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Abstract

Daily maximum temperatures during the 2021 heatwave in the Pacific Northwest United States and Canada shattered century

old records. Multiple causal factors, including anthropogenic climate change, contributed to these high temperatures, challenging

traditional methods of attributing human influence. We demonstrate that the observed 2021 daily maximum temperatures are

far above the bounds of Generalized Extreme Value distributions fitted from historical data. Hence, confidence in Granger

causal inference statements about the human influence on this heatwave is low. Alternatively, we present a more conditional

hindcast attribution study using two regional models. We performed ensembles of simulations of the heatwave to investigate

how the event would have changed if it had occurred without anthropogenic climate change and with future warming. We

found that human activities caused a 1C increase in heatwave temperatures. Future warming would lead to a 5C increase in

heatwave temperature by the end of the 21st century.
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Key Points:10

• The Pacific Northwest heatwave was a compound event involving a blocking pat-11

tern, atmospheric river, drought conditions, and climate change.12

• Statistical and global climate models fail to inform about human influence on the13

Pacific Northwest heatwave due to the event’s uniqueness.14

• Hindcast attribution methods can provide limited and conditional information about15

the human influence on the Pacific Northwest heatwave.16
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Abstract17

Daily maximum temperatures during the 2021 heatwave in the Pacific Northwest United18

States and Canada shattered century old records. Multiple causal factors, including an-19

thropogenic climate change, contributed to these high temperatures, challenging tradi-20

tional methods of attributing human influence. We demonstrate that the observed 202121

daily maximum temperatures are far above the bounds of Generalized Extreme Value22

distributions fitted from historical data. Hence, confidence in Granger causal inference23

statements about the human influence on this heatwave is low. Alternatively, we present24

a more conditional hindcast attribution study using two regional models. We performed25

ensembles of simulations of the heatwave to investigate how the event would have changed26

if it had occurred without anthropogenic climate change and with future warming. We27

found that human activities caused a 1◦C increase in heatwave temperatures. Future warm-28

ing would lead to a 5◦C increase in heatwave temperature by the end of the 21st cen-29

tury.30

Plain Language Summary31

While it is clear that global warming causes heatwaves to be warmer, the unique32

meteorological conditions behind the 2021 Pacific Northwest heatwave tax our ability33

to make quantitative estimates of the human contribution. We discuss why there is low34

confidence in traditional estimates of the human contribution to this heatwave’s tem-35

peratures and present an alternative, albeit more highly constrained estimate that hu-36

man activities caused a 1◦C increase in the observed daily maximum temperatures. Ad-37

ditional future warming would lead to a 5◦C increase in the heatwave by the end of the38

21st century.39

1 Introduction40

On June 26–29, 2021, an unprecedented heatwave affected the Pacific Northwest41

(PNW) of the United States and western Canada. Temperature records were shattered,42

with all-time highs of 116◦F (47◦C) in Portland, Oregon, 108◦F (42◦C) in Seattle, Wash-43

ington, and 121◦F (49◦C) in Lytton, British Columbia (Di Liberto, 2021). Heatwaves,44

characterized by prolonged periods of excessive heat, can have dangerous impacts on hu-45

man health, infrastructure, and the environment (McEvoy et al., 2009; Perkins-Kirkpatrick46

& Alexander, 2013; Campbell et al., 2018; Ruffault et al., 2020), and the PNW heatwave47

was no exception. Over 500 deaths were attributed to the heatwave (Popovich & Choi-48

Schagrin, 2021), and the environment and infrastructure throughout the affected region49

were strained and damaged, with crops ruined and roads buckled due to the excessively50

hot temperatures (Baker & Sergio, 2021). The devastating and large-scale impacts of the51

PNW heatwave were exacerbated by the lack of adaptability of a region unaccustomed52

to such extreme high temperatures, with the observational record suggesting that this53

was a highly anomalous event (Figure 1).54

The meteorological conditions of the PNW heatwave were similar to previous deadly55

heatwaves in Europe and Russia (Black et al., 2004; Dole et al., 2011). These events are56

associated with atmospheric blocking patterns, which are known to cause extreme heat-57

waves (Miralles et al., 2014; Horton et al., 2015; Schaller et al., 2018) and are charac-58

terized by a persistent, quasi-stationary, and often anticyclonic obstruction of the usual59

zonal flow (Rex, 1950; Sumner, 1954; Woollings et al., 2018). During the PNW heatwave,60

the high pressure of an omega block was centered over Washington and British Columbia61

(Figure S1) leading to subsidence and a multi-day period of hot, dry weather through-62

out the region (Neal et al., 2022). Additionally, an anomalous warm-season atmospheric63

river (AR) made landfall over the Alaska panhandle in late June and injected a large amount64

of moisture into western Canada and the PNW. The accumulation of water vapor un-65

der the high pressure of the atmospheric blocking pattern may have formed a positive66
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feedback loop that further enhanced the heatwave (Lin et al., 2022; Mo et al., 2022). These67

two weather patterns were also superimposed on dry soil conditions, as 50% of Wash-68

ington state and 70% of Oregon were in severe drought conditions in June 2021 (drought-69

monitor.uni.edu).70

The unprecedented nature of the PNW heatwave is also consistent with expecta-71

tions from global warming (Perkins-Kirkpatrick & Gibson, 2017). Heatwaves have in-72

creased since the 1950s (Perkins, 2015), and this observed increase in the frequency, in-73

tensity, and duration of heatwaves has been attributed to anthropogenic climate change74

