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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 global warming caused a ~0.8°C—1°C increase in heatwave temperatures.
Future warming would lead to a ~5°C increase in heatwave temperature by the end of the 21st century.

Plain Language Summary While it is clear that global warming causes heatwaves to be warmer,
the unique meteorological conditions behind the 2021 Pacific Northwest heatwave tax our ability to make
quantitative estimates of the human contribution. We discuss why there is low confidence in traditional
estimates of the human contribution to this heatwave's temperatures and present an alternative, albeit more
highly constrained estimate that human activities caused a ~0.8°C—1°C increase in the observed daily
maximum temperatures. Additional future warming would lead to a ~5°C increase in the heatwave by the end
of the 21st century.

1. Introduction

On 26-29 June 2021, an unprecedented heatwave affected the Pacific Northwest (PNW) of the United States and
western Canada. Temperature records were shattered, with all-time highs of 116°F (47°C) in Portland, Oregon,
108°F (42°C) in Seattle, Washington, and 121°F (49°C) in Lytton, British Columbia (Di Liberto, 2021). Heatwaves,
characterized by prolonged periods of excessive heat, can have dangerous impacts on human health, infrastruc-
ture, and the environment (Campbell et al., 2018; McEvoy et al., 2009; Perkins-Kirkpatrick & Alexander, 2013;
Ruffault et al., 2020), and the PNW heatwave was no exception. Over 500 deaths were attributed to the heatwave
(Popovich & Choi-Schagrin, 2021), and the environment and infrastructure throughout the affected region were
strained and damaged, with crops ruined and roads buckled due to the excessively hot temperatures (Baker &
Sergio, 2021). The devastating and large-scale impacts of the PNW heatwave were exacerbated by the lack of
adaptability of a region unaccustomed to such extreme high temperatures, with the observational record suggest-
ing that this was a highly anomalous event (Figure 1).

The meteorological conditions of the PNW heatwave were similar to previous deadly heatwaves in Europe and
Russia (Black et al., 2004; Dole et al., 2011). These events are associated with atmospheric blocking patterns,
which are known to cause extreme heatwaves (Horton et al., 2015; Miralles et al., 2014; Schaller et al., 2018)
and are characterized by a persistent, quasi-stationary, and often anticyclonic obstruction of the usual zonal flow
(Rex, 1950; Sumner, 1954; Woollings et al., 2018). During the PNW heatwave, the high pressure of an omega
block was centered over Washington and British Columbia (Figure S1 in Supporting Information S1) leading to
subsidence and a multi-day period of hot, dry weather throughout the region (Neal et al., 2022). Additionally,
an anomalous warm-season atmospheric river (AR) made landfall over the Alaska panhandle in late June and
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injected a large amount of moisture into western Canada and the PNW. The accumulation of water vapor under
the high pressure of the atmospheric blocking pattern may have formed a positive feedback loop that further
enhanced the heatwave (Lin et al., 2022; Mo et al., 2022). These two weather patterns were also superimposed
on dry soil conditions, as 50% of Washington state and 70% of Oregon were in severe drought conditions in June
2021 (droughtmonitor.uni.edu).

An anomalously large rate of new high temperature records is consistent with expectations from global warming
(Meehl et al., 2016; Perkins-Kirkpatrick & Gibson, 2017; Power & Delage, 2019). Heatwaves have increased
since the 1950s (Perkins, 2015), and this observed increase in the frequency, intensity, and duration of heatwaves
has been attributed to anthropogenic climate change (Diffenbaugh & Ashfaq, 2010; Meehl & Tebaldi, 2004; Min
et al., 2013; Perkins et al., 2012; Wehner et al., 2018; Wuebbles et al., 2014). The 2021 PNW heatwave shattered
previous records in the region by up to 5°C. Large ensemble climate model simulations suggest that extreme
temperature variability increases with warming and that the rate of record shattering events depends on global
warming rate more so than the global warming level itself (Fischer et al., 2021). The Intergovernmental Panel
on Climate Change Sixth Assessment Report found that many heatwaves around the world could be attributed
to human influence (Seneviratne et al., 2021). Future warming will further increase the frequency, intensity, and
duration of heat extremes (Vogel et al., 2020), with the potential for temperatures to often reach dangerous levels
for human health and agriculture (Sun et al., 2019).

