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ABSTRACT: During late June 2021, a record-breaking heatwave impacted western North America, with all-time high
temperatures reported across Washington, Oregon, British Columbia, and Alberta. The heatwave was forced by a highly
anomalous upper-level ridge, strong synoptic-scale subsidence, and downslope flow resulting in lower-tropospheric adia-
batic warming. This study examines the impact of antecedent soil moisture on this extreme heat event. During the cool sea-
son of 2020/21, precipitation over the Pacific Northwest was above or near normal, followed by a dry spring that desiccated
soils to 50%–75% of normal moisture content by early June. Low surface soil moisture affects the surface energy balance
by altering the partitioning between sensible and latent heat fluxes, resulting in warmer temperatures. Using numerical
model simulations of the heatwave, this study demonstrates that surface air temperatures were warmed by an average of
0.488C as a result of dry soil moisture conditions, compared to a high-temperature anomaly of 108–208C during the event.
Air temperatures over eastern Washington and southern British Columbia were most sensitive to soil moisture anomalies,
with 0000 UTC temperature anomalies ranging from 1.28 to 2.28C. Trajectory analysis indicated that rapid subsidence of el-
evated parcels prevented air parcels from being affected by surface heat fluxes over a prolonged period of time, resulting in
a relatively small temperature sensitivity to soil moisture. Changes to soil moisture also altered regional pressure, low-level
wind, and geopotential heights, as well as modified the marine air intrusion along the Pacific coast of Washington and
Oregon.

SIGNIFICANCE STATEMENT: The record-breaking western North American heatwave of late June 2021 was pre-
ceded by below-normal soil moisture over the region. This study evaluates the role of soil moisture on the 2021 heat-
wave, demonstrating that the anomalous temperatures during this extreme event were not significantly increased by
below-normal soil moisture.

KEYWORDS: Atmosphere-land interaction; Extreme events; Heat wave; Mesoscale models; Model evaluation/
performance

1. Introduction

The land surface exerts a significant influence over near-
surface sensible weather. For example, soil moisture is an im-
portant driver of near-surface air temperature and humidity
through its modulation of sensible and latent heat fluxes (e.g.,
Seneviratne et al. 2010; Schwingshackl et al. 2017; Liu and Pu
2019). The correlation between soil dryness and low-level air
temperature is positive (e.g., Huang and van den Dool 1993;
Jia et al. 2019; Fischer et al. 2007; Hirschi et al. 2011; Miralles
et al. 2012; Hirsch et al. 2014). Surface-based evaporation
cools the atmosphere above by enhancing the latent heat flux
and reducing the sensible heat flux. In contrast, dry soils
warm more rapidly resulting in greater sensible heat flux. This
relationship between soil moisture and air temperature has
been demonstrated for a variety of geographic locales, land
surface types, and meteorological conditions (e.g., Lakshmi
et al. 2003; Koster et al. 2004; Seneviratne et al. 2006; Koster
et al. 2009; Jaeger and Seneviratne 2011; Taylor et al. 2012;
Seneviratne et al. 2013; Whan et al. 2015; Petch et al. 2020).

As a result of the relationship between soil moisture and
surface heat fluxes, the extreme warmth associated with heat-
waves is modulated by soil moisture (Miralles et al. 2012,

2014, 2019). For example, Fischer et al. (2007) found that
Europe’s record-breaking 2003 summer heatwave was as
much as 48C warmer due to a prolonged antecedent precipita-
tion deficit over most of continental Europe. Another study by
Petch et al. (2020) showed that dry soil contributed approxi-
mately 18C to the historic 2018 Great Britain heatwave. Other
studies have shown that heatwaves are often linked to dry soil
moisture conditions, such as in Europe (Brabson et al. 2005;
Hirschi et al. 2011; Stéfanon et al. 2014; Dirmeyer et al. 2021;
Petch et al. 2020), China (Meng and Shen 2014), Australia
(Cai et al. 2009; Hirsch et al. 2014), and the contiguous United
States (Durre et al. 2000; Alfaro et al. 2006; Ford and Quiring
2014; Benson and Dirmeyer 2021). With the frequency and se-
verity of heatwaves projected to increase (e.g., Perkins et al.
2012; Mazdiyasni and AghaKouchak 2015; Sheridan and Lee
2018; Yu et al. 2020), accompanied by changing global precipi-
tation patterns (e.g., Putnam and Broecker 2017), it is impor-
tant to investigate the role of soil moisture on high-impact
heatwave events.