(Meehl & Tebaldi, 2004; Diffenbaugh & Ashfaq, 2010; Perkins et al., 2012; Wuebbles et75

al., 2014; Min et al., 2013; Wehner et al., 2018). The Intergovernmental Panel on Cli-76

mate Change (IPCC) Sixth Assessment Report found that many heatwaves around the77

world could be attributed to human influence (Seneviratne et al., 2021). Future warm-78

ing will further increase the frequency, intensity, and duration of heat extremes (Vogel79

et al., 2020), with the potential for temperatures to often reach dangerous levels for hu-80

man health and agriculture (Sun et al., 2019).81

The World Weather Attribution initiative (WWA, https://www.worldweatherattribution.org/)82

performed analyses of the PNW heatwave within weeks of the event and made three rapid83

attribution statements, which were later published (Philip et al., 2021). First, the ob-84

served temperatures recorded were “virtually impossible” without anthropogenic climate85

change. Second, after estimating that the observed temperatures had a return period of86

approximately 1000 years, such annual maximum daily maximum temperatures (TXx)87

“would have been at least 150 times rarer without human-induced climate change”. Third,88

the heatwave was about 2◦C warmer than it would have been without climate change89

based on the change in 1000 year return values of TXx.90

In this study, our objective is to revisit these rapid attribution statements and to91

advance our understanding of how climate change affected the PNW heatwave. In sec-92

tion 2, we discuss the limitations of statistical models to estimate the rarity of the PNW93

heatwave. In section 3, we describe our experimental design of dynamical model simu-94

lations of the PNW heatwave under past, present, and future climate conditions using95

two regional climate models. In section 4, we discuss the resulting temperature changes96

from these simulations. Finally, we present our conclusions in section 5.97

2 Statistical modeling98

Figure 1a shows maximum daily maximum temperatures between June 25 and July99

4, 2021 from the Global Historical Climatology Network (GHCN) station data. Figure100

1a reveals that most stations in this region had values greater than 45◦C. Figure 1b com-101

pares the summertime (June/July/August, JJA) TXx from all of the US stations within102

the WWA region (45◦N–49◦N, 123◦W–119◦W) over 1920-2020 to those from June 25 to103

July 4, 2021. Figure 1c shows JJA TXx averaged over all of the US stations in this re-104

gion for each year. From Figures 1b,c, it is clear that the PNW heatwave was an out-105

lier event compared to previous summertime maximum temperatures and will challenge106

statistical modeling.107

Philip et al. (2021) found that the 2021 spatially averaged temperatures from the108

ERA5 reanalysis (Hersbach et al., 2020) exceeded the upper bound of an out of sample109

non-stationary generalized extreme value (GEV) distribution fit to data from 1950 to110

2020. They then included the 2021 values, estimating that the current return period of111

the PNW heatwave was about 1000 years. Comparing this return period to that obtained112

under preindustrial temperatures, they concluded that the probability of the PNW heat-113

wave was increased by a factor of 390. Further analysis of climate model simulations and114

their expert judgement caused them to conclude that the probability of the observed tem-115

perature was increased by at least 150 as their final synthesis attribution statement.116
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Figure 1. Observational station data from the Global Historical Climatology Network

(GHCN) of (a) the maximum daily maximum temperature between June 25 and July 4, (b)

histograms of the summertime (June/July/August, JJA) maximum daily maximum temperature

(i.e., JJA TXx) from the US stations within the WWA region (45◦N–49◦N, 123◦W–119◦W), as

defined by Philip et al. (2021), in 1920-2020 and in 2021 and (c) the average JJA TXx by year

from the US stations within the same region. The dashed line is the Bayesian expectation of the

upper bound on daily maximum temperature averaged across the US stations within the WWA

region.

We repeat this non-stationary GEV analysis on individual station data from 1950-117

2020 instead of averaging over the WWA study region. In each single-station analysis,118

we use a GEV distribution with a location parameter linearly dependent on a sum-total119

forcing variable for five well-mixed greenhouse gases to accommodate non-stationarity120

(e.g. Risser et al. (2022)), which imposes a non-linear time trend in the GEV model. De-121

tails of the GEV analysis are discussed in Supplemental Section 1.122

Figure 2a shows the Bayesian expectation of the upper bound for daily maximum123

temperatures for the 1950-2020 GHCN station data. Stations where the observed 2021124

values exceed the expectation of the upper bound (‘+’) reveal that most of the heatwave’s125

maximum temperatures are outside of the range of the GEV model. Figure 2b shows the126

2021 out of sample return times for the GHCN stations, where many stations realized127

return times in excess of 2000 years during the 2021 PNW heatwave. The probability128

of 2021 temperatures exceeding this GEV upper bound (Figure 2c) further illustrates129

that the out of sample GEV fails to describe the 2021 PNW heatwave. Including the 2021130

temperatures in the GEV fitting procedure extends the upper bounds to include these131

values in the distribution, but the distributions are a poor fit to the rest of the data. Us-132

ing a χ2 goodness-of-fit test, the p-values calculated without 2021 values are generally133

greater than 0.2, demonstrating strong evidence of an underlying GEV distribution. How-134

ever, the p-values calculated when 2021 temperatures are included are less than 0.05, in-135

dicating that the distribution is significantly different from GEV. Figure 1b, constructed136

by binning all GHCN station data from 1920-2020 (blue) and 2021 (red), further sug-137

gests that the temperatures of the 2021 heatwave are drawn from different distributions138

than previous years that is not accounted for by the time-dependent greenhouse gas co-139

variate. The above evidence suggest that the critical GEV assumption of independent140

and identically distributed (i.i.d.) data is violated when 2021 temperatures are included.141