The World Weather Attribution initiative (WWA, https://www.worldweatherattribution.org/) performed analyses
of the PNW heatwave within weeks of the event and made three rapid attribution statements, which were later
published in the scientific literature (Philip et al., 2021). First, they stated that the observed temperatures recorded
were “virtually impossible without human-caused climate change.” Second, after estimating that the observed
temperatures had a return period of approximately 1,000 years, they stated that such annual maximum daily maxi-
mum temperatures (TXx) “would have been at least 150 times rarer without human-induced climate change.”
Third, they went on to state that “this heatwave was about 2°C hotter than a 1 in 1,000-year heatwave that at the
beginning of the industrial revolution would have been.”

In this study, our objective is to revisit these rapid attribution statements and to advance our understanding of
how climate change affected the PNW heatwave. In Section 2, we discuss the limitations of statistical models to
estimate the rarity of the PNW heatwave. In Section 3, we describe our experimental design of dynamical model
simulations of the PNW heatwave under past, present, and future climate conditions using two regional climate
models. In Section 4, we discuss the resulting temperature changes from these simulations. Finally, we present
our conclusions in Section 5.

2. Statistical Modeling

Figure 1a shows maximum daily maximum temperatures between 25 June and 4 July 2021 from a homogenized
US version of the Global Historical Climatology Network (GHCN) station data (Rennie et al., 2019). Figure 1a
reveals that most stations in this region had values greater than 45°C. Figure 1b compares the summertime
(June—August [JJA]) TXx from all of the US stations within the WWA region (45-49°N and 123-119°W) over
1920-2020 to those from 25 June to 4 July 2021. Figure 1c shows JJA TXx averaged over all of the US stations in
this region for each year. From Figures 1b and lc, it is clear that the PNW heatwave was an outlier event compared
to previous summertime maximum temperatures and will challenge statistical modeling.

Philip et al. (2021) found that the 2021 spatially averaged temperatures from the ERAS reanalysis (Hersbach
et al., 2020) exceeded the upper bound of an out of sample (not including 2021) non-stationary generalized
extreme value (GEV) distribution fit to data from 1950 to 2020. They then took a practical approach while
acknowledging the limitations and included the 2021 values, estimating that the current return period of the PNW
heatwave was about 1,000 years. Comparing this return period to that obtained under preindustrial temperatures,
they concluded that the probability of the PNW heatwave was increased by a factor of 390. Further analysis of
climate model simulations and their expert judgment caused them to conclude that the probability of the observed
temperature was increased by at least 150 as their final synthesis attribution statement.

We repeat this non-stationary GEV analysis on individual station data from 1950 to 2020 instead of averaging
over the WWA study region. In each single-station analysis, we use a GEV distribution with a location param-
eter linearly dependent on a sum-total forcing variable for five well-mixed greenhouse gases to accommodate
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Figure 1. Observational station data from the homogenized US version of the Global Historical Climatology Network of (a) the maximum daily maximum temperature
between 25 June and 4 July, (b) histograms of the summertime (June—August [JJA]) maximum daily maximum temperature (i.e., JJA TXx) from the US stations within
the World Weather Attribution initiative (WWA) region (45—49°N and 123—-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 region defined by the WWA.

non-stationarity (e.g., Risser et al. (2022)), which imposes a non-linear time trend in the GEV model (Section S1
in Supporting Information S1).

Figure 2a shows the Bayesian expectation of the upper bound for daily maximum temperatures for the 1950-2020

GHCN station data. Stations where the observed 2021 values exceed the expectation of the upper bound (“+7)

reveal that most of the heatwave's maximum temperatures are outside of the range of the GEV model. Figure 2b

shows the 2021 out of sample return times for the GHCN stations, where many stations realized return times in
excess of 2,000 years during the 2021 PNW heatwave. The probability of 2021 temperatures exceeding this GEV
upper bound (Figure 2c) further illustrates that the out of sample GEV fails to describe the 2021 PNW heat-
wave. Including the 2021 temperatures in the GEV fitting procedure extends the upper bounds to include these

values in the distribution, but the distributions are a poor fit to the rest of the data. Using a y? goodness-of-fit

test, the p-values calculated without 2021 values are generally greater than 0.2, demonstrating strong evidence

