevertheless, challenges remain in making robust 183 

assessments of both past tendencies and future projections, and the level of understanding is still 184 

largely a function of the spatial scale of the phenomenon generating the extreme (McInnes et al. 185 

2011, Najac et al. 2011, Pryor et al. 2012a, Pryor et al. 2012c).  In essence, uncertainty is larger 186 

for smaller-scale events than for larger-scale cyclonic systems. 187 

There is higher confidence in generating a priori expectations for extreme winds from 188 

synoptic-scale phenomena (e.g., extratropical storms), as these are most likely to be resolved in 189 

climate models. In particular, tracking of extratropical storms is predominantly dictated by large-190 

scale thermal gradients, which are reasonably well resolved in climate models (including 191 
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reanalyses), which in turn generally depict a poleward shifting of mid-latitude storm-tracks in the 192 

future (Bengtsson et al. 2009).   This change has already been noted in the historical record 193 

(McCabe et al. 2001, Wang et al. 2012), though attribution is confounded by ENSO and other 194 

internal climate modes (Klink et al. 2007, Pryor and Ledolter 2010) that account for much of the 195 

interannual variability in extratropical storm activity (and thus extreme winds). 196 

There is much lower confidence in generating a priori expectations about changes in 197 

extreme winds that derive from smaller-scale systems.  For example, mesoscale systems (e.g., 198 

polar lows, sea-breeze fronts) are strongly linked to dynamical forcing and thermodynamic 199 

processes, the scales of which are not finely resolved in most reanalyses and climate models 200 

(Condron et al. 2008) and are undersampled in the sparse surface observing network. For 201 

extreme winds associated with even smaller-scale phenomena (e.g., thermo-topographically 202 

forced Chinook winds), the level of understanding is essentially nascent from a climate-change 203 

perspective (Hughes et al. 2011).  Furthermore, irrespective of the dynamical mechanism, local 204 

features (e.g., roughness elements, soil moisture and stability) will continue to influence the 205 

magnitude of extremes. 206 

4.  Waves 207 

During the cold season, extreme waves generally result from extratropical storms passing 208 

along the coast.  Multiple storm attributes (e.g., wind speed, storm fetch, and storm duration) 209 

collectively govern the energy imparted to such waves, which can have large coastal impacts.  210 

Damage is primarily a function of wave energy, storm track, and event duration/timing (e.g., 211 

when storm surge and high waves combine to produce erosion and flooding).  As with 212 

extratropical storms and intense winds, extreme waves are usually characterized as events in the 213 

upper tail of the probability distribution (generally 99
th

 percentile). 214 
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Estimates of extreme waves are available from three general sources: in situ observations 215 

(buoys, ships, tide gauges); satellite data; and wave models (driven primarily by wind fields, e.g., 216 

Wang and Swail, 2001; 2002).  In situ observations are well suited to regional-scale analyses, 217 

with buoys having the advantage of high temporal resolution while ship data and tide gauges 218 

have relatively long historical records.  Satellites and wave models both have good spatial 219 

coverage over the oceans, but the record length is relatively short for satellites.  The reliability of 220 

the data ranges widely across the sources, data homogeneity being an acute example (Gemmich 221 

et al. 2011). 222 

There is moderate evidence of an increase in extreme waves in winter along the Pacific 223 

coast since the 1950s, but evidence along other U.S. shorelines is inconclusive (Figs. 4 and 5).  224 

In particular, non-tidal residual data (Bromirski et al. 2003), visual ship reports (Gulev and 225 

Grigorieva 2004), and reanalysis ocean wave models (Uppala et al. 2005, Dee et al. 2011) all 226 

depict increases in extreme waves along the Pacific coast over the past half century.  Buoy data 227 

(Bromirski et al. 2005, Allan and Komar 2006, Menedez et al. 2008, Ruggiero et al. 2010) 228 

generally corroborate these increases over the past several decades, though some buoy trends 229 

(particularly in the northeast Pacific) may be suspect because of historical changes in observing 230 

practice and analysis procedures (Gemmich et al. 2011).  In contrast, the various data sources 231 

exhibit less consistency along the Atlantic and Gulf coasts.  For example, reanalysis wave 232 

models depict longer-term decreases along the East coast whereas visual ship reports exhibit 233 

increases, and buoys along the central Atlantic coast have no net trend in winter in the past three 234 

decades (Komar and Allan 2008). 235 

Several ongoing challenges remain in analyzing observed wave climatological changes 236 

and in making future projections.  From an observational perspective, wave extremes themselves 237 
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are difficult to measure; ships often avoid the worst conditions, buoy mooring cables can break, 238 

tide gauges can be submerged, and an individual storm may not encounter a sensor.  Likewise, 239 

most observing systems (particularly buoys and satellites) have only been in place since the 240 