During late June 2021, a record-breaking heatwave affected
western North America, including the states of Washington
and Oregon in the United States as well as the Canadian
provinces of British Columbia and Alberta. During the event
there were several days of maximum temperatures 108–208C
above normal, with the heat associated with a highly anoma-
lous upper-level ridge and strong subsidence in the lowerCorresponding author: Robert Conrick, robert.conrick@gmail.com
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troposphere (Overland 2021). Before the heatwave, a March–
June precipitation deficit reduced soil moisture over the re-
gion, leading several studies to speculate about the influence
of soil moisture during the 2021 Pacific Northwest heatwave
(Neal et al. 2022; Overland 2021; Thompson et al. 2022),
though none of these studies directly quantified the role of
soil moisture. One recent study by Bartusek et al. (2022) con-
cluded that the 2021 heatwave was amplified by as much as
40% due to land–atmosphere feedbacks. During the June
2021 heatwave, large portions of Washington, Oregon, and
British Columbia experienced air temperatures exceeding
408C and high temperature anomalies exceeding 208C (Fig. 1).
Many of the region’s major urban areas recorded all-time
record or near-record high temperatures, including Calgary
(AB; 36.38C, 97.38F), Edmonton (AB; 37.48C, 99.38F), Port-
land (OR; 46.78C, 1168F), Seattle (WA; 42.28C, 1088F), and
Spokane (WA; 42.88C, 1098F). Canada’s all-time highest
temperature (49.68C, 121.38F) was recorded in Lytton (BC),
approximately 150 km northeast of Vancouver.

The goals of this study include: 1) to document the evolu-
tion of precipitation and soil moisture deficits before the start
of the 2021 Pacific Northwest heatwave, and 2) to examine
the role of dry soils in contributing to the extreme heatwave.
To accomplish these goals, we first describe the synoptic and
surface conditions associated with the heatwave, including
precipitation and soil moisture conditions during the months
preceding the event. Numerical simulations initialized with
climatological and observed soil moisture conditions are then
used to quantify the temperature and circulation impacts of
the antecedent soil moisture deficit.

2. Overview of the historic June 2021 heatwave

a. Synoptic overview

The June 2021 heatwave was strongly forced by highly
anomalous 500-hPa ridging over the northeast Pacific Ocean

that developed starting 24 June and subsequently extended
over the U.S. Pacific Northwest, British Columbia, and
Alberta over the next 48 h (Fig. 2). Standardized 500-hPa height
anomalies1 exceeded 14s during the event, with anomalies
peaking around 0000 UTC 27 June (Fig. 2c). This anomalous
upper-level ridge slowly translated eastward from 26 June
to 2 July, by which time the heatwave had generally ended
across the U.S. Pacific Northwest, British Columbia, and
Alberta. Along with lower-tropospheric subsidence associ-
ated with anomalous midtropospheric ridging, the location
of the ridge and its near-surface reflection promoted down-
slope winds and associated subsidence warming on the lee
(generally western) side of regional terrain (e.g., the Cascade
Mountains and the Canadian Rockies), as indicated by the
wind anomalies in Fig. 2.

HYSPLIT2 (Stein et al. 2015) 72-h backward air parcel tra-
jectories ending at 500 m AGL above Seattle, Spokane, and a
location ;200 km west of Edmonton are shown in Fig. 3 at
0000 UTC 29 June, 0000 UTC 30 June, and 0000 UTC 1 July,
corresponding to the warmest periods at each location.

Air parcels ending above Seattle and Spokane on 29 June
followed an anticyclonic path around the ridge as they sub-
sided from their starting location more than 3 km AGL above
northern British Columbia. Parcels remained aloft (but slowly
subsiding) until crossing the western slopes of the Rocky
Mountains, after which they descended rapidly toward the

FIG. 1. (a) Maximum 2-m air temperatures and (b) maximum temperature anomalies observed during the heatwave
(26 Jun–1 Jul 2021). Colors indicate the magnitude of maximum air temperature, and the icon shape indicates on
which day that maximum air temperature occurred.

1 Based on the 1980–2020 climatology. “Standardized anom-
alies” are anomalies normalized by the regional climatology,
which converts the distribution to a normal distribution. It is de-
fined asN5 (X2 m)/s, whereX is the value, m is the mean, and s
is the standard deviation at each grid point. The resulting normali-
zation is interpreted as the number of standard deviations from
the climatological mean.

2 The HYSPLIT trajectories shown are forced with the National
Center for Environmental Prediction (NCEP) Global Data As-
similation System (GDAS) analysis.
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surface over central and eastern Washington. Air parcels end-
ing over Seattle at the later times remained close to the sur-
face and originated offshore, reflecting the influx of marine
air that ended the heatwave on 29 June for areas along the
Pacific Coast.

The air parcel trajectory ending near Edmonton, east of the
Canadian Rockies, where the warmest temperatures occurred
on 30 June–1 July, remained close to the surface on 29 June
and exhibited erratic motion consistent with a location near
the center of the event’s anomalous ridge. In contrast, at the
later times, the air parcel trajectories ending near Edmonton
were qualitatively similar to those ending at Spokane, begin-
ning at more than 3 km AGL before subsiding to the surface.

