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ABSTRACT: This paper examines the trends in hot summer days for the Pacific Northwest in observations and a regional
climate model ensemble. Hot days are identified by the temperature threshold for several percentile values computed over
10-yr intervals (85th, 90th, and 95th percentiles and absolute maximum) to differentiate heat events of different intensities
and are compared to the median temperature (50th percentile). For the stations analyzed, the observed rate of warming
during hot days is not statistically different from the warming rate of median days since the 1950s. However, for projections
to 2100, hot days show a statistically significant increase in the warming rate of the hottest days compared to the warming
rate for median days. Depending on location, the 95th-percentile daily maximum temperature shows a warming rate of up
to 0.28C decade21 above the median warming rate. The divergence in the trends of median and extreme temperature
shows substantial regional variation depending on local terrain and coastlines. The warming trend during hot days is re-
lated to the unique circulation patterns during heat events, which respond to different feedbacks and amplifying effects in
the land–atmosphere system from those that prevail during typical days. The regional climate model simulations are taken
from an ensemble of the Weather Research and Forecasting (WRF) Model simulations forced by 12 global climate model
simulations from phase 5 of the Climate Model Intercomparison Project (CMIP5) using the RCP8.5 emissions scenario
and 12-km grid spacing.

SIGNIFICANCE STATEMENT: The heatwave of June 2021 had substantial societal and ecological impacts, illus-
trating vulnerability to record-shattering events. This paper addresses whether climate change can cause heat events in
the Pacific Northwest to warm at a more rapid rate than typical days. Based on observations, in the recent past, the hot-
test days warmed at about the same rate as typical days in the recent past. However, results from a high-resolution cli-
mate model show a higher rate of warming during the warmest days relative to median days under the most aggressive
future emissions scenario. This effect could cause heatwaves to become more intense relative to typical days by 2100,
making adaptation to extreme events more difficult.

KEYWORDS: Topographic effects; Climate change; Mesoscale processes; Regional effects; Mesoscale models;
Societal impacts

1. Introduction

In June 2021, a severe heat event in the United States
Pacific Northwest resulted in daytime high temperatures on
28 June 2021 of 428C (1088F) at the Seattle–Tacoma (Sea-Tac),
Washington, and 478C (1168F) at the Portland, Oregon, air-
port weather stations. This event exceeded the previous re-
cord high temperature at Sea-Tac by 2.88C and at Portland by
58C. The meteorological conditions during the event consisted
of an anomalously strong and persistent high pressure ridge
over the western United States that yielded a combination of
strong large-scale subsidence warming and anomalous east-
erly flow, advecting hot continental air toward the coast
(Overland 2021). This rare and intense circulation pattern,
within the background of steadily increasing mean tempe-
ratures, resulted in the record high temperatures. Record-
shattering events like this present a significant challenge in
adapting to climate change (Fischer et al. 2021). Where cli-
mate processes can cause extremes to increase more rapidly

than the mean climate, the vulnerability of natural and human
systems to future extreme events is substantially increased.
The recent event, and its unprecedented anomaly relative to
past events, clearly illustrates this concern. The region was
wholly unprepared for the consequences of such temperature
extremes, which resulted in a substantial increase in the hu-
man death rate, significant ecological damage, and rapid gla-
cial collapse (Klein et al. 2022; Overland 2021). Given the
adaptation challenge of rare and extreme events, it is critically
important to understand how future heat events in the region
respond to climate change in ways that differ from the mean
climate response.

The simplest assumption is that, at least in the near term,
climate change will not substantially alter the circulation pat-
terns historically responsible for heat events. A recent study
of CMIP6 climate models found the atmospheric ridge
pattern during heatwaves in this region is not simulated
to change significantly in amplitude or frequency (Loikith
et al. 2022) even under the strongest emissions scenario. In
this case, one might expect the probability distribution of
daily temperatures in any decade to increase uniformly
with the median temperature [as, for example, Fig. 2.32a inCorresponding author: Eric Salathé, salathe@uw.edu

DOI: 10.1175/JCLI-D-22-0313.1
Ó 2023 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