of an underlying GEV distribution. However, the p-values calculated when 2021 temperatures are included are

less than 0.05, indicating that the distribution is significantly different from GEV. Figure 1b, constructed by
binning all GHCN station data from 1920 to 2020 (blue) and 2021 (red), further suggests that the temperatures
of the 2021 heatwave are drawn from different distributions than previous years that is not accounted for by the
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Figure 2. Results from fitting the non-stationary generalized extreme value (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 June—August (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 panel (b); and (c) The overall probability of 2021 TXx exceeding the GEV upper bound given the observations.
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time-dependent greenhouse gas covariate. The above evidence suggest that the critical GEV assumption of inde-
pendent and identically distributed (i.i.d.) data is violated when 2021 temperatures are included.

Given that an in-sample GEV distribution is a poor fit to the GHCN data and that the combined effects of the
atmospheric blocking pattern and anomalous AR were likely very rare if not unique, we conclude that there should
be little confidence in attribution statements based on in-sample GEV formulations. Philip et al. (2021) argued
that the temperatures reached during the PNW heatwave were “virtually impossible” without climate change.
However, this conclusion is not supported from a purely Granger causal inference perspective (Ebert-Uphoff
& Deng, 2012; Hannart et al., 2016). Granger causality in this sense means that knowledge of greenhouse gas
concentrations would inform about the probability of the 2021 heatwave temperatures. But due to the failure of
the non-stationary GEV methodology to construct a well-fit in-sample distribution that includes the 2021 temper-
ature values, and the fact that the out-of-sample distribution does not reach the magnitude of the 2021 event,
no statement about the role of greenhouse gases should be made from this technique. The statistical analysis
presented here only supports an attribution statement that these temperatures were virtually impossible under any
previously experienced meteorological conditions, with or without global warming.

Given this evidence that the outlier 2021 temperatures are not drawn from the same distribution as all previous
TXx values, we further conclude that TXx is not an appropriate attribution variable for this event. Hence, analysis
of TXx from the CMIP global climate models is also inappropriate for understanding this event. Examination of
the CMIP database for extreme temperatures of much greater rarity than TXx, either through longer block sizes or
high thresholds provides a more sound basis to construct a distribution more suitable to describe events as rare as
the PNW heatwave than do distributions of annual maxima. It is clear that ensemble sizes in the standard CMIP
database are not large enough to construct such distributions and provide robust attribution statements. However,
recent developments of larger climate model ensemble simulations (up to 40 individual realizations) do provide
some insight as to the rarity of such events (McKinnon & Simpson, 2022).

Despite these limitations of conventional attribution methods, it is highly likely that anthropogenic climate change
influenced the 2021 PNW heatwave. Hence, the next section describes a more constrained hindcast attribution
method using short, high-resolution numerical weather prediction model simulations with initial and boundary
conditions imposing the requisite large scale meteorological conditions which led to the 2021 PNW heatwave.
By altering the anthropogenic factors, Pearl causal inference statements (Pearl, 2009) about only the change in
magnitude of the PNW heatwave from global warming, can be informed by these constrained hindcasts models
assuming a fixed but unspecified return time.

3. Dynamical Models and Experimental Design

From Section 2, the PNW heatwave of 2021 was an extreme outlier event. Traditionally, Pearl causal inference
attribution statements are made with long simulations of global climate models, usually in pairs forced with both
anthropogenic and natural forcing factors (Stott et al., 2016). However, another more conditional form of Pearl
causal inference attribution statements can be formulated with an imposed-global warming hindcast attribution
method (Bercos-Hickey & Patricola, 2021; Bercos-Hickey et al., 2021; Patricola & Wehner, 2018; Patricola
et al., 2022; Schir et al., 1996; Wehner et al., 2019). In this approach, ensembles of regional climate model
(ReGCM) simulations are performed with historical initial and boundary conditions, referred to as historical
or hindcast simulations. These simulations are then compared with simulations performed with counterfactual
initial and boundary conditions that have been adjusted by a climate change difference, here referred to as the
deltas, that takes into account the thermodynamic component of anthropogenic climate change (Section S5 in
Supporting Information S1). In this study, the counterfactual experiments include a world without anthropo-
genic climate change, referred to as natural, as well as worlds with future 21st century warming, referred to as
mid-century and late-century. While this approach implies that no attribution statement can be made about the
human-induced change in probability of the event, quantitative attribution statements about the human-induced
change in the magnitude of the event can be made with this more restricted approach.

