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Abstract Although the 2021 Western North America (WNA) heat wave was predicted by weather forecast
models, questions remain about whether such strong events can be simulated by global climate models (GCMs)
at different model resolutions. Here, we analyze sets of GCM simulations including historical and future periods
to check for the occurrence of similar events. High- and low-resolution simulations both encounter challenges in
reproducing events as extreme as the observed one, particularly under the present climate. Relatively stronger
amplitudes are observed during the future periods. Furthermore, high- and low-resolution short initialized GCM
simulations are both able to reasonably predict such strong events and their associated high-pressure ridge over
the WNA with a 1 week forecast lead time. Moisture sensitivity experiments further indicate a drier atmospheric
moisture condition results in substantially higher near-surface temperatures in the simulated heat events.

Plain Language Summary During June 2021, an extraordinarily strong heat wave occurred over
parts of Western North America (WNA). It obliterated the high temperature record there and caused severe
societal and ecological impacts, and is believed to be exacerbated by climate change. Low-resolution Global
Climate Models (GCMs) are currently used to quantify the atmospheric responses to climate change, even
though they exhibit significant biases in their simulated climate. Their ability to predict extraordinarily strong
heat wave events remains unassessed. In this study, low- and high-resolution GCM simulations are shown to be
able to reproduce extraordinarily strong heat wave events in the near future, but face challenges in reproducing
the events as extreme as the observed one. This highlights the role of climate change in such events. A suite of
short GCM simulations initialized from observations is used to show that even low-resolution GCMs can
forecast observed extreme strong heat wave events and their high-pressure ridge over WNA at short lead times.
We further show that in these short-term forecasts, drier atmospheric moisture initial condition can lead to
significantly higher near-surface temperature.

1. Introduction

Heat waves can cause profound damages to human well-being, agriculture, infrastructure, and the environment, as
well as generate high energy demand and economic loss (Campbell et al., 2018; Robine et al., 2008; Smoyer-
Tomic et al., 2003; Weinberger et al., 2020; Zuo et al., 2015). During late-June 2021, a heat wave of unprece-
dented magnitude occurred over Western North America (WNA) (Bratu et al., 2022; Lin et al., 2022; Mo
et al., 2022; Philip et al., 2021; Thompson et al., 2022), affecting multiple highly populated cities including
Seattle, Portland, and Vancouver, and resulting in numerous fatalities (Benfield, 2021; Lin et al., 2022;
WMO, 2021). This June 2021 event is exceptional because it occurred a full month earlier than the climato-
logically warmest time and obliterated the historical temperature record for the region. The maximum temper-
ature was far above 40°C, exceeding the previous maximum record by about 5°C (Philip et al., 2021).

Factors affecting extreme heat waves in the WNA region include the large-scale atmospheric high-pressure ridge,
regional topography, and human-caused climate change (Baldwin et al., 2019; Van Oldenborgh et al., 2021;
Vautard et al., 2020; Wehrli et al., 2019). During the 2021 WNA heat event, a strong large-scale high-pressure
ridge appeared in the atmosphere but was not as exceptional as the temperature anomalies (Philip et al., 2021).
During such events air is heated over the terrain, and the easterly winds prevent cool marine air over the Pacific
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from reaching inland areas. The elevation difference between the west and east sides of the mountain ranges in
WNA regions causes more diabatic heating than cooling, adding additional heating to this event. Furthermore,
anomalously dry soil conditions, caused by low precipitation rates, can also contribute to the extremely high
temperature due to reduced latent cooling from low evaporation rates. Studies also emphasize that such
extraordinarily strong heat events are made much more likely with climate change (Fischer et al., 2021; Philip
et al., 2021). A more recent study (Mo et al., 2022) illustrates that this heat wave event is closely related to a
landfalling atmospheric river (AR) which transports warm and moist air into the high-pressure ridge system.

The June 2021 heat wave was predicted well in the short-term weather forecasts made by HR global weather
models. But global climate models (GCMs) used for attribution studies and adaptation planning use a coarser
horizontal grid due to the high computational cost of long climate simulations. Much work (Hagos et al., 2015;
Kopparla et al., 2013; Roberts et al., 2020; Wick et al., 2013) has been done to assess whether weather extremes,
such as extreme rainfall, tropical cyclones, and ARs, are adequately represented in coarse-resolution GCMs.
Since coarse-resolution GCMs fail to resolve small-scale structures and mesoscale processes, the simulations of
these weather extremes can be sensitive to model resolution. This raises the question of whether such extraor-
dinarily strong heat waves can be adequately simulated by GCMs, which suffer from biases in their simulated
climate. If we view heat wave as the surface manifestation of a large-scale high-pressure ridge in the atmosphere,
we may expect that GCMs should be able to capture the essential aspects of the heat wave, although model biases
could affect the details of the surface response. Indeed, Fischer et al. (2021) showed that a GCM was capable of
simulating extraordinarily strong heat waves and that climate change increased the occurrence frequency of such
events.