Those parcels ending at 0000 UTC 30 June remained above
1.5 km AGL until passing over the eastern slopes of the
Canadian Rockies and then rapidly descended, whereas the par-
cels ending at 0000 UTC 1 July were less influenced by terrain
and more gradually subsided toward the surface.

The combination of subsidence in the free troposphere, sub-
sidence on the lee side of regional topography, and strong solar
heating near the summer solstice contributed to the extreme
positive temperature anomalies over the region (Overland
2021; Thompson et al. 2022; Wang et al. 2023). Low-level (2-m)
air temperature anomalies from the 1980 to 2020 climatology
exceeded 14s over large portions of Washington, British
Columbia, and western Alberta (Fig. 4). Three regions

FIG. 2. Standardized anomalies of 500-hPa geopotential height over western North America during the evolution of the heatwave. The
dashed white line indicates the13 standard deviation contour. Wind barbs show wind anomalies at 500 hPa (m s21; half barb5 5 m s21).
Data are from ERA5 (Hersbach et al. 2020).

FIG. 3. (top) Air parcel 72-h back trajectories from the NOAA HYSPLIT model ending (a) 0000 UTC 29 Jun, (b) 0000 UTC 30 Jun,
and (c) 0000 UTC 1 Jul 2021. The red trajectory ends at Seattle (WA), the blue trajectory ends at Spokane (WA), and the green trajectory
ends ;200 km west of Edmonton (AB). (bottom) Each trajectory’s altitude above ground level (m AGL). The HYSPLIT model was
forced with GDAS meteorological data.
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downstream of topography (the western slopes of the Cascades,
the Coast Mountains of British Columbia, and the Canadian
Rockies) were particularly susceptible to downslope adiabatic
warming as a result of clockwise flow around the upper-level
ridge impinging perpendicularly on the north–south orientation
of those mountain ranges.

As the upper-level ridge and its surface reflection advected
eastward, the heatwave first weakened west of the Cascade
crest over coastal Washington and Oregon and then declined a
few days later over eastern Washington, British Columbia, and
Alberta. Along the Washington and Oregon coastal zone, tem-
peratures began to decline on 29 June as marine air (a marine
push) surged inland (Mass et al. 1986; Jannuzzi 1993). Section 4
discusses how soil moisture affected the event’s marine push.

b. Precipitation and soil moisture

Precipitation and soil moisture exhibited a drying trend dur-
ing the 180 days prior to the start3 of the heatwave (Fig. 5).
Starting with precipitation, conditions were near or above nor-
mal during the 120–180 days (December 2020–February 2021)
before the heatwave for the southern and western portions of
the domain, while western Washington and western British
Columbia experienced slightly below-normal precipitation
(70%–90% of climatology; Fig. 5a). Conditions became much
drier across the region during the 30–120 days prior to the heat-
wave (February 2021–May 2021; Fig. 5c). All of the U.S. Pacific
Northwest and the southern half of British Columbia received
less (50%–80%) precipitation than normal during this period,
with the greatest deficit over portions of eastern Washington,
which received less than 50% of normal precipitation. Finally,

the period 1–30 days prior to the heatwave (May 2021–June
2021; Fig. 5e) was exceptionally dry over nearly all of the re-
gion, with the exception of far northwestern British Columbia
and northern Alberta. For coastal areas of Washington and
Oregon, precipitation was at or slightly above normal at the
start of the heatwave due to a convective precipitation event
10–14 days prior to the start of the event. Soil moisture approxi-
mately mirrored the behavior of precipitation during the 180-day
period before the heatwave began (Figs. 5b,d,e). For 1–30 days
prior to the start of the heatwave, soil moisture deficits were larg-
est over eastern Washington, southern British Columbia, and
southern Alberta (Fig. 5d).

The following sections apply a pair of numerical experi-
ments to examine the meteorological impacts of the observed
below-normal soil moisture immediately prior to the heat-
wave. Specifically, we compare two simulations: one uses the
observed (drier-than-normal) soil moisture and the second ap-
plies climatological (moister-than-observed) conditions.

3. Model configuration and data sources

a. Model configuration

To explore the role of soil moisture on the June 2021 heat-
wave, we employed the Weather Research and Forecasting
Model (WRF-ARW; Skamarock et al. 2008) version 4.1.3.
The model was run from 1200 UTC 26 June to 1200 UTC
2 July 2021, a period encompassing the development, peak,
and decay of the heatwave.