S A LA THÉ E T A L . 247115 APRIL 2023

� �#�8"�"��C�#�2C�/�9$5 !9"C����01!89��"����92 1 95!�D�/�1#"85�"931"5��D�
�B�:�1�5�� 	������� �
������/��



Folland et al. (2001)], maintaining the standard deviation and
skewness of the past probability distribution so that all tem-
perature percentiles increase at the same rate as the median.
Rhines and Huybers (2013) argue this assumption is justified
by the observations of summertime average temperature and
allows for most of the important features of the observed in-
crease in extreme events due to climate change. However,
Donat and Alexander (2012) found regionally dependent
shifts in the variance and skewness of daily temperature
anomalies for 1981–2010 compared to 1951–80, and suggest
that extreme events have become more extreme relative to
the mean in recent decades. A number of studies hypothesize
processes that could cause extreme events to change at a dif-
ferent rate than the mean climate, for example, soil–moisture
feedbacks could amplify extremes (Seneviratne et al. 2014)
while weakening offshore winds along the west coast (Brewer
and Mass 2016) could reduce extremes.

Heat events in the Pacific Northwest during the warm season,
which we define here as the period May through September,
are typically the result of the synoptic development of a West
Coast thermal trough (WCTT) (Brewer et al. 2012). The
WCTT is characterized by a ridging pattern in the lower tro-
posphere that produces offshore flow with adiabatic warming
as continental air descends the west slopes of the Cascade
Range. The resulting hot and dry conditions have significant
impacts on the populous areas of Washington and Oregon
west of the Cascades, creating heat stress, poor air quality,
and increased risk of wildfire. The anomalous easterly winds
and associated air parcel trajectories skew the temperature
probability distribution west of the Cascades with a long
warm tail (Brewer and Mass 2016; Catalano et al. 2021). The
dynamics of this ridging pattern prevents the typical cooling
by marine and advects air parcels from the north and east of
the region (Catalano et al. 2021).

In this paper, we use historic station records of maximum
daily temperature and the results of a high-resolution regional
climate model ensemble to examine the relative trends in
extreme and median temperatures. We seek to establish
whether there has been a difference in the warming trend of
extreme temperatures compared to median temperatures his-
torically and whether a high-resolution climate model projects
such a difference for the future. We focus specifically on heat-
waves in the Pacific Northwest, which is governed by unique
meteorological and climatological conditions controlled by
complex terrain and coastlines. To establish the effect of cli-
mate change on typical days and on high-temperature days,
we examine the temperature within 10-yr periods at multiple
percentile thresholds: the median (50th percentile), 80th per-
centile, 95th percentile, 99th percentile, and decadal maxi-
mum of daily maximum temperature during the months May–
September.

2. Regional climate model ensemble

This paper analyzes an ensemble of 12 high-resolution re-
gional climate simulations, created by dynamically downscal-
ing CMIP5 global climate simulations (Taylor et al. 2012).
This downscaling uses the National Center for Atmospheric
Research (NCAR) Weather Research and Forecasting
(WRF) Model run at 12-km grid spacing, which allows realis-
tic simulation of key mesoscale features. The simulations in-
clude a large 36-km domain with a nested 12-km domain over
the northwestern United States. The geography of the inner
12-km domain is shown in Fig. 1. Ensemble results are evalu-
ated and analyzed in detail by Mass et al. (2022).

The global model simulations used in the ensemble are all
based on the RCP 8.5 greenhouse gas emissions scenario, the
most aggressive scenario used in CMIP5. This scenario allows

FIG. 1. Study region and domain for WRF simulations; shading indicates terrain height on the
12-kmWRF grid. Station locations discussed in the text are marked by letters A, C, S, and W.
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simulations that explore a strong signal in the mesoscale re-
sponse to climate change. However, it may well represent un-
realistic greenhouse gas concentrations later in the century
(Hausfather and Peters 2020), and the results presented here
should not be interpreted as the most likely outcome, subject
to greenhouse gas mitigation actions to avoid the extreme
emissions represented in RCP 8.5.