1980s, a relatively short period for assessing multidecadal variability and trends.  In addition, 241 

wave models depend upon accurate wind fields, which can be uncertain in data-sparse regions of 242 

the ocean, and thus wave extremes are often underestimated (Semedo et al. 2011).  From a 243 

projection perspective, changes in extreme waves will be driven largely by future changes in 244 

extratropical storms and the resulting extreme winds, but robust predictions for both remain 245 

elusive for a myriad of reasons (e.g., uncertainty regarding future storm tracks and internal 246 

climate modes such as ENSO).  Other ongoing environmental changes will also contribute to 247 

future extremes; for instance, decreases in permanent sea ice have already increased the 248 

frequency of extreme wave activity in parts of northern Alaska, the village of Shishmaref being a 249 

widely publicized example (U.S. Congress 2012).    250 

5.  Conclusions 251 

This scientific assessment examined changes in extratropical storms, winds, and waves, 252 

with an emphasis on U.S. coastal regions during the cold season.  The main conclusions are: 253 

 There is moderate evidence of an increase in storm frequency and intensity during the 254 

cold season in the Northern Hemisphere since 1950.  There is suggestive evidence of 255 

a shift toward off-shore activity, with slight upward trends along U.S. coasts. 256 

 There is suggestive evidence of an increase in extreme winds at the annual time scale 257 

over parts of the ocean since the early-to-mid 1980s, but evidence over land is 258 

inconclusive. 259 
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 There is moderate evidence of an increase in extreme waves along the Pacific coast in 260 

winter since the early 1950s, but evidence along other U.S. shorelines is  261 

inconclusive. 262 

Figure 6 summarizes the authors’ collective assessment of the state of knowledge 263 

regarding changes in each extreme.  Two complementary concepts are represented: trend 264 

detection (i.e., how useful the data actually are for assessing historical changes), and physical 265 

causes (i.e., how well the mechanisms driving changes are understood, and thus how extremes 266 

are expected to change in the future).  The assessment in each case was determined through 267 

extensive discussion at a meeting of the author team to reach a group consensus. In terms of 268 

trend detection, the data for extratropical cyclones were considered to be of relatively high 269 

quality, roughly on par with phenomena such as extreme precipitation and heat waves.  The data 270 

for extreme winds and waves were judged to be of intermediate quality, roughly comparable to 271 

hurricanes and snow.  In terms of physical causes leading to multidecadal changes, the level of 272 

understanding for both extratropical storms and extreme winds was considered to be relatively 273 

low, similar to thunderstorm winds and ice.  The level of understanding for extreme waves was 274 

judged to be intermediate, the justification being that reasonable projections could be made given 275 

realistic projections of storm activity and extreme winds. 276 

Like the climate system itself, the state of knowledge on extremes is evolving, and a 277 

variety of measures can be taken to increase the level of understanding in the future.  For 278 

example, improved observations are always useful, and in fact Fig. 7 shows a positive correlation 279 

between confidence in the observations and the ability to understand changes.  At present, most 280 

observations are geared toward weather forecasting, and a transition toward a dual weather 281 

forecast/climate change applications would benefit detection and attribution studies.  New data 282 
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analysis techniques focused on non-stationarity in extremes (Katz et al. 2002) are increasingly 283 

available, as are open source statistical software applications to fit trends in one or more 284 

parameters of the generalized extreme value distribution (Gilleland and Katz 2011).  Finally, 285 

innovations in high-resolution numerical modeling and the development of new reanalysis 286 

products (Thorne and Vose 2011) with improved boundary-layer parameterizations will also 287 

greatly help in data homogeneity and thus the assessment of extremes.  288 



14 

 

References  289 

Allan, J.C. and P.D. Komar, 2006: Climate controls on U.S. west coast erosion processes.  J. 290 

Coastal Res., 22, 511-529.  291 

Barring, L. and K. Fortuniak, 2009: Multi-indices analysis of southern Scandinavian storminess 292 

1780-2005 and links to interdeceadal variations in the NW Europe-North Sea region. Int. 293 

J. Climatol., 29, 373-384. 294 

Bengtsson, L., K.I. Hodges, and N. Keenlyside, 2009: Will extratropical storms intensify in a 295 

warmer climate? J. Climate, 22, 2276-2301. 296 

Bernhardt, J.E. and A.T. DeGaetano, 2012: Meteorological factors affecting the speed of 297 

movement and related impacts of extratropical cyclones along the U.S. east coast.  Nat. 298 