A 36–12–4-km nested domain configuration was used. The
innermost domain (4-km horizontal grid spacing) covered all
of the U.S. Pacific Northwest, British Columbia, Alberta, and
a portion of the northeastern Pacific Ocean (Fig. 6). The
WRF hybrid vertical coordinate option (Klemp 2011) was

FIG. 4. Standardized anomalies of 2-m air temperature over western North America throughout the evolution of the heatwave. The dashed
white lines encircle the13 and15 standard deviation (s) contours. Data are from ERA5 (Hersbach et al. 2020).

3 The start of the heatwave is chosen as 1200 UTC 26 June 2021
based on Fig. 3.
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applied to 38 unequally spaced vertical levels, with the sigma–
isobaric transition level set at its default value of 0.2.

Model initial and boundary conditions were from Global
Forecast System (GFS) analyses. The outer boundaries were
updated every 6 h and the outer domain was nudged toward
the analysis using the WRF four-dimensional data assimila-
tion (FDDA) grid nudging scheme. Other model configura-
tion options included the RRTMG longwave and shortwave
radiation parameterization (Iacono et al. 2008), the Yonsei
University (YSU) planetary boundary and surface layer
scheme (Hong et al. 2006), the Grell–Freitas cumulus parame-
terization (Grell and Freitas 2014), and the Thompson et al.
(2008) microphysical parameterization. To represent the state
of the land surface during the simulations, the Noah land sur-
face model (Ek et al. 2003) was used.

b. Meteorological data

To evaluate our WRF simulations, near-surface (2-m) air
temperature data were obtained from NOAA/FAA Auto-
mated Surface Observing Stations (ASOS/AWOS) sites and
surface stations maintained by Environment Canada within

the 4-km domain. Additional information about these sta-
tions, including siting and accuracy specifications, is provided
in the ASOS User Guide4 or the Environment and Climate
Change Canada MANOBS document.5 Only the highest-
quality stations located at airports were included. Air temper-
ature data were subjected to the quality control procedures of
the National Centers for Environmental Prediction (NCEP)
Meteorological Assimilation Data Ingest System (MADIS).6

Rawinsonde observations from Quillayute (WA), Spokane
(WA), Salem (OR), Medford (OR), Boise (ID), Port Hardy
(BC), Prince George (BC), Vernon (BC), and Edmonton (AB)
were also obtained to evaluate model performance. Locations
of all observing sites used by this study are shown in Fig. 7.
Rawinsonde and air temperature observations were used to
evaluate our simulation, with results shown in appendix A.

c. Soil moisture data and experiments

The model’s initial soil moisture conditions were obtained
from the Global Land Data Assimilation System (GLDAS;
Rodell et al. 2004). GLDAS uses a combination of observa-
tions (surface and satellite) and gridded analyses to drive sev-
eral land surface models at high spatial and temporal resolution
over an extended period (1948–present). For consistency with
our model configuration, we used the 0.258 3-h Noah LSM im-
plementation of GLDAS, applying the default soil levels of the
Noah LSM: 0–10-, 10–40-, 40–100-, and 100–200-cm layers. This
is the same GLDAS dataset used in our description of soil
moisture conditions from section 2. Hereafter, all soil moisture
analysis will refer to the uppermost layer (0–10-cm depth), due
to its significant impact on short-term near-surface weather (Xu
et al. 2021). More information about the GLDAS system can

FIG. 6. WRF-ARWModel domains used in this study.

FIG. 5. Percent of climatology (1980–2020) for (left) precipitation
based on ERA5 (Hersbach et al. 2020) and (right) 0–10-cm soil
moisture from the Global Land Data Assimilation System (GLDAS;
Rodell et al. 2004) averaged for (a),(b) 120–180; (e),(f) 30–120; and
(c),(d) 1–30 days before the heatwave.

4 https://www.weather.gov/media/asos/aum-toc.pdf.
5 https://publications.gc.ca/site/eng/9.907779/publication.html.
6 MADIS quality control steps are described in NWS Techni-

ques Specification Package (TSP) 88–21-R2 (1994).
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be found in Rodell et al. (2004) and the NASA Land Data
Assimilation System project website.7

Two model experiments were formulated to assess the role
of soil moisture during the heatwave: the Control and Climo
simulations. In the Control simulation, the observed GLDAS
soil moisture at 1200 UTC 26 June 2021 is used for the WRF
initial soil moisture conditions. In the Climo simulation, a
1200 UTC GLDAS soil moisture climatology (1980–2020) for
26 June 2021 is used to initialize the WRFModel. This experi-
mental design is similar to the study of Fischer et al. (2007),
which investigated the 2003 European heatwave. Figure 8
shows the difference between the Control and Climo simula-
tions’ initial soil moisture states (1200 UTC 26 June 2021).
Consistent with Fig. 5, climatological soil moisture conditions
at model initialization are moister in the Climo simulation
than the Control over most of the 4-km domain, especially
over eastern Washington, southern British Columbia, and
western Alberta. Appendix A evaluates the realism of the
Control simulation, with results indicating that the simula-
tions were skillful at reproducing observed conditions.