Full technical details on the regional climate model simula-
tions are given in Mass et al. (2022) and the following sum-
mary is derived from there with minor modifications. The
WRF Model configuration used for the climate ensemble has
been evaluated in previous studies (Zhang et al. 2009; Dulière
et al. 2011), and a similar configuration has been used for nu-
merical weather prediction over the same domain for nearly
two decades (Mass et al. 2003). WRF is a nonhydrostatic me-
soscale modeling system designed to serve both operational
forecasting and atmospheric research (Skamarock et al. 2008)
and has been applied extensively for regional climate model
(RCM) simulations (e.g., Duffy et al. 2006; Salathé et al.
2014). The simulations presented in this paper applied WRF
version 3.8.1 using the following parameterization choices:
Thompson microphysics (Thompson and Eidhammer 2014),
the Yonsei University (YSU) planetary boundary scheme
(Hong et al. 2006), the Grell–Freitas cumulus parameteriza-
tion (Grell and Freitas 2014), the Rapid Radiative Transfer
Model G (RRTMG) for longwave and shortwave radiation
(Iacono et al. 2008), and the Noah-MP land surface (Niu et al.
2011). The 36-km domain is nudged (grid nudging) toward
the parent GCM, while the interior 12-km domain is not
nudged, but forced on its lateral boundaries by the surround-
ing coarser (36-km) mesh. Gridded analysis nudging was

applied to wind, temperature, and moisture fields above the
planetary boundary layer and only wind near the surface. To
enhance the model’s ability to simulate mesoscale features on
the outer domain, nudging coefficients were set to 1/3 the de-
fault values for temperature and wind (1024) and near zero
for moisture (1026). The same WRFModel physics options and
configuration were used for all members of the high-resolution
WRF ensemble.

3. Observed trends from station records

We begin this analysis with the observed daily maximum
temperatures at several stations from the Global Historical
Climatology Network–Daily Version 3 dataset (Menne et al.
2012); see Table 1 for station information. Station locations
are marked in Fig. 1 using the first letter of the station name.
Data were obtained from the NOAA Climate Data Online
Portal (https://www.ncdc.noaa.gov/cdo-web/). Data were ana-
lyzed for the warm-season months May through September.
These months were selected since, historically, daily maxi-
mum temperatures have exceeded 908F only during these
months. The analysis is done on absolute temperatures, not
anomalies relative to the seasonal cycle, since our intention is
to focus on the very hottest days of the year, which are associ-
ated with a similar dynamical pattern of easterly winds and
subsidence warming irrespective of the calendar month.

For each decade, the temperature threshold at several per-
centiles was found from the 1530 individual days. We present
results for the 50th (median), 85th, 95th, and 99th percentiles
and the absolute maximum. The notation TmaxPct indi-
cates the daily maximum temperature at the percentile (Pct);
Tmax50 is the median value and Tmax99 is the 99th percen-
tile; for notational consistency, Tmax100 indicates the decadal
absolute maximum. The observed daily maximum tempera-
ture is greater than or equal to Tmax99 on 1% of summer
days, roughly once in every 100 days, or 15 days decade21.
Assuming the probability distribution is stationary within a
decade, the percentiles computed over the decade would ap-
proximate the theoretical distribution for any single year.

TABLE 1. Stations analyzed.

Station Name Lat (8) Lon (8) Elev (m)

USW00024233 Sea-Tac 47.4 2122.3 112.8
USC00459074 Wenatchee 47.4 2120.3 190.8
USC00451276 Centralia 46.7 2123.0 56.4
USC00450008 Aberdeen 47.0 2123.8 3.0

FIG. 2. (left) Temperature percentile thresholds for summertime daily values observed at the Sea-Tac airport station.
Values are for the decade starting at the year indicated. (right) The anomaly relative to the linear fit value for the 1950s.
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However, the decadal period is more likely to sample rare ex-
treme hot days, yielding higher values at the uppermost per-
centiles than would be found in most years. Decadal absolute
maximum (Tmax100), in particular, will always be higher than
the average of yearly absolute maxima during a decade.

Figure 2 shows the threshold values for each decade and
percentile observed at the Sea-Tac airport station, south of
Seattle, WA. A linear fit is found for each threshold value,
with the lines in Fig. 2 showing the warming trend across the
probability distribution. To allow easier comparison of the
trends, Fig. 2 (right) shows the anomaly temperatures com-
puted relative to the linear fit for the decade 1950–59. This
figure shows differences in the trends at each threshold, with
the high extremes showing slightly lower trends than the mean
temperature. The linear fit statistics are shown in Table 2.
From the low correlation and high p values of the linear fit,
the trends in Tmax99 and Tmax100 are not statistically signifi-
cant. Trends at lower thresholds are weakly statistically signif-
icant, and not distinguishable from each other within the
error range. As in most other locations, historic trends in daily
Tmin, which are not discussed here, show statistically signifi-
cant positive trends at all percentiles. The lack of significance
in the upper thresholds is a consequence of the greater degree
of random variability in the low sample sizes associated with
rare events, which obscures any potential underlying trend.
For example, a severe heat event occurred in 2009, matching
temperatures observed for the June 2020 event at some sta-
tions, yet no severe events occurred in the 2010s. Had the
2009 event occurred a year later, the statistical results would
be quite different. Based on these results, it is not possible to