In this study, the Weather Research and Forecasting (WRF) model (Skamarock et al., 2008) version 3.8.1 was
used to perform hindcast simulations of the PNW heatwave (Section S2 in Supporting Information S1). To
understand the impacts of model structural uncertainty, we performed a similar suite of simulations using the
International Centre for Theoretical Physics RegCM version 4.9.5 (Giorgi et al., 2012). The WRF hindcast
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simulations were initialized on 24 June 2021 00:00 UTC and ran continuously through 4 July 2021 with initial
and boundary conditions from the 32 km resolution National Centers for Environmental Prediction North Ameri-
can Regional Reanalysis (NARR). The RegCM hindcast simulations were initialized on 22 June 2021 00:00 UTC
and ran continuously through 02 July 2021 with initial and boundary conditions from the Global Forecast System
(GFS) version 4 0.5-degree analysis (Section S3 in Supporting Information S1). Ten-member ensembles were
performed for each model configuration and the effects of horizontal resolution were explored by configuring the
models with grids of 18 and 50 km spacings over the chosen domains (Figure S2 in Supporting Information S1).

To establish the validity of the heatwave simulations, we compare the WRF and RegCM hindcasts with obser-
vational and reanalysis data. As discussed in Section S4 in Supporting Information S1, the WRF and RegCM
hindcasts capture the omega blocking pattern and elevated temperatures of the PNW heatwave. The two models,
however, underestimate the magnitude of the heatwave, likely due to the initial and boundary conditions.
The hindcasts of the heatwave event were best represented at 18 km horizontal resolution (Section S4 in Support-
ing Information S1), and are the basis of the remainder of our analyses.

In addition to the hindcast simulations of the heatwave under current climatic conditions, three ten-member
ensembles under counterfactual conditions both cooler and warmer than present were performed using the hind-
cast attribution method to understand the effects of global warming on the PNW heatwave. Simulations of the
event in a cooler “world that might have been” without climate change (here denoted natural) were driven by
initial and boundary atmospheric conditions altered by the difference between Coupled Model Intercomparison
Project Phase 6 (CMIP6) historical and hist-nat simulations (Danabasoglu, 2019) averaged over the 1995-2014
period (Section S5 and Table S1 in Supporting Information S1). In this study, the multimodel average global aver-
age surface temperature of the CMIP6 hist-nat simulations is about 0.8°C cooler than the historical simulations
over this period. Two “worlds that might be”” experiments with additional global warming were performed with
mid-21st century (2040-2060) and late-21st century (2070-2090) climate conditions under the Shared Soci-
oeconomic Pathway 585 (SSP585) emissions scenario (O’Neill et al., 2016). In this study, the CMIP6 multi-
model average global average surface temperature of the former (mid-century) is about 1.75°C warmer than the
historical simulations while the latter (late-century) are about 3.8°C warmer. These hindcasts further elucidate
the effect of global warming on the PNW heatwave. Lastly, to examine the effects of climate change on soil
moisture-temperature feedbacks, natural, mid-, and late-21st century experiments were conducted with the 18 km
WRF model by additionally altering soil moisture. A summary of all model experiments is shown in Table S2 in
Supporting Information S1.

In the following section, our analyses utilize spatial averages over the region 45-52°N and 124-119°W (Figure
S2 in Supporting Information S1). Because WRF and RegCM were run at finer resolution than the CMIP-class
models in Philip et al. (2021), we extended the region of interest to the west to be closer to the coast than the
WWA region.