4. Results and discussion

a. Effects on 2-m air temperature

To investigate the contribution of soil moisture content to
the heatwave, we compare simulated 2-m air temperatures
from the Control and Climo simulations. Averaged over land
areas within the 4-km domain from 0000 UTC 26 June to
0000 UTC 1 July 2021, air temperatures were 0.488C warmer
in the Control simulation than the moister Climo simulation
(Fig. 9a). Around the warmest time of day, 0000 UTC, air

temperatures were 0.628C warmer in the Control (Fig. 9b).
Mean 0000 UTC temperatures varied considerably through-
out the domain, particularly north of 548N, where differences
in diurnal convective activity were evident. Nevertheless, the
spatial distribution of average temperature differences closely
followed the map of simulated initial soil moisture differences
(cf. Figs. 8 and 9). Cooler Control temperatures along the
Pacific coast of Washington and Oregon were associated
with changes to the alongshore marine air influx, discussed
at the end of this section.

Over eastern Washington and west-central Alberta, where
soil moisture differences were largest at model initialization,
0000 UTC air temperatures in the Control averaged 1.848 and
1.038C warmer than the Climo simulation, respectively. Figure 10
shows the 0000 UTC temperature difference between the simula-
tions (ControlminusClimo) for the 27 June–1 July period averaged
over the analysis boxes in Fig. 7 (eastern Washington, west-central
Alberta, and Puget Sound). Over eastern Washington, mean
0000 UTC temperatures in the drier Control simulation were
1.28–2.38C warmer than the Climo simulation on all days, peak-
ing on 29 June. The Alberta analysis region warmed by 0.68–
1.58C with the use of drier soil moisture conditions. Finally, over
the Puget Sound region, where the difference between Control
and Climo soil moisture was relatively small and air tempera-
tures are affected bymarine influences, less warming occurred in
the Control compared to the Climo simulation, with 0.28–1.48C
of warming. In general, dry soil conditions increased 0000 UTC
air temperatures by 1%–6%during the heatwave.

The subdued temperature response to soil dryness across
the Pacific Northwest can be understood by examining the be-
havior of surface heat fluxes and air parcel trajectories. Areas
where 2-m air temperatures were warmer in the Control rela-
tive to Climo were coincident with the greatest increase in
sensible heat flux and decrease in latent heat flux (Fig. 11).
These locations also had the greatest difference between ob-
served and climatological soil moisture. Specifically, in the dry

FIG. 7. Surface and rawinsonde station locations used to evaluate
the Control simulation. Shading indicates terrain height. The black
boxes (numbered; see upper-left legend) are analysis regions and
the ending locations of trajectories}these regions are used to ex-
amine air temperature differences in section 4.

FIG. 8. The 0–10-cm soil moisture difference between climatolog-
ical and control simulations (Control minus Climo) at the time of
model initialization, 1200 UTC 26 Jun 2021.

7 https://ldas.gsfc.nasa.gov/gldas/specifications.
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Control simulation there was a 20–60 W m22 decrease in la-
tent heat flux and a coincident sensible heat flux increase of a
similar magnitude. Ground heat flux differences (Control mi-
nus Climo) averaged less than 2.5 W m22. Finally, no signifi-
cant differences were noted in the mean net surface radiation
(65 W m22) between the Control and Climo simulations. The
correspondence between soil moisture, latent–sensible heat parti-
tioning, and cooler near-surface temperatures agrees with both
theory and previous studies (e.g., Seneviratne et al. 2010;
Schwingshackl et al. 2017; Liu and Pu 2019).

Because of strong subsidence during the heatwave, air par-
cels reaching the surface originated from the midtroposphere
and did not spend a prolonged period close to the surface. As
a result, surface fluxes did not exert a large influence on the
heatwave. Figure 12 shows the altitudes and paths of Control
30-h backward air parcel trajectories ending at 500 m AGL
during the peak of the heatwave, with the three regions out-
lined in Fig. 7 considered. The heatwave’s maximum tempera-
tures occurred around 0000 UTC 29 June for the Puget Sound
trajectories (Fig. 12a), while over eastern Washington, south-
ern British Columbia, and western Alberta the maximum
temperatures occurred at approximately 0000 UTC 30 June.
The majority of trajectories across the three regions and times
began above 2500 m AGL and followed a clockwise path
while rapidly subsiding until reaching their ending location.

Trajectories from the Control and Climo simulations both fol-
lowed similar paths, as outlined in appendix B.