Given that an in-sample GEV distribution is a poor fit to the GHCN data and that142

the combined effects of the atmospheric blocking pattern and anomalous AR were likely143

unique, we conclude that there should be little confidence in attribution statements based144

on in-sample GEV formulations. Philip et al. (2021) argued that the temperatures reached145
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Figure 2. Results from fitting the non-stationary GEV distribution to station data from 1950

to 2020: (a) Bayesian expectation (posterior mean) for the GEV distributional upper bound;

(b) Bayesian expectation for the return periods of 2021 JJA TXx (calculated using the fitted

non-stationary GEV distribution). In both panels, ‘+’ signifies that the 2021 JJA TXx exceeded

the Bayesian expectation of the GEV distributional upper bound, which leads to infinite return

periods in (b); (c) The overall probability of 2021 TXx exceeding the GEV upper bound given

the observations.

during the PNW heatwave were “virtually impossible” without climate change. How-146

ever, this is not supported from a purely Granger causal inference perspective (Ebert-147

Uphoff & Deng, 2012; Hannart et al., 2016) due to the failure of the GEV methodology.148

Our statistical analysis supports an attribution statement that these temperatures were149

virtually impossible under any previously experienced meteorological conditions, with150

or without global warming. Pearl causal inference statements (Pearl, 2009) about the151

change in magnitude of the PNW heatwave from global warming, assuming a fixed but152

unspecified return time, can be informed by climate models as discussed in the next sec-153

tion.154

3 Dynamical Models and Experimental Design155

From section 2, the PNW heatwave of 2021 was an extreme outlier event. Tradi-156

tionally, Pearl causal inference attribution statements are made with long simulations157

of global climate models, usually in pairs forced with both anthropogenic and natural158

forcing factors (Stott et al., 2016). However, another more conditional form of Pearl causal159

inference attribution statements can be formulated with the hindcast attribution (Wehner160

et al., 2019) or pseudo-global warming (PGW) method (Schär et al., 1996; Patricola &161

Wehner, 2018; Bercos-Hickey & Patricola, 2021; Bercos-Hickey et al., 2021; Patricola et162

al., 2022). In this approach, ensembles of regional climate model simulations are performed163

with historical initial and boundary conditions and are then compared with simulations164

performed with counterfactual initial and boundary conditions that have been adjusted165

by a climate change difference, or delta, that takes into account the thermodynamic com-166

ponent of anthropogenic climate change. While no attribution statement can be made167

about the human-induced change in probability of the event, quantitative attribution168

statements about the human-induced change in the magnitude of the event can be made169

with this more restricted approach.170

In this study, the Weather Research and Forecasting (WRF) model (Skamarock171

et al., 2008) version 3.8.1 was used to perform hindcast simulations of the PNW heat-172

wave. To understand the impacts of model structural uncertainty, we performed a sim-173

ilar suite of simulations using the International Centre for Theoretical Physics Regional174
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Climate Model (RegCM) version 4.9.5 (Giorgi et al., 2012). The WRF hindcast simu-175

lations were initialized on June 24, 2021 0000 UTC and ran continuously through July176

4, 2021 with initial and boundary conditions from the 32 km resolution National Cen-177

ters for Environmental Prediction (NCEP) North American Regional Reanalysis (NARR).178

Further details of the WRF simulations are discussed in Supplemental Section 2. The179

RegCM hindcast simulations were initialized on June 22, 2021 0000 UTC and ran con-180

tinuously through July 02, 2021 with initial and boundary conditions from the Global181

Forecast System (GFS) version 4 0.5-degree analysis. Further details of the RegCM sim-182

ulations are discussed in Supplemental Section 3. Ten-member ensembles were performed183

for each model configuration and the effects of horizontal resolution were explored by184

configuring the models with grids of 18 km and 50 km spacings over the chosen domains185

(Figure S2).186

To establish the validity of the heatwave simulations, we compare the WRF and187

RegCM hindcasts with observational and reanalysis data. As shown in Supplemental Sec-188

tion 4, the WRF and RegCM hindcasts accurately capture the key features of the PNW189

heatwave. The hindcasts of the heatwave event were best represented at 18 km (Sup-190

plemental Section 4), and thus for the remainder of the analysis we use the 18 km res-191

olution simulations.192

In addition to the hindcast simulations, three ten-member ensembles under coun-193

terfactual conditions were performed using the PGW method to understand the effects194

of global warming on the PNW heatwave. The cooler “world that might have been” with-195

out the current amount of anthropogenic climate change permits attribution statements196

about the observed magnitude of the event. Two warmer “worlds that might be” sim-197

ulations were performed with mid- and late-21st century climate conditions under the198

Shared Socioeconomic Pathway 585 (SSP585) emissions scenario (O’Neill et al., 2016)199

to further elucidate the effect of global warming on the event. For the “world that might200

have been”, the deltas were calculated using the difference between historical and nat-201

urally forced (hist-nat) simulations from the multi-model average of the Coupled Model202

Intercomparison Project Phase 6 (CMIP6) (Danabasoglu, 2019) data (see Table S1). Thus203

the effects of anthropogenic forcing are removed but the natural solar and volcanic forc-204

ing effects are retained. The “world that might be” deltas were calculated using the dif-205

ference between the historical and mid- and late-21st century future SSP585 simulations206

from the CMIP6 multi-model average. Additional details on the PGW experiments are207

discussed in Supplemental Section 5. Lastly, to examine the effects of climate change on208

soil moisture-temperature feedbacks, hist-nat, mid-, and late-21st century experiments209

were conducted with the 18 km WRF model by additionally altering soil moisture. A210

summary of all model experiments is shown in Table S2.211

In the following section, our analyses utilize spatial averages over the region 45◦N-212