Hazards, 61, 1463-1472. 299 

Bromirski, P. D., R. E. Flick, and D. R. Cayan, 2003: Storminess variability along the California 300 

coast: 1858–2000. J. Climate, 16(6): 982–993. 301 

Bromirski, P.D., D.R. Cayan, and R.E. Flick, 2005: Wave spectral energy variability in the 302 

northeast Pacific.  J. Geophys. Res., 110, C03005, doi:10.1029/2004JC002398. 303 

Catto, J.L., L.C. Shaffrey, and K.I. Hodges, 2011: Northern hemisphere extratropical cyclones in 304 

a warming climate in the HiGEM high-resolution climate model.  J. Climate, 24, 5336-305 

5352. 306 

Condron, A., G.R. Bigg, and I.A. Renfrew, 2008: Modeling the impact of polar mesocyclones on 307 

ocean circulation.  J. Geophys. Res., 113, C10005, doi:10.1029/2007JC004599. 308 

Dee, D., S. M. Uppala, A. J. Simmons, P. Berrisford, P. Poli, S. Kobayashi, U. Andrae, M. A. 309 

Balmaseda, G. Balsamo, P. Bauer, P. Bechtold, A. C. M. Beljaars, L. van de Berg, J. 310 

Bidlot, N. Bormann, C. Delsol, R. Dragani, M. Fuentes, A. J. Geer, L. Haimberger, S. B. 311 



15 

 

Healy, H. Hersbach, E. V. Hólm, L. Isaksen, P. Kållberg, M. Köhler, M. Matricardi, A. P. 312 

McNally, B. M. Monge-Sanz, J.-J. Morcrette, B.-K. Park, C. Peubey, P. de Rosnay, C. 313 

Tavolato, J.-N. Thépaut and F. Vitart, 2011: The ERA-Interim reanalysis: configuration 314 

and performance of the data assimilation system. Q.J. Royal Meteor. Soc., 137, 553-597, 315 

doi:10.1002/qj776. 316 

Eichler, T. and W. Higgins, 2006: Climatology and ENSO-related variability of North American 317 

extratropical cyclone activity. J. Climate, 19, 2076-2093. 318 

Gemmrich J., B. Thomas, and R. Bouchard, 2011: Observational changes and trends in northeast 319 

Pacific wave records. Geophys. Res. Lett., 38, doi:10.1029/2011GL049518.  320 

Gilleland, E. and R.W. Katz, 2011: A new software package to analyze how extremes change 321 

over time. Eos, 92, 13-14. 322 

Gulev, S.K. and V. Grigorieva, 2004: Last century changes in ocean wind wave height from 323 

global visual wave data.  Geophys. Res. Lett., 31, L24302, doi:10.1029/2004GL021040. 324 

Hirsch, M.E., A.T. DeGaetano, and S.J. Colucci, 2001: An East Coast winter storm climatology. 325 

J. Climate, 14, 882-899. 326 

Hodges, K.I., R.W. Lee, and L. Bengtsson, 2011: A comparison of extratropical cyclones in 327 

recent reanalyses ERA-Interim, NASA MERRA, NCEP CFSR, and JRA-25.  J. Climate, 328 

24, 4888-4906. 329 

Hu, Y. and Q. Fu, 2007: Observed poleward expansion of the Hadley circulation since 1979. 330 

Atmos. Chem. Phys., 7, 5229-5236. 331 

Hughes, M., A. Hall, and J. Kim, 2011:  Human-induced changes in wind temperature and 332 

relative humidity during Santa Ana events.  Clim. Change, 109 (Suppl. 1), S119-S132.  333 

doi:10.1007/s10584-011-0300-9. 334 



16 

 

Groisman, P.Y., 2002: Data documentation for data set TD-6421: enhanced hourly wind station 335 

data for the contiguous United States, 18 pp., National Climatic Data Center, Asheville, 336 

NC. 337 

Jensen, N.O., J. Mann, and L. Kristensen, 1992: Aspects of the natural wind of relevance to large 338 

bridges. In: Larsen A (ed) Aerodynamics of large bridges. Balkema, Rotterdam, pp. 25-339 

32. 340 

Kalnay, E., M. Kanamitsu, R. Kistler, W. Collins, D. Deaven, L. Gandin, M. Iredell, S. Saha, G. 341 

White, J. Woollen, Y. Zhu, M. Chelliah, W. Ebisuzaki, W. Higgins, J. Janowiak, K.C. 342 

Mo, C. Ropelewski, J. Wang, A. Leetmaa, R. Reynolds, R. Jenne, and D. Joseph, 1996: 343 

The NCEP/NCAR 40-year Reanalysis Project. Bull. Amer. Meteor. Soc., 77, 437-470. 344 

Kanamitsu, M., et al., 2002: NCEP-DOE AMIP-II Reanalysis Project.  Bull. Amer. Meteor. Soc., 345 