4. Changes in PNW Heatwave Temperature

The effects of the current amount of climate change on the PNW heatwave are assessed by comparing the WRF
and RegCM simulations in the historical and natural climates. Figure 3 shows the 25 June 25-1 July 2021 time
series of Figure 3a the GHCN, NARR, GFS, WRF, and RegCM daily maximum temperature and Figure 3b the
WRF and RegCM temperature differences between the climate scenarios and the historical. Contours of the
maximum temperature on 28 June, the hottest day of the GHCN station observations (Figure 3a), are shown for
the Figures 3c and 3f historical, Figures 3d and 3g historical minus natural, and Figures 3e and 3h late-century
minus historical simulations from the 18 km Figures 3c-3e WRF and Figures 3f—3h RegCM. From Figure 3d,
the WRF model clearly exhibits warming from the natural to the historical climate except for some cooling at
the Oregon coast. From Figure 3g, the RegCM model exhibits a more heterogeneous warming and the cooling
is shifted northward to the coast of British Columbia. In our analysis region (Figures 3¢ and 3f black box), the
ensemble average increase in the daily maximum two-meter temperature on 28 June is 0.95°C + 0.22°C for WRF
and 0.66°C + 0.05°C for RegCM from the natural to the historical, where the confidence intervals are the standard
errors. Over the four-day period 27-30 June, during which multiple temperature records were broken, the aver-
age increase in daily maximum two-meter temperature is 0.98°C + 0.40°C for WRF and 0.78°C + 0.07°C for
RegCM from the natural to the historical. The blue lines in Figure 3b reveal that the attributable warming in the
WRF model averaged over the region of interest (about 1°C) does not vary much during the heatwave event. The
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Figure 3. 25 June-1 July 2021 daily maximum temperature (a) from the Global Historical Climatology Network, North
American Regional Reanalysis, Global Forecast System, ERAS, and the Weather Research and Forecasting (WRF) and
regional climate model (RegCM) historical 18 km ensembles and (b) daily maximum temperature difference between the
WREF and RegCM historical and natural, mid-century (WRF only), and late-century ensembles and the Coupled Model
Intercomparison Project Phase 6 multi-model surface temperature deltas averaged over the region 45-52°N and 124-119°W.
The shading 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 28 June of the (c and f) historical, (d and g) historical minus natural, and (e and 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 in Supporting Information S1.

RegCM, which here differs from the WRF model in that soil moisture was not altered in the natural simulations,
exhibits a decrease in attributable warming until 28 June and then an increase until 1 July.

Figure 3e shows that the WRF simulated heatwave is warmer over the entire domain under late-century condi-
tions when compared to the historical simulations. Similar warming is also seen in the WRF simulations under
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mid-century conditions (not shown). In contrast, Figure 3h shows that while the RegCM model warms over the
majority of the region under late-century conditions, cooling is simulated along the coast of southern Oregon and
northern California. This coastal cooling in the RegCM late-century simulations is likely due to a complicated
interaction between changes in onshore winds and a warmed ocean and is influenced by topography (Figure
S10 in Supporting Information S1) and the choice of boundary layer parameterization scheme. In our analysis
region (Figures 3c and 3f black box), the average increase in the daily maximum two-meter temperature on 28
June is 1.55°C + 0.29°C for WRF from the historical to the mid-century, and is 4.68°C + 0.26°C for WRF and
4.57°C + 0.04°C for RegCM from the historical to the late-century. During the peak days of the heatwave, the
27-30 June average increase in maximum daily two-meter temperature is 1.71°C + 0.39°C for WRF from the
historical to the mid-century, and is 5.41°C + 0.41°C for WRF and 5.20°C + 0.06°C for RegCM from the histor-
ical to the late-century.

The red lines in Figure 3b compare the regionally averaged temperature change between the present and
late-century under SSP585 forcing conditions. The orange line shows a similar result under mid-century SSP585
forcing conditions. In these warmer simulations, the anthropogenic warming of the PNW heatwave gradually
reduces until the hottest days are reached, 29 June 2021. Afterward, the anthropogenic warming increases as the
heatwave evolves for both models, lengthening the duration of the heatwave in both the WRF and RegCM simu-
lations. This behavior is also exhibited in the RegCM historical compared to natural simulations (blue dashed
line), but is not for WRF, where the regionally averaged anthropogenic warming is relatively constant over the
entire duration of the simulation.