To better understand the role of boundary layer processes
during the heatwave, we consider the average behavior of
trajectories ending over eastern Washington and southern
British Columbia (Fig. 13). At 6–30 h before arriving at their
ending locations, parcels were near the top of the boundary
layer, where fluxes would have minimal impact, or above the
boundary layer, where surface heat fluxes would have no im-
pact. Only during the last 6 h of the trajectories were air par-
cels within the boundary layer and close enough to the surface
to be appreciably impacted by boundary layer processes.
Appendix B shows that trajectories ending at the other loca-
tions shown in Fig. 12 followed a similar evolution. It appears
that the limited amount of time that air parcels were in close
proximity to the surface was an important factor in minimizing
the impact of dry soils on air temperatures.

b. Simulated synoptic/mesoscale differences

It is interesting to hypothesize that changes in heat fluxes and
temperatures had an impact on air pressure and wind that might
provide an indirect feedback associated with the different soil
moisture conditions. In the drier Control simulation, surface air
pressure and geopotential heights were reduced by the warmer
low-level air temperatures, with the greatest effects within the

FIG. 9. Control minus Climo 2-m temperature differences averaged during (a) all hours for 0000 UTC 27 Jun–0000 UTC
1 Jul and (b) only 0000 UTC times within the same period.

FIG. 10. The 0000 UTC simulated 2-m temperature difference (Control minus Climo) within the
analysis boxes shown in Fig. 7 (easternWashington, west-central Alberta, and Puget Sound).
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lowest ;150 hPa of the atmosphere. Eastern Washington,
northern Oregon, and southern British Columbia experienced
the largest pressure change due to soil dryness (0.5–0.8 hPa;
Fig. 14). Most of the remainder of the region encompassed by
the inner 4-kmWRF domain experienced lower mean surface
pressure in the Control simulation as well.

The lower surface air pressure in the drier Control simulation
was paralleled by a decline of 5–10 m in the geopotential heights

at 925 and 850 hPa (Fig. 15). With the drier Control simulation
having lower surface air pressure and lower geopotential heights
centered on easternWashington and southern British Columbia,
low-level Controlminus Climowind differences resulted. For ex-
ample, 925- and 850-hPa winds across the Washington Cascades
were more westerly in the Control than the Climo simulation,
with magnitudes generally 0.5–1.5 m s21 (Figs. 15a,b). Interest-
ingly, this suggests that the easterly downslope winds that

FIG. 11. Average surface heat flux and net radiation differences for 0000 UTC 27 Jun–0000 UTC 1 Jul from (left) the Control sim-
ulation, (center) the Climo simulation, and (right) their difference.
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impacted areas west of the Cascades (e.g., Puget Sound, WA
and Portland, OR) and that contributed to downslope warm-
ing in western Washington, were slightly weaker under dry
soil moisture conditions.

c. Changes along the Pacific coast of Washington
and Oregon

Lower air pressure in the Control simulation affected me-
soscale airflows along the Pacific coast of Washington and
Oregon. Specifically, the northward progression of the along-
shore surge of cool, cloudy marine air was faster in the Con-
trol than in the Climo simulation. Figure 16 shows the
boundaries between clear and cloudy skies8 over the period
when the alongshore surge moved northward along the Ore-
gon and Washington coasts (0600 UTC 28 June–0600 UTC
29 June). The faster marine push in the Control simulation re-
sulted from lower surface pressure over eastern Washington
(Fig. 14), which strengthened onshore pressure gradients and
accelerated the marine air northward along the coast. Because
of the faster influx of marine air, air temperatures along the
coast were briefly cooler (1–3 h; 28–108C) in the Control than
in the Climo simulation.

5. Conclusions

The goal of this study was to examine the role of soil mois-
ture during the record-breaking North American heatwave in
late June 2021. This heatwave produced all-time record high
temperatures across large swaths of northwestern North
America, including along the Pacific coastal zone where air
temperatures are usually moderated by nearby cool ocean wa-
ter. The event was forced by anomalous 500-hPa ridging,
which exceeded 13s above climatology, leading to intense

lower-tropospheric subsidence warming and downslope winds
on the lee slopes of regional mountain ranges. Temperature
anomalies during the event were amplified by synoptic- and
mesoscale subsidence over large portions of Washington,
Oregon, British Columbia, and Alberta.

At the start of the heatwave on 26 June 2021, soil moisture lev-
els were significantly below normal across most of Washington,
Oregon, British Columbia, and Alberta. Four to six months be-
fore the heatwave, there was near- or above-normal precipitation
across most of this region, followed by a precipitation deficit dur-
ing the spring that contributed to a steady drying until mid-June.
A brief period of rainfall in mid-June temporarily boosted soil
moisture to above-normal levels over portions of Washington
and British Columbia before rapidly drying between the middle
and end of June.