52◦N and 124◦W-119◦W (Figure S2). Because WRF and RegCM were run at finer res-213

olution than the CMIP-class models in Philip et al. (2021), we extended the region of214

interest to the west to be closer to the coast than the WWA region.215

4 Changes in PNW heatwave temperature216

The effects of the current amount of climate change on the PNW heatwave are as-217

sessed by comparing the WRF and RegCM simulations in the historical and hist-nat cli-218

mates. Figure 3 shows the June 25-July 1, 2021 time series of (a) the GHCN, NARR,219

GFS, WRF, and RegCM daily maximum temperature and (b) the WRF and RegCM220

temperature differences between the climate scenarios and the historical. Contours of221

the maximum temperature on June 28, the hottest day of the GHCN station observa-222

tions (Figure 3a), are shown for the (c)(f) historical, (d)(g) historical minus hist-nat, and223

(e)(h) late-century minus historical simulations from the 18 km (c)-(e) WRF and (f)-224

(h) RegCM. From Figure 3d, the WRF model clearly exhibits warming from the hist-225
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nat to the historical climate except for some cooling at the Oregon coast. From Figure226

3g, the RegCM model exhibits a more hetereogeneous warming and the cooling is shifted227

northward to the coast of British Columbia. In our analysis region (Figures 3c,f black228

box), the ensemble average increase in the daily maximum two-meter temperature on229

June 28 is 0.95±0.22◦C for WRF and 0.66±0.05◦C for RegCM from the hist-nat to the230

historical, where the uncertainty bounds are calculated from the standard error. Over231

the four-day period June 27-30, during which multiple temperature records were bro-232

ken, the average increase in daily maximum two-meter temperature is 0.98±0.40◦C for233

WRF and 0.78±0.07◦C for RegCM from the hist-nat to the historical. The blue lines234

in Figure 3b reveal that the attributable warming in the WRF model averaged over the235

region of interest (about 1◦C) does not change much during the heatwave event. The RegCM,236

which here differs from the WRF model in that soil moisture was not altered in the hist-237

nat simulations, exhibits a decrease in attributable warming until June 28 and then an238

increase until July 1.239

Figure 3e shows that the WRF simulated heatwave is warmer over the entire do-240

main under late-century conditions when compared to the historical simulations. Sim-241

ilar warming is also seen in the WRF simulations under mid-century conditions (not shown).242

In contrast, Figure 3h shows that while the RegCM model warms over the majority of243

the region under late-century conditions, cooling is simulated along the coast of south-244

ern Oregon and northern California. This coastal cooling in the RegCM late-century sim-245

ulations is likely due to a complicated interaction between changes in onshore winds and246

a warmed ocean and is influenced by the choice of boundary layer parameterization scheme.247

In our analysis region (Figures 3c,f black box), the average increase in the daily max-248

imum two-meter temperature on June 28 is 1.55±0.29◦C for WRF from the historical249

to the mid-century, and is 4.68±0.26◦C for WRF and 4.57±0.04◦C for RegCM from the250

historical to the late-century. During the peak days of the heatwave, the June 27-30 av-251

erage increase in maximum daily two-meter temperature is 1.71±0.39◦C for WRF from252

the historical to the mid-century, and is 5.41±0.41◦C for WRF and 5.20±0.06◦C for RegCM253

from the historical to the late-century.254

The red lines in Figure 3b compare the regionally averaged temperature change be-255

tween the present and late-century under SSP585 forcing conditions. The orange line shows256

a similar result for the WRF model under mid-century SSP585 forcing conditions. In257

these warmer simulations, the anthropogenic warming of the PNW heatwave gradually258

reduces until the hottest days are reached, June 29, 2021. Afterwards, the anthropogenic259

warming increases as the heatwave evolves for both models, lengthening the duration of260

the heatwave in both the WRF and RegCM simulations. This behavior is also exhib-261

ited in the RegCM historical compared to hist-nat simulations (blue dashed line), but262

is not for WRF, where the regionally averaged anthropogenic warming is relatively con-263

stant over the entire duration of the simulation.264

To examine the effects of soil moisture-temperature feedback on the PNW heat-265

wave, we performed WRF experiments with and without the soil moisture delta. Inclu-266

sion of the soil moisture delta causes warmer climates to have drier soil and cooler cli-267

mates to have wetter soil. Figure 4 shows the June 28, 2021 ensemble-averaged maxi-268

mum two-meter temperature from the 18 km WRF (a) hist-nat, (b) mid-century, and269

(c) late-century experiments with the soil moisture delta minus the experiments with-270

out the soil moisture delta. Panel (d) shows the June 25-July 1 time series of the daily271

maximum temperature in the soil moisture minus no soil moisture experiments. From272

Figure 4a, the heatwave in the hist-nat climate is cooler across most of the region when273

the soil moisture delta is included, reflecting an increase in evapotranspiration cooling.274

In our analysis region (Figures 3c,f black box), the average daily maximum two-meter275

temperature in Figure 4a is 0.10±0.21◦C cooler in the hist-nat experiment with the soil276

moisture delta than it is without. Figures 4b,c indicate that the heatwave in the mid-277

and late-century climates is warmer across almost all of the region when the soil mois-278
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Figure 3. June 25-July 1, 2021 daily maximum temperature (a) from the GHCN, NARR,

GFS, and the WRF and RegCM historical 18 km ensembles, and daily maximum temperature

difference (b) between the WRF and RegCM historical and hist-nat, mid-century (WRF only),

and late-century ensembles averaged over the region 45◦N-52◦N and 124◦W-119◦W. The shad-

ing in panel (a) shows the range of values over the WRF and RegCM 10-member ensembles.