To examine the effects of soil moisture-temperature feedback on the PNW heatwave, we performed WRF exper-
iments where, in addition to the other modified fields, we adjusted the soil moisture by a climate change delta.
Inclusion of the soil moisture delta causes warmer climates to have drier soil and cooler climates to have wetter
soil due to evapotranspiration changes, as can be see in Figure S11 in Supporting Information S1. Figure 4 shows
the 28 June 2021 ensemble-averaged maximum two-meter temperature changes from the 18 km WRF Figure 4a
natural, Figure 4b mid-century, and Figure 4c late-century experiments including the soil moisture delta minus
the experiments without the soil moisture delta. Figure 4d shows the 25 June—1 July time series of the daily
maximum temperature in the soil moisture minus no soil moisture experiments. From Figure 4a, the heatwave
in the natural climate is cooler across most of the region when the soil moisture delta is included, because of
an increase in evapotranspiration cooling from the wetter surface. Thus by also considering that soil conditions
are drier now than they were in a cooler past climate, the human effect on the PNW heatwave is slightly larger
than in Figure 3a. In our analysis region (Figures 3¢ and 3f black box), the average daily maximum two-meter
temperature in Figure 4a is 0.10°C + 0.21°C cooler in the natural experiment with the soil moisture delta than it
is without. Figures 4b and 4c indicate that the heatwave in the mid- and late-century climates is warmer across
almost all of the region when the soil moisture delta is included, reflecting a decrease in evapotranspiration cool-
ing due to less available soil moisture. The average daily maximum two-meter temperature in Figures 4b and 4c
is 0.78°C =+ 0.34°C and 0.90°C =+ 0.28°C warmer in the mid- and late-century experiments with the soil moisture
delta, respectively.

The blue line in Figure 4d reveals that the effects of soil moisture on the natural simulations remains relatively
constant throughout the duration of the heatwave. In contrast, the future climate simulations (Figure 4d orange
and red lines) exhibit a temporally dependent enhancement of the effects of the soil moisture delta as the heat-
wave progresses. Roughly following the simulated temperature itself (Figure 3a), the effect of decreased soil
moisture peaks at about 1.0°C and 1.2°C warmer in the mid- and late-century experiments, respectively.

5. Conclusions

The 2021 PNW heatwave was a rare and unprecedented compound weather event. An unusual summertime AR
interacted with an omega block pattern and preexisting dry soil conditions to shatter century-old temperature
records by several degrees Centigrade. While there is little doubt that anthropogenic global warming contributed
to the probability and magnitude of the extreme temperatures, the uniqueness of the event precludes quantifying
this influence by traditional event attribution methods. In Section 2, we demonstrated that out of sample fitted
non-stationary GEV distributions fail to contain many of the observed 2021 observations within the uncertainty
estimates of their upper bounds. While including the 2021 temperatures in the GEV fitting procedure extends
the upper bounds to include these values in the distribution, these distributions are a poor fit to the rest of the

BERCOS-HICKEY ET AL.

7of 12

85US017 SUOWWIOD 3AII1D 8|t [dde auy Ag peuseAob e S3[o1e YO ‘88N JO S3INJ 0} A%eiq18UIIUO /8|1 UO (SUORIPLOD-PUR-SWIRYLIO A8 1M AsRIq 1 BU1UO//:SdNL) SUORIPLOD PUe SWie | 38U} 88S *[£202/90/90] Uo A%iqiauljuo A8 (1M ‘96£660192202/620T 0T/I0p/wi0d e Ariqijpuluosqndnfe//sdny wouy papeojumod ‘€z ‘220z ‘20087v6T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters

10.1029/2022GL099396

(@ WRF natural soil - natural no soil (b) WRF mid-century soil - mid-century no soil

50°N - 50°N - \

45°N A 45°N A

40°N - 40°N — — '
125°W 120°W 115°wW 125°W 120°W 115°wW

- T

-1.8-12-06 0.0 06 1.2 1.8 -18-12-06 0.0 06 12 1.8
OC cc

(c) WREF late-century soil - late-century no soil

50°N

(d)

g —— WRF natural soil - natural no soil

@ 1.24 'WRF mid soil - mid no soil

g —— WRF late soil - late no soil

é 1.04

o

08

2

&
45°N A 20e

o4

£

E

£o2

g

20—

8

Jun25 Jun26 Jun27 Jun28 Jun29 Jun30 Julol

40°N

125°wW 120°wW 115°wW

-18-12-06 0.0 06 1.2 1.8
°C

Figure 4. Ensemble-averaged daily maximum 2 m temperature (°C) on 28 June 2021 from the 18 km Weather Research and
Forecasting (a) natural, (b) mid-century, and (c) late-century experiments with the soil moisture delta minus the experiments

without the soil moisture delta. (d) The 25 June—1 July 2021 daily maximum temperature difference between the experiments
with and without the soil moisture delta averaged over the region 45-52°N and 124-119°W.