reject the hypothesis that recent temperature trends are uni-
form across percentiles. Alternatively, any effect causing a dif-
ferent warming trend during extreme hot days compared to
median days is small compared to natural variability.

This analysis was repeated for three additional stations:
Centralia, Washington, which is south of Sea-Tac and lacks
the marine influence of Puget Sound; Wenatchee, Washing-
ton, east of the Cascade Range in the Columbia Plateau;
and Aberdeen, Washington, on the Pacific coast. Aside from
somewhat lower statistical significance of trends at Centralia,
the overall warming trends for inland stations are similar and
do not show consistent differences by percentile. There is no
statistically significant warming in daily maximum tempera-
ture observed at Aberdeen over this period due to the moder-
ating influence of the northeastern coastal Pacific, which

TABLE 2. Tmax regression statistics for station observations
1950–2019.

Percentile
Slope

(8C decade21) Correlation P value

Sea-Tac 50th 0.22 0.75 0.05
80th 0.32 0.83 0.02
95th 0.24 0.76 0.05
99th 0.16 0.61 0.14
100th 0.14 0.24 0.61

Wenatchee 50th 0.20 0.81 0.03
80th 0.22 0.61 0.15
95th 0.22 0.61 0.15
99th 0.27 0.58 0.17
100th 0.22 0.47 0.29

Aberdeen 50th 20.14 20.69 0.09
80th 20.20 20.81 0.03
95th 0.02 0.20 0.66
99th 0.00 0.01 0.99
100th 20.08 20.11 0.82

Centralia 50th 20.06 20.31 0.50
80th 0.10 0.43 0.34
95th 0.04 0.29 0.53
99th 0.01 0.04 0.94
100th 0.18 0.27 0.56

FIG. 3. (top) Tmax50 and (bottom) Tmax99 values for each
ensemble member and each decade simulated at the Sea-Tac
station; colors indicate ensemble members. The black dots and
error bars show the ensemble mean and standard deviation for
each decade.
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has not warmed substantially during this period [see e.g.,
Desbruyères et al. (2017) or NOAA National Centers for
Environmental Information (2020)].

4. Simulated trends from WRF ensemble

We now turn to a similar analysis of the trends in tempera-
ture percentiles simulated in the WRF ensemble for the re-
cent past and projected for the future. Figure 3 shows Tmax50
(top panel) and Tmax99 (bottom panel) values for each en-
semble member and each decade for the Sea-Tac station; col-
ors indicate ensemble members. The black dots and error
bars show the ensemble mean and standard deviation for
each decade. Relative to the station observations, the WRF
ensemble mean has a 48C warm bias, likely a combination of
biases originating the forcing GCMs combined with a warm
bias in the WRF simulation (see discussion in Mass et al.
2022). Due to their coarse grids, both the GCM and WRF
land masks reduce the influence of Puget Sound, and the ele-
vation of the grid cells are lower than the physical station ele-
vation (even the 12-km WRF grid elevation is too low, 54 vs
130 m). Both effects would tend to make the WRF tempera-
ture higher than observed. Furthermore, there is considerable
spread in bias across the ensemble due to differences in the un-
derlying global models, with a standard deviation in the mean of
61.58C. At both percentiles, temperatures increase slowly for
the first few decades, with a substantially steeper slope following
the 2020s. With the exception of the FGOALS-G2 model, all
ensemble members show a similar trend, and the ensemble
spread does not increase substantially over time, as indicated
by the error bars.