This study aims to evaluate GCMs' ability to predict extreme heat events in the WNA, similar to the one observed
in 2021. By comparing HR and low-resolution GCM simulations with available observations, we attempt to
address the following questions: Are such events produced in the WNA region in long climate simulations? Does
model resolution matter? How do model biases in humidity affect the simulation of such heat waves? The work is
focused specifically on the region (45°N-52°N, 119°W-123°W) covering the highly populated cities of Seattle,
Portland, and Vancouver, which were heavily affected by the 2021 extreme heat event. The model and data
descriptions are in Section 2. In Section 3, we analyze sets of GCM climate simulations at different resolutions,
identify their simulated strong heat events over the WNA, and compare their amplitudes with the observed event.
Then in Section 4, the question of how well such heat events can be predicted using GCMs is explored through
sets of short simulations initialized from observations at forecast lead times of 3-day and 1-week. Impacts of
atmospheric moisture on the prediction of extreme heat events are examined and discussed as well. A summary is
presented in Section 5.

2. Observational Data and Model Descriptions
2.1. Observational Data

The observational data used here is the latest European Centre for Medium-Range Weather Forecast (ECMWF)
reanalysis (ERAS) (Hersbach et al., 2020), which provides needed variables with a spatial resolution of 0.25°
from January 1950 to present. The product uses a 4D variational approach to combine a vast amount of satellite
and in situ observations with the ECMWF weather forecast model. ERAS is also used to create initial condition
files for initialized short simulations, which are described in detail in the model description section. Furthermore,
we also use HadGHCND (Caesar et al., 2006), which provides observed daily near-surface maximum and
minimum temperatures, as the reliable reference for studying global heat wave properties.

2.2. Model Descriptions
2.2.1. Climate Simulations

GCM simulations were carried out using the Community Earth System Model (CESM) version 1.3 (Meehl, Yang,
et al., 2019). Model tuning was carried out as described by Chang et al. (2020). Pairs of control (CTRL) and
historical and future transient (HF-TNST) simulations were carried out, with both atmosphere—only and coupled
configurations, following the high-resolution model intercomparison project protocol (Haarsma et al., 2016). In
CTRL, the climate forcings were set to the 1950 conditions and kept constant throughout the simulations. The HF-
TNST simulations were branched from CTRL and used historical radiative forcing from 1950 to 2014 and the
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high-emission Representative Concentration Pathway 8.5 (RCP8.5) scenario for the future period 2015-2100.
(The use of RCP8.5 as a business-as-usual scenario has come under some criticism recently, but the different
scenarios do not diverge very much in the near-term future that is of concern to this study.)

Uncoupled atmosphere-only simulations share the same settings as in coupled simulation, but the transient
simulations ended in 2050. Boundary SST and sea-ice forcing were prescribed from HadISST2.2.0 (Titchner &
Rayner, 2014) for the period 1950-2015. Broadly following Mizuta (2008), 20162050 future SST and sea-ice
were reconstructed by combining the CMIP5 multi-model ensemble mean projected trend with the detrended
1980-2014 observation. We refer to Haarsma et al. (2016) for more technical details. The experiments comprise
two different horizontal resolutions, using consistent forcing data sets. All HR runs have a nominal horizontal
resolution of 0.25° for the atmosphere and land models, and nominal 0.1° for the ocean and sea-ice models. And
for the low resolution (LR) runs, the horizontal resolution is nominally 1° for all component sets.

The CESM version 2 large-ensemble (CESM2-LE), with nominal horizontal resolution of 1°, was used to
examine the role of internal climate fluctuations. The coupled model configuration is described in Rodgers
et al. (2021). The simulations cover the period 1850-2100, following the historical and SSP3-7.0 forcing pro-
tocols provide by CMIP6 (Eyring et al., 2016). One hundred ensemble members are available, initialized from
various years of a preindustrial simulation conducted with CESM2 (Danabasoglu et al., 2020). In this study, we
used only the first 50 members which follow CMIP6 protocols with biomass burning (Danabasoglu et al., 2020).
Another set of 50 members using the smoothed biomass burning fluxes was not included in this analysis.

2.2.2. Short Initialized Forecast Simulations

To test the GCM's ability to forecast extraordinarily strong heat wave events, short forecast ensembles initialized
from ERAS were conducted using the Energy Exascale Earth System Model (E3SM) atmosphere model version 1
(EAM,v1) at both low- (nominal 1°) and high- (0.25°) resolutions (Leung et al., 2020). Each EAM ensemble
includes 20 members with the random temperature perturbations on the order of 107°K. Given that the WNA heat
event started on 27 June 2021, we initialized the forecast ensembles on June 20 and June 24, to examine the
models' predictability at forecast lead times of 1 week and 3 days, respectively. The initial conditions are
generated using the Inital.Ized-ensemble Analysis/Development (ILIAD; O’Brien et al., 2016) framework, with
input from the ERAS reanalysis. The forcing sea surface temperature and sea ice concentration are derived from
1-degree HadISST1 (Rayner et al., 2003) daily outputs for both LR and HR. Each forecast ensemble continues
until 6 July 2021, ensuring a thorough coverage of the 2021 WNA heat event.