data. The underlying reason for this failure of traditional statistical methods is that the uniqueness of the 2021
PNW heatwave violates the i.i.d. assumption of GEV theory. We therefore conclude that estimates of the PNW
heatwave return times are not accurate and that confidence in GEV-based estimates of the human influence on
the change in the probability of the observed extreme temperatures should be low. We further conclude that
quantitative changes in event magnitude and frequency from analysis of TXx from CMIP-class models (Philip
et al., 2021; Wehner et al., 2018, 2020) are made with low confidence as it is not clear that global climate models
adequately simulate the relevant meteorological phenomena of the PNW heatwave even if they simulate extreme
temperature anomalies as high as observed (van Oldenborgh et al., 2021; Van Oldenborgh et al., 2022).

In Sections 3 and 4, we present an alternative but more limited attribution of the anthropogenic changes to the
PNW heatwave using ensembles of simulations from the regional models WRF and RegCM, where the hindcast
attribution method was used to examine the effects of removing anthropogenic warming and additional future
warming. We find that the historical model simulations are in agreement with their initial and boundary condi-
tion data sets, but that the observed and simulated gridded products are cooler than station observations during
the hot portion of the event. Comparison of the historical heatwave with a counterfactual heatwave in a world
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without human-induced warming indicates that the anthropogenic temperature increase is about 1°C and rela-
tively constant over the course of the event. In contrast, the heatwave in an SSP585 world with significant future
warming would be 5°C warmer, and the anthropogenic influence extends the peak of the heatwave, indicating a
future increase in heatwave duration.

These anthropogenic increases in extreme temperatures during the PNW heatwave are slightly less than the lower
bound of the synthesis estimate from the World Weather Attribution project but within the lower bounds of the
global climate model estimates (Philip et al., 2021). One possible reason for a smaller anthropogenic temperature
increase is that severe drought conditions were being experienced in June 2021 in much of the southern portion
of our analysis region, thus the evapotranspiration cooling in all of the simulations is low. Despite the additional
surface moistening in our cooler counterfactual “world that might have been” simulations, the region remains in
drought with a reduced soil moisture influence on air temperature. In Section 4, we examined the effects of soil
moisture in the hindcast experiments and found that, at current levels of global warming, this cooling is altered
by only about 0.10°C. As precursor soil conditions from the drought are drier than the average conditions used in
traditional CMIP-class heatwave attribution statements, this is not unexpected. Even in much warmer late-century
conditions, the maximum soil moisture-temperature feedback is 1.2°C out of over 6°C averaged over our anal-
ysis region. While it may be that the amplification of the anthropogenic temperature change during heatwaves
(Seneviratne et al., 2021) is diminished by pre-existing drought conditions, this is not the case in much warmer
future simulations.

This study is limited by the constraints of the hindcast attribution method. Other estimates of the imposed warm-
ing could be made by selecting individual CMIP models or other subsets of them. Furthermore, the selection of
initial and boundary conditions also affects the limited set of models' ability to reproduce independent observa-
tions. However, this study reveals that our understanding of all the physical mechanisms behind this extreme heat-
wave and their anthropogenic changes is limited and our traditional attribution tools fail for this and other extreme
outlier events as pointed out by the great attribution scientist Geert Jan van Oldenborgh in his final paper (Van
Oldenborgh et al., 2022). As he had hoped, we indeed can do better and there may be opportunities to remedy this
by examining the large coupled and uncoupled model ensembles (Kay et al., 2015; Stone et al., 2019). Presently,
however, we do not know with confidence whether the 2021 PNW heatwave and the associated weather patterns
will remain an outlier event or is a harbinger of things to come.

Data Availability Statement

WRF and RegCM data are available at https://portal.nersc.gov/archive/home/projects/cascade/www/PNW_Heat-
wave. Monthly CMIP6 data (variables hur, hus, mrsol, ps, ta, ts, and zg) used to create the deltas are available at
esgf-node.lInl.gov under the historical and hist-nat experiments.
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