Temperature thresholds are computed for 10-yr periods, and
are subject to considerable sampling noise and internal variabil-
ity within any single ensemble member, as can be seen in Fig. 3.
Internal variability remains even computing the percentiles
over 30-yr periods. In Fig. 4, the decadal values of Tmax99
are compared with values computed from a rolling 30-yr in-
terval for two ensemble members, CCSM4 and GISS-E2-H.
The 30-yr window shows a clear reduction in statistical noise

while maintaining cyclic decadal variability around the overall
trend, particularly evident in the GISS-E2-H simulation. A
single ensemble member can produce substantial variations in
the trend of extreme high daily temperatures over time, with
prolonged periods of apparent amplified warming or of negli-
gible warming. Since unforced internal variability is indepen-
dent in each global model, the ensemble mean (Fig. 3, black
dots) effectively eliminates effects of interannual variabi-
lity, giving a nearly monotonic increase in Tmax thresholds
following the external greenhouse gas forcing. The actual
trajectory of the future climate, however, will likely contain
the much higher variability of individual ensemble members.
Given the changing probability distribution of temperatures over
time, the 10-yr sample used here is a compromise between a
short enough period to isolate the warming trend and a long
enough period for adequate sampling. Using an ensemble, how-
ever, allows for the shorter interval, since in the ensemble mean,
a 10-yr period includes 120 simulated years.

Given the upward curvature in the temperature thresholds,
we separate the record into two periods 1970–2010 and
2020s–90s. Based on the residuals, a linear fit is a statistically
justified representation of the temporal behavior in each period,
and will be used here to characterize the rates of increase. For
the period 1970–2019, the positive slope in the simulated ensem-
ble-mean Tmax percentiles at Sea-Tac (Table 3) is similar to the
observed trends for 1950–2019, but with more uniformly positive
trends at all percentiles. Since the model ensemble includes
12 samples for each decade, statistical noise and internal

FIG. 4. Tmax99 at Sea-Tac simulated in two ensemble members showing the signal of decadal variability. Black dots
show decadal means; green lines are the running 30-yr means.

TABLE 3. Tmax regression statistics for WRF ensemble 1970–2019
at Sea-Tac.

Percentile Slope (8C decade21) Correlation P value

50th 0.310 0.936 0.019
80th 0.313 0.939 0.018
95th 0.240 0.936 0.019
99th 0.228 0.934 0.020
100th 0.269 0.974 0.005
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variability are substantially reduced relative to the observations,
improving the statistical significance of the computed trends.
The correlation and p values indicate moderate to high confi-
dence in the positive trends at all thresholds. However, as with
the observations, there is very little difference in the trends for
different percentiles, with no indication that the higher percen-
tiles exhibit a larger warming trend than the median. Results for
other stations (not shown) are qualitatively similar. The simu-
lated results bolster the case that the lack of clear trends for
Tmax99 and Tmax100 in the observations (Table 2) is the result
of natural variability masking an underlying warming tendency
across the probability distribution.

In contrast to the historical period, for the future period
(2020–99), all percentiles show strongly significant positive
trends at all stations, as shown graphically for Sea-Tac in Fig. 5
and numerically for all stations in Table 4. In all cases, decadal
Tmax thresholds are highly correlated with time and the linear
fit is statistically significant with high confidence. The trend in
Tmax50 is about double the trend during the 1970–2019 period.
Higher percentiles show progressively greater trends than lower
percentiles. Furthermore, based on error analysis using a t test
against the standard deviation in the slopes from individual en-
semble members, we may reject the hypothesis that the slopes in
ensemble-mean Tmax50 and Tmax99 are equal. For individual

FIG. 5. (left) Temperature percentile thresholds for summertime daily values simulated in the WRF ensemble
mean for the Sea-Tac airport station location. Values are for the decade starting at the year indicated. (right) The
anomaly relative to the linear fit value for the 2020s.

TABLE 4. Tmax regression statistics for WRF ensemble 2020–99.