Ensemble-averaged daily maximum 2 m temperature (◦C) on June 28 of the (c)(f) historical,

(d)(g) historical minus hist-nat, and (e)(h) late-century minus historical simulations from the

18 km (c)-(e) WRF with the soil moisture delta and (f)-(h) RegCM. Black boxes in panels (c)

and (f) are the regions used for spatial averaging, also shown in Figure S2.
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ture delta is included, reflecting a decrease in evapotranspiration cooling due to less avail-279

able soil moisture. The average daily maximum two-meter temperature in Figures 4b,c280

is 0.78±0.34◦C and 0.90±0.28◦C warmer in the mid- and late-century experiments with281

the soil moisture delta, respectively.282

The blue line in Figure 4d reveals that the effects of soil moisture on the hist-nat283

simulations remains relatively constant throughout the duration of the heatwave. In con-284

trast, the future climate simulations (Figure 4d orange and red lines) exhibit a tempo-285

rally dependent enhancement of the effects of the soil moisture delta as the heatwave pro-286

gresses. Roughly following the simulated temperature itself (Figure 3a), the effect of de-287

creased soil moisture peaks at about 1.0 ◦C and 1.2◦C warmer in the mid- and late-century288

experiments, respectively.289

5 Conclusions290

The 2021 Pacific Northwest (PNW) heatwave was a rare and unprecedented com-291

pound weather event. An unusual summertime atmospheric river interacted with an omega292

block pattern and preexisting dry soil conditions to shatter century-old temperature records293

by several degrees Centigrade. While there is little doubt that anthropogenic global warm-294

ing contributed to the probability and magnitude of the extreme temperatures, the unique-295

ness of the event precludes quantifying this influence by traditional event attribution meth-296

ods. In section 2, we demonstrated that out of sample fitted non-stationary Generalized297

Extreme Value (GEV) distributions fail to contain many of the observed 2021 observa-298

tions within the uncertainty estimates of their upper bounds. While including the 2021299

temperatures in the GEV fitting procedure extends the upper bounds to include these300

values in the distribution, these distributions are a poor fit to the rest of the data. The301

underlying reason for this failure of traditional statistical methods is that the unique-302

ness of the 2021 PNW heatwave violates the i.i.d. assumption of GEV theory. We there-303

fore conclude that estimates of the PNW heatwave return times are not accurate and304

that confidence in GEV-based estimates of the human influence on the change in the prob-305

ability of the observed extreme temperatures should be low. We further conclude that306

quantitative changes in event magnitude and frequency from CMIP-class models (Wehner307

et al., 2020, 2018; Philip et al., 2021) are made with low confidence as it is not clear that308

global climate models can adequately simulate the relevant meteorological phenomena309

of the PNW heatwave (van Oldenborgh et al., 2021, 2022).310

In sections 3,4, we present an alternative but more limited attribution of the an-311

thropogenic changes to the PNW heatwave using ensembles of simulations from the re-312

gional models WRF and RegCM, where the pseudo-global warming (PGW) method was313

used to examine the effects of removing anthropogenic warming and additional future314

warming. We find that the historical model simulations are in agreement with their ini-315

tial and boundary condition datasets, but that the observed and simulated gridded prod-316

ucts are cooler than station observations during the hot portion of the event. Compar-317

ison of the historical heatwave with a counterfactual heatwave in a world without human-318

induced warming indicates that the anthropogenic temperature increase is about 1◦C319

and relatively constant over the course of the event. In contrast, the heatwave in an SSP585320

world with significant future warming would be 5◦C warmer, and the anthropogenic in-321

fluence extends the peak of the heatwave, indicating a future increase in heatwave du-322

ration.323

These anthropogenic increases in extreme temperatures during the PNW heatwave324

are less than previous estimates (Philip et al., 2021). One possible reason for this is that325

severe drought conditions were being experienced in June 2021 in much of the southern326

portion of our analysis region, reducing the evapotranspiration cooling in our cooler coun-327

terfactual “world that might have been”. In section 4, we examined the effects of soil328

moisture in the PGW experiments and found that, at current levels of global warming,329
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Figure 4. Ensemble-averaged daily maximum 2 m temperature (◦C) on June 28, 2021 from

the 18 km WRF (a) hist-nat, (b) mid-century, and (c) late-century experiments with the soil

moisture delta minus the experiments without the soil moisture delta. The June 25-July 1, 2021

daily maximum temperature difference between the experiments with and without the soil mois-

ture delta averaged over the region 45◦N-52◦N and 124◦W-119◦W (d).
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this cooling is altered by only about 0.10◦C. As precursor soil conditions from the drought330

are drier than the average conditions used in traditional CMIP-class heatwave attribu-331

tion statements, this is not unexpected. Even in much warmer late-century conditions,332

the maximum soil moisture-temperature feedback is 1.2◦C out of over 6◦C averaged over333

our analysis region. While it may be that the amplification of the anthropogenic tem-334

perature change during heatwaves (Seneviratne et al., 2021) is diminished by pre-existing335

drought conditions, this is not the case in much warmer future simulations. Clearly, our336

understanding of all the physical mechanisms behind this extreme heatwave and their337

anthropogenic changes is limited (van Oldenborgh et al., 2022) and our traditional at-338

tribution tools fail for this and other extreme outlier events. However, there may be op-339

portunities to remedy this by examining the large coupled and uncoupled model ensem-340

bles (Kay et al., 2015; Stone et al., 2019). Presently, however, we do not know with con-341

fidence whether the 2021 PNW heatwave and the associated weather patterns will re-342

main an outlier event or is a harbinger of things to come.343

Open Research344

The WRF and RegCM simulation data used for the pseudo-global warming anal-345

ysis in the study are available at https://portal.nersc.gov/cascade/PNW Heatwave. CMIP6346

data is available through Danabasoglu (2019).347
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1. Non-stationary GEV analysis