Soil moisture can significantly modulate heatwaves by alter-
ing the energy balance at the surface of Earth, leading to
warmer near-surface air temperatures when soil is drier (less
evaporative cooling and greater sensible heat flux). To examine
the impacts of soil moisture on this heatwave event, two simula-
tions were compared. The first experiment, called the Control,

FIG. 12. The 30-h backward trajectories ending 500 m AGL over (a) Puget Sound, (b) eastern Washington and southern British Columbia,
and (c) western Alberta. The color fill indicates the mean parcel height binned over 0.338 longitude and latitude. Subjectively analyzed repre-
sentative airstreams are marked by bold black arrows.

FIG. 13. Time series of 30-h backward mean trajectories ending
500 m AGL over eastern Washington and southern British Colum-
bia. Colored lines indicate the boundary layer height (red), terrain
height (black), and trajectory height (blue). Dashed (solid) lines are
from the Climo (Control) simulation.

8 Cloudy skies are defined as areas where the simulated cloud
fraction exceeds 10%.

C ONR I C K AND MA S S 1221MAY 2023

Brought to you by University of Washington Libraries | Unauthenticated | Downloaded 05/06/23 10:17 PM UTC



used observed soil moisture conditions from the Global
Land Data Assimilation System (GLDAS) to replicate the
actual soil conditions at model initialization. The second ex-
periment, called the Climo simulation, initialized the model
using the 1980–2020 climatological GLDAS soil moisture,
which was moister than the Control. Both experiments sim-
ulated the period from 1200 UTC 26 June to 1200 UTC
2 July 2021.

Low-level (2-m) air temperatures over Washington, Oregon,
British Columbia, and Alberta averaged 0.488C warmer in the
drier Control compared to the Climo simulation. The great-
est magnitude of temperature increase was over eastern
Washington and southern British Columbia, coinciding with
the region of largest soil moisture differences, with 0000 UTC
temperatures averaging 1.848C warmer in the Control than the
Climo simulation. The warming of 0.58–2.58C (1%–6%) was
relatively small, consistent with previous studies that suggest
that northwestern North America is not region where signifi-
cant land–atmosphere feedbacks are expected (Koster et al.
2004; Dirmeyer et al. 2016, 2022).

FIG. 14. Surface pressure difference (Control minus Climo) averaged
over the 0000 UTC 27 Jun–0000 UTC 1 Jul period.

FIG. 15. ControlminusClimo geopotential height differences (color contours) andwind vector differences (arrows) aver-
aged over the 0000UTC27 Jun–0000UTC1 Jul period at standard levels.
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Analysis of air parcel trajectories and consideration of latent
and sensible heat flux differences demonstrated that air parcels
ending at the surface on the hottest days of the heatwave began
at high altitudes (often above 3 km MSL) and remained well

above the influence of boundary layer processes until the last
;6 h of the trajectories when strong subsidence brought the
parcels to the surface. Thus, the impact of altered boundary
layer processes on surface temperatures was relatively small.

In the Control simulation, regions of anomalously dry soils
corresponded not only to anomalous low-level warmth, but
also to lower surface air pressure. Furthermore, the lower sur-
face air pressure coincided with lower geopotential heights be-
low 700 hPa across the same regions. Finally, comparisons of
pressure, temperature, and cloud cover between the simula-
tions showed that the northward progression of the heatwave-
ending alongshore marine surge was faster in the Control than
the Climo simulation.

To summarize, this study suggests that the June 2021 heat-
wave over northwestern North America was 0.58–2.58C
warmer as a result of abnormally dry soil moisture conditions
before and during the event. Evaluation of surface heat fluxes
and air parcel trajectories suggest that the effects of soil mois-
ture were lessened due to air parcels’ short time in the bound-
ary layer, which limited the effects of surface fluxes. As a
result, dry antecedent soil moisture conditions only made a
small contribution to the high-amplitude June 2021 heatwave.
It is important to note that model configuration choices may
affect the sensitivity of air temperature to soil moisture. As
part of our experiments, we did find modest differences air

FIG. 16. Alongshore surge progression during the 24-h period
from 0600 UTC 28 Jun to 0600 UTC 29 Jun 2021 from the Control
(blue) and Climo (red) simulations. Line styles indicate times at
6-h intervals.