Percentile Slope (8C decade21) Correlation P value Difference to 50%

Sea-Tac 50th 0.61 1.00 0.00 0.00
80th 0.64 1.00 0.00 0.03
95th 0.67 1.00 0.00 0.06
99th 0.72 1.00 0.00 0.11
100th 0.76 1.00 0.00 0.15

Wenatchee 50th 0.72 1.00 0.00 0.00
80th 0.78 1.00 0.00 0.06
95th 0.81 1.00 0.00 0.09
99th 0.84 1.00 0.00 0.13
100th 0.84 1.00 0.00 0.12

Aberdeen 50th 0.51 1.00 0.00 0.00
80th 0.51 1.00 0.00 0.00
95th 0.51 0.99 0.00 0.01
99th 0.57 0.98 0.00 0.07
100th 0.67 0.97 0.00 0.17

Centralia 50th 0.57 1.00 0.00 0.00
80th 0.63 1.00 0.00 0.06
95th 0.70 1.00 0.00 0.13
99th 0.80 0.99 0.00 0.23
100th 0.83 0.99 0.00 0.26
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ensemble members, however, only 7 out of 12 show a statistically
significant difference in the trends at the 50th and 99th percen-
tiles. In the 7 decades from the 2020s to the 2090s, the median
temperature (Tmax50) at Sea-Tac increases by 4.38C, while
Tmax99 increases by 5.18C and Tmax100 by 5.38C in the ensem-
ble mean.

The results for the Sea-Tac station differ from surrounding
locations, illustrating how the specific characteristics of heat-
wave dynamics and warming trends vary with small distances
across the region. In particular, proximity to the ocean has a
substantial influence: At Wenatchee, Washington, 150 km to
the east and across the Cascade Range on the arid Columbia
Plateau, the warming trends are distinctly greater than for
Seattle at all percentiles. At Aberdeen, Washington, 125 km
to the west-southwest and on the Pacific coast, the warming
trends are distinctly lower than for Sea-Tac at all percentiles.

The way trends diverge across temperature percentiles is
very different for each of the four stations as well; note the
final column in Table 4 indicating how trends for higher
temperature thresholds diverge from the median warming.
However, the amount of divergence in median and extreme
temperatures is not related either to the median temperature
or the rate of median warming. Compared to Sea-Tac, trends
at Wenatchee are larger at all percentiles, with a similar pro-
gression to higher trends at higher percentiles. The high rate
of warming at Wenatchee is typical of continental regions and
may also reflect land surface feedbacks that amplify extremes
in arid climates (e.g., Seneviratne et al. 2010; Fischer and
Schär 2009; Kharin et al. 2018). At Aberdeen on the Pacific
coast, lower trends are simulated at all percentiles compared
to Sea-Tac on Puget Sound, with little progression to higher
warming for higher percentiles except for the absolute hottest
days, which show an amplified warming rate. Temperatures at
Aberdeen are substantially moderated across the probability

distribution by the cool North Pacific waters, which warm
slowly with climate change, but this effect may not hold for
the absolute warmest days with strong offshore winds. Finally,
the warming rate at Centralia, west of the Cascades but away
from major water bodies, is similar to Sea-Tac for lower per-
centiles. However, this station shows substantially greater am-
plification in the trend for the hottest days, approaching
warming rate simulated for Wenatchee. Of the four stations,
Centralia shows by far the greatest divergence in temperature
trends across percentiles.

To illustrate this complex geographical behavior, Fig. 6
shows the difference in the trends of decadal ensemble-mean
Tmax50 and Tmax99 across the full WRF domain. The loca-
tions of the four stations discussed above are marked with the
initial letter. For much of the interior of the domain, away
from complex topography and large water bodies (southern
Idaho, Nevada, and Utah), the hot days warm at a similar rate
to the median days. However, much of the region exhibits a
substantially higher warming rate for hot days than for the
median, most obviously in the region around the Cascade
Range and Puget Sound. The pattern follows the terrain, with
amplification seen on both slopes of the Cascade Range, but
particularly on the western slopes. The highest elevations
show a reverse effect, with extremes increasing more slowly
than the median, likely due to the impact of snow cover on
the energy budget. The high-resolution grid nicely resolves
the influence of Puget Sound, and the model simulates a mod-
eration in the warming trend for the hottest days over the Pu-
get Sound Basin compared to the surrounding land area.

The terrain barriers show a clear influence on the diver-
gence in warming rates. To illustrate this effect, Fig. 7 shows
results along two east–west transects. The left panels in Fig. 7
follow a line through Sea-Tac and Wenatchee (marked S and
W in Fig. 6); right panels follow a parallel transect passing

FIG. 6. WRF ensemble mean Tmax99 slope minus Tmax50 slope for the period 2020–99.
Solid (dashed) contours indicate statistically significant positive (negative) differences.
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through Centralia (marked C in Fig. 6). The transects start
just off the coast in the west and end at the west slope of the
Rocky Mountains in the east. In both transects, we see that
the trends in Tmax50 and Tmax99 are relatively uniform
east of the Cascade Range, with the Tmax99 slope about
0.18C decade21 larger. The warming rates for both percentiles
decrease and converge over the ocean. For Tmax50, the slope
drops immediately west of the Cascade crest, converging to the
maritime trend. The trend in Tmax99, however, remains high
across the crest, only dropping at the coast itself.