The non-stationary generalized extreme value (GEV) analysis on individual station8

data uses a GEV distribution with a location parameter linearly dependent on a sum-9

total forcing variable for five well-mixed greenhouse gases (WMGHGs) to accommodate10

non-stationarity (Risser et al., 2021). The five WMGHGs include carbon dioxide, CFC-1111

and CFC-12 halocarbons, methane and nitrous oxide, whose concentration values come12

from Meinshausen and Vogel (2016) and Meinshausen and Nicholls (2018) and whose13

forcing formulae can be found in Etminan, Myhre, Highwood, and Shine (2016) and14

Hodnebrog et al. (2013). To estimate the GEV parameters, we impose a non-informative15
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prior on the shape parameter (Zhang & Shaby, 2022), and then run a Metropolis-Hastings16

algorithm to draw samples from the posterior distributions of the parameters. Since the17

GEV distribution has a finite upper bound when the shape parameter is negative, we can18

directly examine the posterior distribution of the upper bound.19

2. Configuration of the Weather Research and Forecast (WRF) model

Some simulations of the PNW heatwave in this study were performed using the Weather20

Research and Forecasting (WRF) model (Skamarock et al., 2008) version 3.8.1. Model21

output was generated every hour with 50 vertical levels from a grid with horizontal spac-22

ings of either 18 km or 50 km. The WRF simulation domains are shown in Figure S2a.23

Parameterization schemes used in all simulations include: the Rapid Radiative Transfer24

Model for Global Climate Models (Iacono et al., 2008) short and longwave schemes, the25

WRF single-moment 6-class microphysics scheme (Hong & Lim, 2006), the Noah land sur-26

face model scheme (Chen & Dudhia, 2001), the Medium Range Forecast (MRF) boundary27

layer scheme (Hong & Pan, 1996), and the Grell-Freitas ensemble cumulus scheme (Grell28

& Freitas, 2014). Ten-member ensembles at both grid spacings were generated using29

the Stochastic Kinetic Energy Backscatter Scheme (SKEBS) (Shutts, 2005; Berner et al.,30

2011). SKEBS uses random stream function perturbations to represent model uncertainty31

from unresolved scales and has previously been used to generate WRF ensembles (Berner32

et al., 2011; Patricola & Wehner, 2018). The daily maximum temperature and geopoten-33

tial height contours at 500 hPa on June 28, 2021 are shown for the ten ensemble members34

at 18 km and the ensemble average in Figure S3.35
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3. Configuration of the International Centre for Theoretical Physics Regional

Climate Model (RegCM)

Some simulations of the PNW heatwave in this study were performed using the Interna-36

tional Centre for Theoretical Physics RegCM4 regional model (Giorgi et al., 2012). The37

simulations were configured with 18 km and 50 km horizontal grid spacings and 30 sigma38

levels with a model top pressure of 50 hPa, a timestep of 36 seconds, and model output39

saved every 3 hours. The RegCM simulation domains are shown in Fig. S2b. The simula-40

tions used hydrostatic dynamics, the National Center for Atmospheric Research (NCAR)41

Community Climate Model 3 radiation parameterization (Kiehl et al., 1996), the Uni-42

versity of Washington turbulence closure and planetary boundary layer parameterization43

(Grenier & Bretherton, 2001; O’Brien et al., 2012), the Massachusets Institute of Technol-44

ogy convection parameterization (Emanuel, 1991; Emanuel & Živković-Rothman, 1999),45

and the Biosphere Atmosphere Transfer Scheme 1e (Dickinson et al., 1993). Ensemble46

simulations at 18 km and 50 km resolution were generated by pertrubing the intitial and47

boundary condition temperature field by 0.1% (O’Brien et al., 2011). The daily maximum48

temperature and geopotential height contours at 500 hPa on June 28, 2021 are shown for49

the ten ensemble members at 18 km and the ensemble average in Figure S4.50

The RegCM 4.9.5 simulations are based on the master branch of the github code at51

commit 8197f9, with an additional bug fix applied that allows the code to run at the52

National Energy Research Supercomputing Center (NERSC). (This bug fix was merged53

with the master branch of the code in commit 6b43573.)54

4. Model Validation
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To establish the validity of the heatwave simulations, we compare the WRF and RegCM55

hindcasts, the datasets that provided their initial and boundary conditions (ICBCs),56

NARR and GFS, respectively, and the GHCN observational data. Figure 3a shows the57

June 25-July 1, 2021 daily maximum temperature averaged over the region 45◦N-52◦N and58

124◦W-119◦W (Figure S2) from the GHCN (black), ensemble-averaged WRF historical59

simulations (blue, solid), NARR (blue, dashed), ensemble-averaged RegCM historical sim-60

ulations (red, solid), and GFS (red, dashed). The shading around the WRF and RegCM61

lines show the range of values from the 10-member ensembles. From Figure 3a, the NARR62

and GFS are over 6◦C cooler than the GHCN and about a day late in reaching the hottest63

temperatures. The timing and magnitude of the daily maximum temperatures through-64

out the heatwave from the WRF and RegCM models are mostly in close alignment with65

the NARR and GFS, respectively. The differences between the WRF and the NARR and66

the RegCM and the GFS seen in Figure 3a are not surprising and are likely due to the67

models departing from their initial conditions and the chosen parameterization schemes.68

