








ing and is also a potential trigger for the development of extreme heat events over North America63

(Lau and Waliser 2011). In addition, a circulation pattern of semistationary ridging anomalies at64

500 hPa conducive to observed heat waves over North America and Europe and intensi�ed under65

increasing greenhouse gases concentrations (Meehl and Tebaldi 2004), is projected to increase66

heat waves intensity, frequency and persistence by the end of the 21st century with an upward67

trend that should even become apparent in the early decades (Lau and Nath 2012).68

At local scale, a soil moisture de�cit from the previous season leading to less evapotranspiration69

but higher sensible heat �ux to the atmosphere, can create a positive soil moisture-rainfall feed-70

back (Betts and Ball 1998; Eltahir 1998; Trenberth 1998; Small and Kurc 2003), which may play71

a substantial role in the development of extreme droughts in North America (Saini et al. 2016) and72

temperature anomalies during heat waves, as noted over western Europe (Stefanon et al. 2013).73

Large-scale patterns of weather conducive to heat waves can be affected by variations in sea sur-74

face temperatures (SSTs) in the world oceanic basins (Namias 1982; Lyon and Dole 1995) and75

Arctic sea-ice concentration (Watanabe et al. 2013). For example, McKinnon et al. (2016) have76

showed that signi�cant predictability can be derived from midlatitude Paci�c SSTs and antecedent77

rainfall, at 50-day lead for heat waves developping over the eastern US during summer. At inter-78

annual time-scales, La Ni�na events in the tropical eastern Paci�c are conducive to dry conditions79

in the southwest US (Schubert et al. 2004a,b; Seager et al. 2005) that may lead to increased heat80

conditions. Eastern North America climate is also subject to the in�uence from the summer North81

Atlantic Oscillation (NAO) (Folland et al. 2009), the northerly-shifted counterpart of the winter82

NAO (Barnston and Livesey 1987; Hurrell and van Loon 1997; Hurrell and Folland 2002; Hurrell83

et al. 2003). It is a principal mode of climate variability in the North Atlantic-European summer84

that shows also signi�cant correlations with climate in northeast North America where higher-85

than-average temperatures are related to positive phases of the summer NAO (Folland et al. 2009).86
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for the analysis. Signi�cance is not increased much for larger partitions as indicated by the respec-178

tive spread and median values, while no signi�cance is found for k=8. Tmax anomalies are shown179

in Figure 2a to f for each regime. For validation purposes, these patterns are compared to those180

obtained from a similar clustering applied to NCEP2 reanalysis (Fig. 2g-l). Spatial pattern corre-181

lations between ECHAM5 and NCEP2 patterns for regime 1 to 6 are 0.90, 0.56, 0.93, 0.66, 0.76182

and 0.91, when computed over the respective 1930-2013 and 1980-2009 periods. Correlations of183

similar magnitude were obtained for the common 1980-2009 period.184

Most patterns capture alternating warming/cooling centers over the US with contrasting posi-185

tive/negative Tmax anomalies. For example, regime 5 is characterized by warming north of 40� N186

and weak cooling in the northwest and southeast, while regime 6 shows maximum positive anoma-187

lies over the northeast US resembling the pattern from McKinnon et al. (2016), and strong negative188

anomalies in the northwest. By contrast, regime 2 consists of broad warming across the US.189

Regime transitions, which are de�ned as the number of event transitions from one regime to190

another, are illustrated in Table 1. The highest counts are found along the diagonal suggesting191

the persistence of each regime at the daily time-scale. In particular, maximum probabilities for192

regimes 2 (67%) and 5 (64%) re�ect their prevalence and persistence, while related warming over193

most of the US and the northeast respectively suggest links to heat waves.Signi�cant transition194

probabilities compared to chance indicate that regime 6 is generally followed by regime 1, which195

preferentially preceeds regimes 3 and 4, while regime 3 tends to be followed by regime 5, which is196

consistent with the southeastwards transit of positive/negative anomalies seen from Figure 2f, a, c197

and e for ECHAM5 (l, g, i and k for NCEP2). Other regimes (2 and 4) are relatively independent198

from one another. .199
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b. Related atmospheric circulation anomalies200

Regimes 6, 1 and 3, which tend to happen in sequence, as well as regime 4, are characterized201

by ridge-trough anomalies in the midlatitudes shown in 200 hPa geopotential heights composites202

(Fig. 3l, g, i and j) that extend to the surface (Fig. 3f, a, c and d), suggesting relationships to203

propagating synoptic waves potentially associated with baroclinic instability. The locations of the204

ridge embedded in this wave train correspond with positive Tmax anomalies for each regime (Fig.205

2f, a, c and d) and their transition eastwards over the US from regime 6, 1, to 3 or 4 is concomitant206

with the shift of high pressure anomalies further inferring relationships to westerly waves.207