83, 2125-2143, doi: 10.1175/1520-0477. 346 

Karl, T.R., J.M. Melillo, and T.C. Peterson (eds), 2009: Global Climate Change Impacts in the 347 

United States.  Cambridge University Press, Cambridge, UK. 348 

Katz, R.W., M.B. Parlange, and P. Naveau, 2002: Statistics of extremes in hydrology. Adv. 349 

Water. Resour., 25, 1287-1304. 350 

Kezunovic, M., I. Dobson, and Y. Dong, 2008: Impact of extreme weather on power system 351 

blackouts and forced outages: new challenges. Balkan Power Conference, Sibenik, 352 

Croatia, September 2008, p. 5. 353 

Klink, K., 2007: Atmospheric circulation effects on wind speed variability at turbine height.  J. 354 

Appl. Meteor. Climatol., 46, 445-456. 355 

Komar, P.D. and J.C. Allan, 2008: Increasing hurricane-generated wave heights along the U.S. 356 

east coast and their climate controls.  J. Coastal Res., 24, 479-488. 357 



17 

 

Kunkel, K., T.R. Karl, H. Brooks, J. Kossin, J. Lawrimore, D. Arndt, L. Bosart, D. Changnon, S. 358 

Cutter, N. Doesken, K. Emanuel, P. Ya. Groisman, R.W. Katz, T. Knutson, J. O’Brien, 359 

C.J. Paciorek, T. Peterson, K. Redmond, D. Robinson, J. Trapp, R.Vose, S. Weaver, M. 360 

Wehner, K. Wolter, and D. Wuebbles, 2012: Monitoring and understanding changes in 361 

extreme storm statistics: state of knowledge.  Bull. Amer. Meteor. Soc. (submitted). 362 

Mather, J.R., H.A. Adams III, and G.A. Yoshioka, 1964: Coastal storms of the eastern United 363 

States.  J. Appl. Meteor., 3, 693-706. 364 

McCabe, G.J., M.P. Clark, and M.C. Serreze, 2001: Trends in Northern Hemisphere surface 365 

cyclone frequency and intensity. J. Climate, 14, 2763-2768. 366 

McInnes, K.L., T.A. Erwin, and J.M. Bathols, 2011: Global climate model projected changes in 367 

10-m wind speed and direction due to anthropogenic climate change. Atmos. Sci. Lett., 368 

12, 325-333. 369 

Mesmer, F., G. MiMego, E. Kalnay, K. Mitchell, P.C. Shafran, W. Ebisuzaki, D. Jovic, J. 370 

Woollen, E. Rogers, E.H. Berbery, M.B. Ek, Y. Fan, R. Grumbine, W. Higgins, H. Li, Y. 371 

Lin, G. Manikin, D. Parrish, and W. Shi, 2006: North American Regional Reanalysis. 372 

Bull. Amer. Meteor. Soc., 87, 343-360. 373 

Menendez, M., F.J. Mendez, I.J. Losada, and N.E. Graham, 2008: Variability of extreme wave 374 

heights in the northeast Pacific Ocean based on buoy measurements.  Geophys. Res. Lett., 375 

35, L22607, doi:10.1029/2008GL035394. 376 

Moss, R.H. and G. Yohe, 2011: Assessing and communicating confidence levels and 377 

uncertainties in the main conclusions of the NCA 2013 report: guidance for authors and 378 

contributors.  National Climate Assessment Development and Advisory Committee 379 

(NCADAC).  Available at htt://usgcrp.gov. 380 



18 

 

Najac, J., C. Lac, and L. Terray, 2011: Impact of climate change on surface winds in France 381 

using a statistical-dynamical downscaling method with mesoscale modeling. Int. J. 382 

Climatol., 31, 415-430. 383 

Neu, U., 2009: Influence of global warming on extratropical cyclones, SwissRe, 14 pp. 384 

Peterson, T.C., D.M. Anderson, S.J. Cohen, M. Cortez-Vázquez, R.J. Murnane, C. Parmesan, D. 385 

Phillips, R.S. Pulwarty, and J.M.R. Stone, 2008: Why Weather and Climate Extremes 386 

Matter in Weather and Climate Extremes in a Changing Climate. Regions of Focus: 387 

North America, Hawaii, Caribbean, and U.S. Pacific Islands. T.R. Karl, G.A. Meehl, 388 

C.D. Miller, S.J. Hassol, A.M. Waple, and W.L. Murray (eds.). A Report by the U.S. 389 

Climate Change Science Program and the Subcommittee on Global Change Research, 390 

Washington, DC. 391 

Peterson, T.C., R. Heim, R. Hirsch, D. Kaiser, H. Brooks, N.S. Diffenbaugh, R. Dole, J. 392 