Although both models and the data used for their ICBCs produce a cooler and delayed69

heatwave, WRF and RegCM are consistent with each other in their simulations of the70

heatwave event despite using different ICBCs and parameterizations.71

To further examine the validity of the WRF and RegCM hindcasts, we compare the72

models with the European Centre for Medium-range Weather Forecasts (ECMWF) re-73

analysis five (ERA5) (Hersbach et al., 2020) on June 28, 2021, the hottest day of the74

heatwave from the GHCN (Figure 3a). Figure S5 shows the daily maximum temperature75

and 500 hPa height contours from (a) the ERA5, (b) the ensemble-averaged WRF his-76
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torical simulations, and (c) the ensemble-averaged RegCM historical simulations. Figure77

S5a shows the high temperatures and omega blocking pattern that were distinct features78

of the PNW heatwave. Figures S5b,c show that the WRF and RegCM models are cor-79

rectly replicating the key features of the heatwave, thus lending confidence to the hindcast80

simulations.81

Lastly, we examine how the horizontal spatial resolution may affect the hindcast sim-82

ulations. The effects of resolution on the WRF and RegCM simulations can be seen in83

Fig. S6, which shows the June 25-July 1, 2021 time series of the spatially averaged (see84

Figure S2) daily maximum temperature from the GHCN, NARR, GFS, and the ensemble85

averages of the 18 km and 50 km WRF and RegCM historical simulations. For the WRF86

model, Figure S6 shows that there is little difference between the daily maximum tem-87

perature at 18 km and 50 km. For the RegCM model, Figure S6 indicates that the daily88

maximum temperature is similar between the two resolutions, with a notable exception89

on June 29 where it is cooler at 18 km than at 50 km.90

Figures S7 and S8 show the daily maximum temperature and geopotential height con-91

tours at 500 hPa on June 28, the hottest day of the heatwave according to the GHCN92

(Figure S6), for the ten ensemble members and the ensemble average from the 50 km93

historical simulations of the WRF and RegCM models, respectively. A comparison of94

Figures S3 and S7 reveals that the WRF model simulates the omega blocking pattern and95

high temperatures of the heatwave at both resolutions. Similarly, a comparison of Figures96

S4 and S8 indicates the the RegCM model also simulates the omega blocking pattern and97

high temperatures at both resolutions.98
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To visualize the differences between the 18 km and 50 km resolution simulations, Figure99

S9 shows the ensemble average of the daily maximum temperature on June 28 from the100

(a) 18 km WRF, (b) 50 km WRF, (d) 18 km RegCM, and (e) 50 km RegCM historical101

simulations. The difference between the daily maximum temperature in the 18 km and102

50 km ensemble averages is shown for the (c) WRF and (f) RegCM models. From Figure103

S9a,b, the WRF model is capturing the high temperatures associated with the heatwave104

event at both resolutions. Figure S9c indicates that, for most of the region affected by105

the heatwave, the 18 km simulations are 0-2◦C warmer than the 50 km simulations. From106

Figure S9d,e, the RegCM model is mostly capturing the high temperatures associated107

with the heatwave, although temperatures in eastern Washington are notably lower in the108

50 km simulations. In contrast to the WRF model, the difference between the RegCM109

18 km and 50 km simulations (Figure S9f) shows large positive and negative anomalies110

throughout the domain. The anomalies in Figure S9f are likely due to the elevation111

differences between the two resolutions, where the 50 km simulations will not resolve112

terrain as well as the 18 km simulations. The 50 km simulations are therefore warmer in113

higher elevation regions such as the North Cascades and the Sierra Nevada Mountains.114

Although the choice of resolution does not strongly affect the ability of the WRF and115

RegCM models to capture the overall characteristics of the PNW heatwave (see Figures116

S3, S7, S4, and S8), due to the elevation bias present in the 50 km simulations, we use117

the 18 km WRF and RegCM simulations for the remainder of the analysis.118

5. Pseudo-global warming (PGW) / Hindcast Attribution methodology
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The PGW Hindcast Attribution method assumes that similar synoptic conditions,119

mainly the omega block and atmospheric river, that produced the PNW heatwave in120

the historical time period could happen in past and future climates. This is a restrictive121

assumption, precluding any statement about how the frequency of such large scale con-122

ditions will change. The variables adjusted in the WRF initial and boundary conditions123

include temperature, relative humidity, geopotential height, sea-level and surface pres-124

sure, sea-surface temperature, and surface temperature; for RegCM, only the temperature125

and specific humidity fields were altered. Additionally, we modified the WRF radiation126

code to account for different greenhouse gas concentrations of CO2, CH4, N2O, CFC-11,127

CFC-12 and CCl4 in the counterfactual climate simulations consistent with pre-industrial128

and Shared Socioeconomic Pathway 585 (SSP585) (O’Neill et al., 2016) specifications129

(Meinshausen & Vogel, 2016). Greenhouse gas concentrations were modified in RegCM130

using built in tables for the year 1850 and for the year 2090 under the SSP585.131

The PGW deltas were calculated from the Coupled Model Intercomparison Project132

Phase 6 (CMIP6) (Danabasoglu, 2019) data by computing a multi-model average (Table133

S1) and subtracting the 1995-2014 averaged historical simulations from: 1) The averaged134

hist-nat simulations; 2) The 2040-2060 averaged SSP585 simulations (mid-century); and135