For the Sea-Tac transect, there is a distinct dip in the slope
of Tmax99 at Puget Sound (2122.58 longitude), which results
in a much smaller difference with the slope of Tmax50 com-
pared to surrounding points. Likewise, the effect of the
coastal Olympic Mountains at 2123.58 longitude appear to
limit the influence of the North Pacific on the Tmax50 warm-
ing rate, which remains uniform between the two barriers. In
contrast, in the Centralia transect, the effects of Puget Sound
and the Olympics are minimal, and the slope in Tmax99 re-
mains high from the Columbia Plateau to the coast while the
slope in Tmax50 drops quickly from the Cascade Crest, yield-
ing a considerable amplification in the warming of hot days
compared to at Sea-Tac. Note the similar amplification on the
west slopes of the Rocky Mountains, which suggest this effect
is not simply due to easterly winds minimizing a prevailing
maritime influence, but also related to adiabatic warming
across the terrain.

5. Discussion

The geographical pattern shown above is a clear signature
of the documented synoptic and mesoscale conditions during
heatwaves in the region (Brewer et al. 2013; Bumbaco et al.
2013; Chien et al. 1997; Mass et al. 1986). Heatwaves in the re-
gion are typically associated with the West Coast thermal
trough (WCTT) synoptic pattern (see Brewer et al. 2013).
These events begin with an upper-level ridge that produces
large-scale subsidence and clear skies, warming the surface
and lower troposphere. As surface pressure increases in the
interior, winds become offshore, producing down slope flow
on the west slopes of the major terrain barriers, advecting po-
tential temperature downward and displacing the typical cool
maritime air.

A result of the WCTT dynamics is that the daily tempera-
ture probability distribution is positively skewed at stations
between the coast and the Cascade crest, but not skewed over
the ocean nor in the continental interior (Brewer and Mass
2016; Catalano et al. 2021). The temperature distribution is
skewed in the same region we show future divergence in the
mean and 95% percentile. Given this, the results presented
here imply the probability distribution becomes increasingly
skewed for land areas west of the Cascades with a warming
climate. The simplest explanation is that the skewness relates
to the source of air masses under different circulation pat-
terns. With typical westerly flow, the region west of the

FIG. 7. East–west cross sections from Fig. 6. Cross sections passing through (left) Sea-Tac and (right) Centralia.
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Cascades is kept cool by maritime air from the northern
Pacific, and we can see in Fig. 7 that the warming rate west of
the Cascades during median days is relatively low, following
the warming rate over the ocean. During hot WCTT events,
air flows into the region from the hotter interior with addi-
tional warming due to adiabatic descent, and the warming
rate for 99th-percentile days west of the Cascades follows the
higher warming rate of the continental interior. Thus, the
substantially higher median warming rate in the interior com-
pared to the ocean could on its own cause the skewness in
daily temperature to increase in a warmer climate.

We discuss two additional mechanisms that could affect the
increased skewness simulated for the future by the WRF
Model: 1) a change in the dynamics during heat events, and
2) regional changes in precipitation.

Modeling results from global climate models (Brewer and
Mass 2016) and the WRF ensemble used in this study (Mass
et al. 2022) indicate a general weakening of easterly winds.
Any weakening of easterly wind during heat events could de-
crease the temperature skewness, counter to what we find
here. Brewer and Mass (2016) show that surface winds at the
Cascade Crest are a clear indicator of warming conditions