Giovannettone, K. Guiguis, T.R. Karl, R.W. Katz, K. Kunkel, D. Lettenmaier, G.J. 393 

McCabe, C.J. Paciorek, K. Ryberg, S. Schubert, V.B.S. Silva, B. Stewart, A.V. Vecchia, G. 394 

Villarini, R.S. Vose, J. Walsh, D. Wolock, K. Wolter, C.A. Woodhouse, M. Wehner, and D. 395 

Wuebbles. 2012. Monitoring and understanding changes in heatwaves, coldwaves, floods, 396 

and droughts in the United States: state of knowledge.  Bull. Amer. Meteor. Soc. 397 

(submitted). 398 

Pryor, S.C. and R.J. Barthelmie, 2011: Assessing climate change impacts on the near-term 399 

stability of the wind energy resource over the USA.  Proc. Natl. Acad. Sci., 108, 8167-400 

8171.  401 

Pryor, S.C., R.J. Barthelmie, N.E. Clausen, M. Drews, N. MacKellar, and E. Kjellstrom,  2012a: 402 

Analyses of possible changes in intense and extreme wind speeds over northern Europe 403 



19 

 

under climate change scenarios. Clim. Dynam., 38, 189-208, doi:110.1007/s00382-404 

00010-00955-00383. 405 

Pryor, S.C., R.J. Barthelmie, and J.T. Schoof, 2012b: Past and future wind climates over the 406 

contiguous USA based on the NARCCAP model suite. J. Geophys. Res. (submitted).  407 

Pryor, S.C., R.J. Barthelmie, D.T. Young, E.S. Takle, R.W. Arritt., D. Flory, W.J. Gutowski, A. 408 

Nunes, and J. Roads, 2009: Wind speed trends over the contiguous United States. J. 409 

Geophys. Res., 114, D14105, doi:10.1029/2008JD011416. 410 

Pryor, S.C. and J. Ledolter, 2010: Addendum to: Wind speed trends over the contiguous USA. J. 411 

Geophys. Res., 115, D10103, doi:10.1029/2009JD013281. 412 

Pryor, S.C., G. Nikulin, and C. Jones, 2012c: Influence of spatial resolution on regional climate 413 

model derived wind climates.  J. Geophys. Res., 117, D03117, doi:03110.01029/ 414 

02011JD016822. 415 

Ruggiero, P., P.D. Komar, and
 
J.C. Allan, 2010: Increasing wave heights and extreme value 416 

projections: the wave climate of the U.S. Pacific Northwest. Coastal Eng., 57, 539 – 552. 417 

Schwierz, C., P. Koellner-Heck, E. Mutter, D.N. Bresch, P. Vidale, M. Wild, and C. Schaer, 418 

2010: Modelling European winter wind storm losses in current and future climate. 419 

Climatic Change, 101, 485-514. 420 

Seidel, D.J., Q. Fu, W.J. Randel, and T.J. Reichler, 2008: Widening of the tropical belt in a 421 

changing climate. Nature Geoscience, 1, 21-24. 422 

Semedo, A., K. Suselj, A. Rutgersson, and A. Sterl, 2011: A global view on the wind sea and 423 

swell climate and variability of ERA-40.  J. Climate, 24, 1461-1479, 424 

doi:10.1175/2010JCLI3718.1. 425 



20 

 

Serreze, M.C., 1995: Climatological aspects of cyclone development and decay in the Arctic. 426 

Atmosphere-Ocean, 33, 1-23. 427 

Smith, A., N. Lott, and R.S. Vose, 2011: The Integrated Surface Database: recent developments 428 

and partnerships.  Bull. Amer. Meteor. Soc., 92, 704-708. 429 

Thorne, P.W. and R.S. Vose. 2010. Reanalyses suitable for characterizing long-term trends … 430 

are they really achievable?  Bull. Amer. Meteor. Soc., 91: 353-361, 431 

doi:10.1175/2009BAMS2858.1. 432 

Uppala, S.M., P.W. Kållberg, A.J. Simmons, U. Andrae, V. da Costa Bechtold, M. Fiorino, J.K. 433 

Gibson, J. Haseler, A. Hernandez, G.A. Kelly, X. Li, K. Onogi, S. Saarinen, N. Sokka, 434 

R.P. Allan, E. Andersson, K. Arpe, M.A. Balmaseda, A.C.M. Beljaars, L. van de Berg, J. 435 

Bidlot, N. Bormann, S. Caires, F. Chevallier, A. Dethof, M. Dragosavac, M. Fisher, M. 436 

Fuentes, S. Hagemann, E. Hólm, B.J. Hoskins, L. Isaksen, P.A.E.M. Janssen, R. Jenne, 437 