3) The 2080-2100 averaged SSP585 simulations (late-century). The length of the his-136

torical timeframe was chosen to capture the historical climate and to smooth out any137

multi-decadal variability. The hist-nat simulation resembles the historical simulation but138

only includes solar and volcanic forcing (Eyring et al., 2016) and the SSP585 simulation139

incorporates future emissions and land use changes (O’Neill et al., 2016). Deltas were140
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calculated for the month of the heatwave event and were added to the corresponding ini-141

tial and boundary conditions. Hist-nat, mid-century, and late-century simulations were142

performed with the WRF model, and only nat-hist and late-century simulations were143

performed with the RegCM model.144

References

Berner, J., Ha, S.-Y., Hacker, J. P., Fournier, A., & Snyder, C. (2011). Model un-145

certainty in a mesoscale ensemble prediction system: Stochastic versus multiphysics146

representations. Monthly Weather Review , 139 (6), 1972-1995.147

Chen, F., & Dudhia, J. (2001). Coupling an advanced land surface–hydrology model148

with the penn state–ncar mm5 modeling system. part i: Model implementation and149

sensitivity. Monthly Weather Review , 129 (4), 569-585.150

Danabasoglu, G. (2019). NCAR CESM2 model output prepared for CMIP6 CMIP.151

Earth System Grid Federation. Retrieved from https://doi.org/10.22033/ESGF/152

CMIP6.2185 doi: 10.22033/ESGF/CMIP6.2185153

Dickinson, R. E., Henderson-Sellers, A., Kennedy, P. J., & Wilson, M. F. (1993).154

Biosphere atmosphere transfer scheme (BATS) version 1e as coupled for Commu-155

nity Climate Model. NCAR Tech. Note NCAR/TN-378+SR(August), 77. doi:156

10.1029/2009JD012049157

Emanuel, K. A. (1991, nov). A Scheme for Representing Cumulus Convection in158

Large-Scale Models. Journal of the Atmospheric Sciences , 48 (21), 2313–2329. Re-159

trieved from http://journals.ametsoc.org/doi/10.1175/1520-0469(1991)048%160

3C2313:ASFRCC%3E2.0.CO;2 doi: 10.1175/1520-0469(1991)048〈2313:ASFRCC〉2.0161

May 11, 2022, 4:53pm



: X - 9

.CO;2162
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Figure S1. National Oceanic and Atmospheric Administration (NOAA) National Centers for

Environmental Prediction (NCEP) 500 hPa height contours on June 28, 2021.
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Figure S2. Simulation domains for the (a) WRF model, and (b) RegCM. The red boxes show

the region 45◦N-52◦N and 124◦W-119◦W, which is used for spatial averaging and is common to

both models.

Table S1. CMIP6 models used to calculated the multi-model averaged deltas used in the

pseudo-global warming method.

Model
ACCESS-CM2
ACCESS-ESM1-5
CESM2
CNRM-CM6-1
CanESM5
FGOALS-g3
GFDL-CM4
GFDL-ESM4
GISS-E2-1-G
HadGEM3-GC31-LL
IPSL-CM6A-LR
MIROC6
MRI-ESM2-0
NorESM2-LM
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Figure S3. Historical 18 km WRF simulation (a)-(j) individual ensemble members and (k)

ensemble-average of the daily maximum 2 m temperature (◦C; color contours) and geopotential

height at 500 hPa and 0000 UTC (m; white contour lines) on June 28, 2021.

Table S2. Summary of model experiments, where an X indicates that an experiment was

performed for the given model.

Experiments WRF 18km WRF 50km RegCM 18km RegCM 50km
Historical X X X X
Hist-nat X X X X

Mid-century X X
Late-century X X X X

Hist-nat with soil moisture delta X
Mid-century with soil moisture delta X

Late-century with soilt moisture delta X
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Figure S4. Historical 18 km RegCM simulation (a)-(j) individual ensemble members and (k)

ensemble-average of the daily maximum 2 m temperature (◦C; color contours) and geopotential

height at 500 hPa and 0000 UTC (m; white contour lines) on June 28, 2021.

May 11, 2022, 4:53pm
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Figure S5. June 28, 2021 (a) ERA5, (b) WRF 18 km historical ensemble average, and (c)

RegCM 18 km historical ensemble average of the daily maximum 2 m temperature (◦C; color

contours) and geopotential height at 500 hPa and 0000 UTC (m; white contour lines).

May 11, 2022, 4:53pm
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Figure S6. Time series from June 25-July 1, 2021 of the spatially averaged daily maximum

temperature from the GHCN (black), NARR (blue, dashed), GFS (red, dashed), the 18 km WRF

(blue, solid) and RegCM (red, solid) historical ensemble averages, and the 50 km WRF (blue,

dotted) and RegCM (red, dotted) historical ensemble averages.

May 11, 2022, 4:53pm
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Figure S7. Historical 50 km WRF simulation (a)-(j) individual ensemble members and (k)

ensemble-average of the daily maximum 2 m temperature (◦C; color contours) and geopotential

height at 500 hPa and 0000 UTC (m; white contour lines) on June 28, 2021.

May 11, 2022, 4:53pm
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Figure S8. Historical 50 km RegCM simulation (a)-(j) individual ensemble members and (k)

ensemble-average of the daily maximum 2 m temperature (◦C; color contours) and geopotential

height at 500 hPa and 0000 UTC (m; white contour lines) on June 28, 2021.

May 11, 2022, 4:53pm
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Figure S9. Historical ensemble-averaged daily maximum 2 m temperature (◦C; color contours)

from WRF at (a) 18 km, (b) 50 km, and (c) 18 km minus 50 km, and RegCM at (d) 18 km, (e)

50 km, and (f) 18 km minus 50 km on June 28, 2021.

May 11, 2022, 4:53pm