FIG. A1. Scatterplots of observed and simulated meteorological quantities for rawinsonde locations within the 4-km
WRF domain (a) air temperature, (b) dewpoint temperature, (c) wind direction, and (d) wind speed. Each panel also
provides linear correlation (r) and mean error (ME) statistics.
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FIG. A2. Map of simulated (Control; background color contour) and observed (circle icons) 2-m air temperature
at 0000 UTC each day of the simulation. The lower-left inset in each panel shows a scatterplot of the data, with
the correlation coefficient (r) and mean error (ME) shown.
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temperature sensitivity that resulted from different model
configurations. As with any modeling study, sensitivity of re-
sults can be affected by a number of factors, including the
choices of initial conditions (e.g., soil moisture), model do-
main configuration, model physical parameterizations (e.g.,
the land surface model), or a combination thereof. Finally,
the authors suggest that future work investigate the generality
of these results by assessing the impact of soil moisture on
other events in the region.
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Data availability statement. All data used in this manuscript
are freely available at the following sources or by request from
the corresponding author, including the following: WRF Model
data, including namelists, are available upon request. GFS grids
for model initialization are available from the National Centers
for Environmental Information (NCEI): https://www.ncei.noaa.
gov/products/weather-climate-models/global-forecast. NARRgrids
can be obtained through the NCEI: https://www.ncei.noaa.gov/
products/weather-climate-models/north-american-regional. ERA5

grids can be obtained through the Copernicus Climate Data Store:
https://cds.climate.copernicus.eu/. Rawinsonde vertical profiles can
be obtained through the University of Wyoming website: http://
weather.uwyo.edu/upperair/sounding.html. GLDAS soil moisture
data: https://ldas.gsfc.nasa.gov/.

APPENDIX A

Control Simulation Fidelity

Observed and simulated air temperature, dewpoint tem-
perature, wind speed, and wind direction from rawinsonde
sites located within the 4-km WRF domain (locations in
Fig. 7) are evaluated using scatterplots in Figure A1. Sim-
ulated and observed 0000 and 1200 UTC conditions are as-
sessed from 1200 UTC 26 June to 1200 UTC 1 July 2021.
Profiles are linearly interpolated every 50 hPa from 1000 to
50 hPa.

All four fields show strong correlations between observed
and simulated quantities, with temperature, dewpoint tem-
perature, and wind speed correlation coefficients exceeding
0.9. Wind direction was similarly well-simulated, though
timing differences associated with the marine push along
the coast reduced the correlation coefficient between simu-
lated and observed wind direction to r 5 0.82. However, if
the outliers are removed, the correlation exceeds 0.9. Next,

FIG. B1. The 30-h backward trajectories ending 500 m AGL over (a),(d) Puget Sound; (b),(e) eastern Washington and southern British
Columbia; and (c),(f) western Alberta. Rows show trajectories from the (top) Control and (bottom) Climo simulations. The color fill indi-
cates the mean parcel height binned over 0.338 longitude and latitude.
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2-m air temperatures at stations across the 4-km domain
are evaluated. Considering the 0000 UTC air temperatures,
which corresponds approximately with the warmest time of the
day (1600–1700 LST), mean errors ranged between 20.378 and
1.218C, with realistic simulated temperature distributions across
the domain (Fig. A2). Scatterplots of simulated versus ob-
served temperatures show high correlations (0.69–0.93), with
simulation-observation pairs clustered around the one-to-one
line. Correlations between simulated and observed 2-m air
temperatures are highest during the peak of the heatwave
(28 June–1 July). Combining the above evaluations, we can
conclude that low-level air temperatures and synoptic condi-
tions were skillfully and realistically simulated by the Control
simulation.

APPENDIX B

Simulated Trajectory Analysis

This appendix provides additional information regarding
the simulated trajectories presented in section 4. Figure B1
trajectories from the Control and Climo simulations ending
over Puget Sound, eastern WA/southern BC, and western
AB. Trajectories from both simulations were similar in their

starting locations, paths taken, and parcel heights MSL
along the trajectory paths. There were, however, some mi-
nor differences. First, air parcels in the warmer and drier
Control simulation followed a more northerly trajectory than
those in the cooler and wetter Climo simulation. Second, air
parcels in the Control simulation tended to start at a higher
altitude than those in the Climo simulation. Both of these dif-
ferences can likely be attributed to the geopotential height
changes outlined in section 4 and Fig. 15, though the differ-
ences in trajectories are generally considered minor.

The mean behavior of the three sets of 30-h backward
trajectories is shown in Figure B2 from the Control and
Climo simulations, with all trajectories ending around the
time of the heatwave’s peak. As was the case with the tra-
jectories ending over eastern Washington and southern
British Columbia, which was shown in Fig. 13 and dis-
cussed in section 4, trajectories from both simulations fol-
lowed similar paths with respect to height above terrain
and height relative to the boundary layer. For all three
sets of trajectories, air parcels began near or above the top
of the boundary layer, then experienced a prolonged pe-
riod above the boundary layer during the overnight hours,
followed by a ;6-h period within the boundary layer be-
fore ending at 500 m AGL. In all three cases, air parcels
were at least 500–1000 m above the surface until the last
6 h of each mean trajectory, indicating that surface fluxes
were minimally affecting air parcels during their descent
toward the surface.
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