A.P. McNally, J.F. Mahfouf, J.J. Morcrette, N.A. Rayner, R.W. Saunders, P. Simon, A. 438 

Sterl, K.E. Trenberth, A. Untch, D. Vasiljevic, P. Viterbo, and J. Woollen, 2005: The 439 

ERA-40 re-analysis. Q. J. R. Meteorol. Soc., 131, 2961-3012. 440 

U.S. Congress.  Senate Committee on Indian Affairs, 2012: Oversight hearing on impacts of 441 

environmental changes on treaty rights, traditional lifestyles, and tribal homelands.  112
th

 442 

Congress, 2
nd

 sess., 19 July.  http://www.indian.senate.gov/hearings/hearing.cfm? 443 

hearingID=ed1ca187907141debc619b3e0e11e923. 444 

Wan, H., X.L. Wang, and V.R. Swail, 2010: Homogenization and trend analysis of Canadian 445 

near-surface wind speeds.  J. Climate, 23, 1209-1225, doi:10.1175/2009JCLI3200.1. 446 

http://www.indian.senate.gov/hearings/hearing.cfm


21 

 

Wang, X.L. and V.R. Swail, 2001: Changes of extreme wave heights in Northern Hemisphere 447 

oceans and related atmospheric circulation regimes. J. Climate, 14 (No.10) 2204-2221. 448 

doi:10.1175/1520-0442(2001). 449 

Wang, X.L. and V.R. Swail, 2002: Trends of Atlantic wave extremes as simulated in a 40-year 450 

wave hindcast using kinematically reanalyzed wind fields. J. Climate, 15 (No.9) 1020-451 

1035. doi:10.1175/1520-0442(2002). 452 

Wang, X.L., V.R. Swail, and F.W. Zwiers, 2006: Climatology and changes of extra-tropical 453 

cyclone activity: comparison of ERA-40 with NCEP/NCAR Reanalysis for 1958-2001.  454 

J. Climate, 19, 3145-3166, doi:10.1175/JCLI3781. 455 

Wang, X.L., V.R. Swail, F.W. Zwiers, X. Zhang, and Y. Feng, 2008: Detection of external 456 

influence on trends of atmospheric storminess and northern oceans wave heights. Clim. 457 

Dynam., 32, 189-203, doi:10.1007/s00382-008-0442-2. 458 

Wang, X.L.L., F.W. Zwiers, V.R. Swail, and Y. Feng, 2009: Trends and variability of storminess 459 

in the Northeast Atlantic region, 1874-2007. Clim. Dynam., 33, 1179-1195. 460 

Wang, X.L.L., et al., 2011: Trends and low-frequency variability of storminess over western 461 

Europe, 1878-2007. Clim. Dynam., 37, 2355-2371. 462 

Wang, X.L.L., Y. Feng, G.P. Compo, V.R. Swail, F.W. Zwiers, R.J. Allan, and P.D. 463 

Sardeshmukh, 2012: Trends and low frequency variability of extra-tropical cyclone 464 

activity in the ensemble of the Twentieth Century Reanalysis. Clim. Dynam., 465 

doi:10.1007/S00382-012-1450-9. 466 

Wentz, F.J., L. Ricciardulli, K. Hilburn, and C. Mears, 2007: How much more rain will global 467 

warming bring? Science, 317, 233-235. 468 



22 

 

Wentz, F.J. and L. Ricciardulli, 2011: Comment on, “Global trends in wind speed and wave 469 

height.”  Science, 334, 905. 470 

Young, I.R., S. Zieger, and A.V. Babanin, 2011: Global Trends in Wind Speed and Wave 471 

Height. Science, 332, 451-455. 472 

Young, I.R., J. Vinoth, S. Zieger, and A.V. Babanin, 2012: Investigation of trends in extreme 473 

value wave heights and wind speeds.  J. Geophys. Res., 117, doi:10.1029/2011JC007753.  474 

475 



23 

 

List of Figures 476 

Figure 1 Time series of extratropical storm frequency and intensity during the cold season 477 

(November – March) for high latitudes (60-90 °N) and mid-latitudes (30-60 °N) 478 

of the Northern Hemisphere.  The time series represent standardized departures, 479 

which are deviations from the long-term average that have been divided by the 480 

spread in the data (e.g., the standardized departure of frequency in a given 481 

year/location is computed by subtracting the long-term average frequency at that 482 

location from the actual frequency in that year/location, then dividing the 483 

difference by the standard deviation of the frequency in that location).  The time 484 

series were derived from the NCEP/NCAR reanalysis (Kalnay et al. 1996) using a 485 

modified version of Serreze (1995) as detailed in Wang et al. (2012). Each series 486 

has an increasing trend from 1948-2010 that is statistically significant (0.01 487 