west of the Cascades in the following day, and the simulated
winds for a point on the Cascade Crest are used as for Fig. 12
in Mass et al. (2022) to show a decreasing trend in the simu-
lated number of days per year with easterly winds exceeding
3.4 m s21. Likewise, Catalano et al. (2021) find anomalous
midtropospheric ridging one to two days prior to warm ex-
tremes in the Pacific Northwest, which result in frequent tra-
jectories crossing the Cascades. To examine whether a change
in easterly winds affects our results, we show the average 10-m
zonal wind speed at the Cascade Crest by decade in Fig. 8.
The mean for all summer days is shown in blue; the mean for
the day preceding any day when the temperature at Sea-Tac
exceeds the decadal 99th percentile is shown in red. Dots indi-
cate individual ensemble members and lines the ensemble me-
dian. From Fig. 8 it is clear that while westerly (positive) zonal
winds prevail during summer, heat events at Sea-Tac are
strongly associated with easterly (negative) zonal winds at the
Cascade Crest. While there is a modest decrease in summer-
time-mean winds, the magnitude of easterly winds associated
with heat events at Sea-Tac shows no trend over the projec-
tion. A similar null result is found for changes in the frequency
and intensity of ridging events in the CMIP6 global models
(Loikith et al. 2022). Thus, it appears that heatwave dynamics
do not change significantly during the period when tempera-
ture skewness increases.

An additional mechanism could be related to changes in
precipitation. As shown in Mass et al. (2022, Fig. 7), summer-
time precipitation is projected to decrease west of the Cascades
and increase slightly in many regions east of the Cascades. The
fractional change in summertime precipitation from 1970–99
to 2070–99 along the same transects as in Fig. 7 is shown in
Fig. 9. Precipitation generally decreases by 20%–30% where
the simulation shows the largest divergence in the trends of
Tmax50 and Tmax99, with small changes where the diver-
gence is smaller. The patterns are not fully aligned, however,
and it is not clear that changes in precipitation or associated
cloud cover would have a greater impact on the temperature
of hot days than on median days. However, it is plausible that
with lower precipitation and decreased soil moisture, the mod-
erating effect of evapotranspiration would decrease especially

FIG. 8. Average 10-m winds at the Cascade Crest for all summer
days (blue) and 24 h prior to days when temperature exceeds the
99th percentile at Sea-Tac (red). Dots are individual ensemble
members and lines are the ensemble median.

FIG. 9. Fractional change in simulated precipitation from 1970–99 to 2070–99 along the east–west cross sections as in Fig. 7. Cross sections
passing through (left) Sea-Tac and (right) Centralia.
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on the hottest days with an amplifying soil moisture tempera-
ture feedback (Seneviratne et al. 2010).

6. Conclusions

The modeling results presented above indicate quite clearly
that at some locations, the temperature on the warmest days
may warm at a higher rate than on median days in the future.
This behavior, however, is far from universal even within the
study domain and is closely related to the effects of topogra-
phy and land–water contrasts. Several mesoscale effects could
be responsible for the simulated geographical patterns. First,
west of the Cascade Range, the warming rate during median
days appears to be moderated by the cool North Pacific and
onshore flow while the warming rate during the hottest days
appears to be amplified by easterly flow across the Cascade
crest. Second, the interior plateau warms at a substantially
higher rate than the coastal zone, especially during the hottest
days. In addition, it is possible that changes in precipitation or
cloud cover may be contributing to the warming trends.
Taken together, these results indicate that the future warming
rate during heat events in western Washington could be con-
trolled by nonlocal mesoscale feedbacks and circulation pat-
terns. Understanding future heat events in the populated
regions west of the Cascades requires understanding the feed-
backs during extreme heat events both locally and across the
Cascades, which establish the warming trend of these events.

The differences in the trends shown here are statistically
significant, but in a practical sense, are small enough that they
could be masked by natural variability in the actual evolution
of the atmosphere. Furthermore, these trends are only evi-
dent due to the strong climate response simulated for the end
of the century with the RCP8.5 scenario. Arguably, the simu-
lated increased rate of warming during 99th-percentile days,
of less than 0.28C decade21 may not create significantly
greater impacts than would be found based on the trend in
the median daily maximum temperature. However, the evi-
dence that the warming rate during extreme events in one lo-
cation is linked to a distant set of feedbacks in the land–
atmosphere system is significant. Additionally, rare events
like the heatwave in June 2021 have the greatest impacts.
These events are outside the range of recent experience and
do not allow for natural adaptation and acclimation to chang-
ing climate. To the extent that extreme heat events are con-
nected to climate processes far away increases the plausibility
that future heat events will not conform to recent experience,
shattering records.
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