Regimes 2 and 5 are related to positive geopotential anomalies at upper levels over America,208

Europe and Asia (Fig. 3h and k), with maximum over the US, suggesting possible correlated heat209

waves occurrences in these regions of the Northern Hemisphere. Upper-tropospheric patterns are210

larger than the typical wave number 6 synoptic scale wave pattern, and could thus be associated211

with teleconnections, as re�ected by the persistence of both regimes and no signi�cant pattern tran-212

sition (Table 1). Regime 2 also displays low pressure anomalies north of the northeast/northwest213

US at both surface and upper-tropospheric levels (Fig. 3b and h). Regime 5 is related to a circum-214

polar pattern of positive anomalies with highest values over America at both upper-tropospheric215

levels and surface, with simultaneous low pressure anomalies over the northwest US and central216

North Atlantic at upper-tropospheric level (Fig. 3e and k). These translate at surface in a dipole217

pattern of high/low pressure anomalies in the southern/northern parts of the North Atlantic (Fig.218

3e) that resembles the positive phase of the summer NAO related to above average temperatures219

in northern Europe and northeast North America (Folland et al. 2009).220
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Imposing AMV+/- anomalies in the North Atlantic increases/decreases the frequencies of314

regime 2 compared to ECHAM5 CLM (Fig. 8d), which is favored/inhibited with warming/cooling315

conditions in the North Atlantic (Fig. 5b-h). On average, AMV+ members have also more (less)316

frequent regime 4 (3, 5 and 6), while those for AMV- have less (more) frequent regime 1 (6).317

However, these differences remain small compared to those between ECHAM5 GOGA and CLM318

(Fig. 8c) and suggest that warmer SSTs in the North Atlantic act to increase anomalous warming319

in the central and western US across all regimes (Fig. 7), and in�uence their frequencies but less320

signi�cantly. Regime 5 is inhibited in all forced ECHAM5 CLM and AMV+/- experiments, indi-321

cating that Tmax variability over the US is signi�cantly in�uenced by the North Atlantic, however,322

the AMV contribution is not as strong as those from all time-scales beyond the seasonal cycle.323

5. Discussions and conclusions324

This study aimed at examining recurrent thermal regimes conducive to warming over North325

America during summer in order to identify how these are related to large-scale modes of climate326

variability, in particular the Atlantic Multi-decadal Variabiliy (AMV). To this end, a dynamical327

clustering approach (k � means) was applied to ECHAM5 simulated daily Tmax in GOGA-like328

multidecadal experiments based on prescribed historical ERSSTs from 1930 to 2013, but also329

for validation purposes to NCEP2 reanalysis (1980-2009). This analysis allowed to identify six330

thermal regimes associated with signi�cant Tmax anomalies over North America. Four regimes331

(1, 3, 4 and 6) are associated with a synoptic wave pattern propagating eastwards in the mid-332

latitudes, embedded ridging anomalies translating into maximum warming transiting along. Two333

other regimes, characterized by anomalous ridging over America, Europe and Asia, resemble more334

planetary waves potentially associated with teleconnections and are related to warming over the335
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TABLE 1. Contingency tables between the six daily Tmax classes from ECHAM5 GOGA. In parentheses are

indicated the respective transition probabilities (in %) obtained by dividing separate class counts by the sum of

the columns of each row. Stars (*) indicate signi�cance at 99.9% level using a c 2 test.

516

517

518

FromnTo Class 1 Class 2 Class 3 Class 4 Class 5 Class 6

Class 1 635* (42) 95 (6) 403* (27) 317* (21) 29 (2) 25 (2)

Class 2 71 (4) 1309* (67) 68 (3) 118 (6) 196 (10) 205 (10)

Class 3 42 (3) 64 (5) 787* (56) 256 (18) 250* (18) 3 (0)

Class 4 182 (11) 150 (9) 79 (5) 924* (54) 105 (6) 258 (15)

Class 5 126 (6) 199 (11) 65 (3) 31 (2) 1250* (64) 272 (14)

Class 6 454* (26) 150 (8) 2 (0) 50 (3) 116 (7) 999* (56)
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FIG. 2. Mean Tmax anomalies (in � C) for each regime simulated by ECHAM5 GOGA (a to f) and from

NCEP2 reanalysis (g to l) during JJAS over the 1930-2013 and 1980-2009 periods respectively. Only the grid-

points for which anomalies are signi�cant at 95% level using a Student t-test are displayed.
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FIG. 4. Yearly JJAS Tmax anomalies (ECHAM5 GOGA ensemble mean in bars, NCEP2 plotted in blue)

over North America between 21-55� N (in � C) together with the AMV index (green line). Tmax anomalies

reconstructed from regime frequencies and average Tmax anomalies in NCEP2 are plotted in thick blue and

those averaged across ECHAM5 GOGA ensemble members in thick black.
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