level).  Overall, there is good agreement between these series and those of 488 

McCabe et al. (2001), which were presented in the previous National Climate 489 

Assessment report (Karl et al. 2009).  Generally speaking, the NCEP/NCAR 490 

reanalysis is consistent with other reanalyses in terms of extratropical cyclone 491 

activity (Hodges et al.  2011). 492 

Figure 2 Difference in extratropical storm activity between 1979-2010 and 1948-1978 493 

during the cold season (November – March).  Activity is defined using a 494 

standardized index that represents the seasonal total of cyclones in a given area, 495 

multiplied by their mean intensity (Wang et al. 2012).  As in Fig. 1, extratropical 496 

storms were derived using the NCEP/NCAR reanalysis (Kalnay et al. 1996) as 497 

input, and the term “standardized” implies deviations from the long-term average 498 
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that have been divided by the spread in the data.  Yellows and reds indicate a 499 

higher level of activity in the more recent period, blues indicate a lower level of 500 

activity, grey indicates high-elevation areas for which no cyclones are defined, 501 

and hashed lines indicate statistically significant differences.  Inset boxes depict 502 

time series of standardized anomalies of the cyclone activity index for specific 503 

coastal regions, each consisting of all reanalysis grid points within approximately 504 

500 km of the coast.  The Northwest region includes coastal British Columbia, 505 

and the Northeast coast includes the maritime provinces of Canada.  The 506 

increasing trends along the Southwest and Gulf coasts are statistically significant 507 

for the 1948-2010 period. 508 

Figure 3  Temporal trends of 90
th

 percentile 10-m wind speed at the annual time scale.  509 

Frames (a) and (c) depict trends from two station-based data sets archived at the 510 

National Climatic Data Center (NCDC): NCDC-6421 (a homogeneity-adjusted 511 

data set by Groisman 2002) and DS3505 (an unadjusted data set by Smith et al. 512 

2011).  The remaining frames depict trends from four atmospheric reanalyses: 513 

ERA-40 (Uppala et al. 2005), NCEP/NCAR (Kalnay et al. 1996), NCEP/DOE 514 

(Kanamitsu et al. 2002), and the North American Regional Reanalysis (NARR; 515 

Mesmer et al. 2006).  In each frame the size of the dot scales linearly with the 516 

magnitude of the trend [see frame (a)]; red depicts increases, and blue depicts 517 

decreases.  In frames (a) and (c), stations with statistically insignificant trends are 518 

depicted with a plus symbol.  In other frames, reanalysis grid points with 519 

statistically insignificant trends are not depicted with any symbol. 520 
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Figure 4 Time series of 99
th

 percentile significant wave heights in winter (December – 521 

February). The column on the left depicts area-averaged time series computed 522 

directly from atmospheric reanalyses over regions mapped in Fig. 6; the black 523 

series (1958-2002) are from ERA-40 (Uppala et al. 2005), and the blue series 524 

(1979-2010) are from ERA-Interim (Dee et al. 2011).  The column on the right 525 

depicts time series from high-quality, spatially representative buoys mapped in 526 

Fig. 6; no adjustments were applied to account for historical changes, and breaks 527 

in the series for the Northwest buoy (46041) are circled in red. The panel on the 528 

bottom right depicts the record of non-tide variability from the San Francisco tide 529 

gauge (Bromirski et al. 2003). 530 

Figure 5 Data sources for extreme waves. Squares denote buoy locations, red indicating 531 

buoys depicted in Fig. 5. Colored rectangles denote regions for which reanalysis 532 

averages are depicted in Fig. 5.  Light grey boxes denote areas of sufficient visual 533 

ship observations to determine the annual 99
th

 percentile of winds for at least 50 534 

years. 535 

Figure 6 Authors’ assessment of the state of knowledge regarding changes in various 536 

climate extremes.  The x-axis refers to trend detection – i.e., how useful the data 537 

actually are for assessing historical changes.  The y-axis refers to the physical 538 

causes of the observed changes – i.e., how well the mechanisms driving changes 539 

are understood (and thus how extremes are expected to change in the future).  For 540 

each axis, phenomena are assigned to one of three categories of knowledge (from 541 

less to more), and the dashed lines toward the upper right imply that knowledge 542 
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about the phenomena is not complete.  Extremes discussed in previous workshops 543 

appear in grey text.  544 



27 

 

 545 

Figure 1.  Time series of extratropical storm frequency and intensity during the cold season 546 

(November – March) for high latitudes (60-90 °N) and mid-latitudes (30-60 °N) of the Northern 547 

Hemisphere.  The time series represent standardized departures, which are deviations from the 548 

long-term average that have been divided by the spread in the data (e.g., the standardized 549 

departure of frequency in a given year/location is computed by subtracting the long-term average 550 

frequency at that location from the actual frequency in that year/location, then dividing the 551 

difference by the standard deviation of the frequency in that location).  The time series were 552 

derived from the NCEP/NCAR reanalysis (Kalnay et al. 1996) using a modified version of 553 

Serreze (1995) as detailed in Wang et al. (2012). Each series has an increasing trend from 1948-554 

2010 that is statistically significant (0.01 level).  Overall, there is good agreement between these 555 

series and those of McCabe et al. (2001), which were presented in the previous National Climate 556 

Assessment report (Karl et al. 2009).  Generally speaking, the NCEP/NCAR reanalysis is 557 

consistent with other reanalyses in terms of extratropical cyclone activity (Hodges et al.  2011). 558 
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 559 

Fig. 2.  Difference in extratropical storm activity between 1979-2010 and 1948-1978 during the 560 

cold season (November – March).  Activity is defined using a standardized index that represents 561 

the seasonal total of cyclones in a given area, multiplied by their mean intensity (Wang et al. 562 

2012).  As in Fig. 1, extratropical storms were derived using the NCEP/NCAR reanalysis 563 

(Kalnay et al. 1996) as input, and the term “standardized” implies deviations from the long-term 564 

average that have been divided by the spread in the data.  Yellows and reds indicate a higher 565 

level of activity in the more recent period, blues indicate a lower level of activity, grey indicates 566 

high-elevation areas for which no cyclones are defined, and hashed lines indicate statistically 567 

significant differences.  Inset boxes depict time series of standardized anomalies of the cyclone 568 

activity index for specific coastal regions, each consisting of all reanalysis grid points within 569 

approximately 500 km of the coast.  The Northwest region includes coastal British Columbia, 570 

and the Northeast coast includes the maritime provinces of Canada.  The increasing trends along 571 

the Southwest and Gulf coasts are statistically significant for the 1948-2010 period.  572 



29 

 

 573 

Figure 3. Temporal trends of 90
th

 percentile 10-m wind speed at the annual time scale.  Frames 574 

(a) and (c) depict trends from two station-based data sets archived at the National Climatic Data 575 

Center (NCDC): NCDC-6421 (a homogeneity-adjusted data set by Groisman 2002) and DS3505 576 

(an unadjusted data set by Smith et al. 2011).  The remaining frames depict trends from four 577 

atmospheric reanalyses: ERA-40 (Uppala et al. 2005), NCEP/NCAR (Kalnay et al. 1996), 578 

NCEP/DOE (Kanamitsu et al. 2002), and the North American Regional Reanalysis (NARR; 579 

Mesmer et al. 2006).  In each frame the size of the dot scales linearly with the magnitude of the 580 

trend [see frame (a)]; red depicts increases, and blue depicts decreases.  In frames (a) and (c), 581 

stations with statistically insignificant trends are depicted with a plus symbol.  In other frames, 582 

reanalysis grid points with statistically insignificant trends are not depicted with any symbol.  583 
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 584 

Figure 4.  Time series of 99
th

 percentile significant wave heights in winter (December – 585 

February). The column on the left depicts area-averaged time series computed directly from 586 

atmospheric reanalyses over regions mapped in Fig. 6; the black series (1958-2002) are from 587 

ERA-40 (Uppala et al. 2005), and the blue series (1979-2010) are from ERA-Interim (Dee et al. 588 

2011).  The column on the right depicts time series from high-quality, spatially representative 589 

buoys mapped in Fig. 6; no adjustments were applied to account for historical changes, and 590 

breaks in the series for the Northwest buoy (46041) are circled in red. The panel on the bottom 591 

right depicts the record of non-tide variability from the San Francisco tide gauge (Bromirski et 592 

al. 2003).  593 
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 594 

Figure 5.  Data sources for extreme waves. Squares denote buoy locations, red indicating buoys 595 

depicted in Fig. 5. Colored rectangles denote regions for which reanalysis averages are depicted 596 

in Fig. 5.  Light grey boxes denote areas of sufficient visual ship observations to determine the 597 

annual 99
th

 percentile of winds for at least 50 years.   598 
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 599 

Figure 6.  Authors’ assessment of the state of knowledge regarding changes in various climate 600 

extremes.  The x-axis refers to trend detection – i.e., how useful the data actually are for 601 

assessing historical changes.  The y-axis refers to the physical causes of the observed changes – 602 

i.e., how well the mechanisms driving changes are understood (and thus how extremes are 603 

expected to change in the future).  For each axis, phenomena are assigned to one of three 604 

categories of knowledge (from less to more), and the dashed lines toward the upper right imply 605 

that knowledge about the phenomena is not complete.  Extremes discussed in previous 606 

workshops appear in grey text. 607 