2.2.3. Moisture-Sensitivity Simulations

E3SM sensitivity forecasts with reduced or enhanced moisture supply at low-resolution (1°) were configured to
test the response of extreme heat events to atmospheric moisture biases. Six experiments, comprised of three with
reduced-moisture and three with enhanced-moisture configurations, were conducted and compared with the
original LR initialized simulations. Other configuration settings were the same as in the original LR initialized
runs, except that either the initial condition of specific humidity at all vertical levels (Q—/Q+), or the model's
evaporation exchange coefficient (E—/E+), or both (Q — E—/Q + E+) were reduced/enhanced by 20%. The
choice of 20% amplitude for the moisture perturbation was motivated by the magnitude of the climatological
moisture bias in the E3SM control simulations, which is of the order of ~20% (Figure S1 in Supporting Infor-
mation S1). Therefore, the sensitivity forecasts provide an assessment of the potential impact of climate model
moisture biases on the simulation of extreme heat waves.

3. Extreme Heat Events in Climate Simulations
3.1. Heat Events With Extraordinarily High Temperature

Before analyzing extreme heat events, we first compare the 2 m temperature (T2m) bias in LR and HR HF-TNST
for both the coupled and uncoupled configurations (Figure S2 in Supporting Information S1). Uncoupled sim-
ulations in both LR and HR exhibit small T2m biases across the target region, with area-averaged values of
~0.62°C in LR and ~0.83°C in HR. Although increasing the coupled model resolution can significantly reduce
the surface temperature bias over the ocean (Chang et al., 2020), T2m bias over our target land area is much more
pronounced in HR than in LR coupled simulation. The area-averaged bias is ~—0.66°C in LR coupled simulation,
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Figure 1. Area (45°N-52°N, 119°W-123°W) averaged TXx (annual maximum of daily maximum temperature) as a function of time in panels (a) observation, (b) low
resolution (LR) & (c) high-resolution (HR) coupled CTRL, and (d) LR & (e) HR HF-TNST simulations over historical (blue: historical timeseries; cyan: 10-year running
mean of historical values) and future (RCP8.5) period (red: future timeseries; magenta: 10-year running mean of future values). The values are normalized by the
historical standard deviation. Circles indicates the selected examples of exceptional extreme events whose amplitudes are larger than 3c.

but is ~2.79°C in HR coupled simulation over WNA region. A preliminary comparison of surface soil moisture
between the coupled HR simulation and ERAS indicates this HR coupled simulation significantly underestimates
the soil moisture (Figure S3 in Supporting Information S1), contributing to the high T2m bias in HR coupled
simulation. Further analysis of the land model in this HR coupled simulation is planned, but is beyond the scope of
this study.

Next, we compare the extreme heat events between model simulations and observations, defining a heat event
based on the annual maximum of daily maximum temperature, TXx. To exclude the direct impact of mean
temperature bias on the amplitude of extreme heat events, we normalize their temperature based on each model's
own historical mean and standard deviations. Figure 1 show the TXx timeseries averaged over the WNA region
and their 10-year running mean in CESM coupled climate simulations compared to that derived from ERAS.
Observed temperatures exhibit a trend of about 3.7°C increase over the period from 1950 to 2014 in this region
(not shown). During the 2021 WNA heat event, the observed TXx anomaly was exceptional—its value of 5°C
was higher than the previous maximum record, with the anomaly exceeding 5 times the historical standard de-
viation (c: ~1.64°C) (Figure 1a). However, the HF-TNST simulations fail to replicate the 56 amplitude of the
extreme event. Under the 1950 climate forcing, CTRL does not show an increasing trend and simulates weaker
heat events, with most of their amplitudes falling within 2¢ at both HR and LR (Figures 1b and 1c). In contrast,
HF-TNST can reproduce cases of heat events with relatively intense amplitudes (Figures 1d and le). During the
future period, under the RCP8.5 forcing, both LR and HR HF-TNST simulate heat events with amplitudes
exceeding 3 times their own historical standard deviation (¢ (LR: 1.79°C; HR: 1.71°C). Note that the dry soil bias
in HR coupled HF-TNST tends to enhance the amplitude of the heat events. However, even with this dry bias, HR
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coupled HF-TNST still falls short in simulating the strong amplitudes of the heat waves. Uncoupled LR and HR
simulations show results consistent with coupled simulations.

We further extend our investigation using CESM2-LE to increase our sample size and confirm the robustness of
our results in the presence of internal variability. The low-resolution CESM2-LE simulations (Figure S4 in
Supporting Information S1) show that climate change increases the number of intense heat events, affirming its
role in amplifying the risk of extraordinarily strong heat events. Before 2050, most ensemble members fail to
capture the 5o extreme heat event over the WNA region. Only after 2050, a considerable number of ensemble
members demonstrate the ability to simulate extreme heat events with temperature anomalies higher than 5S¢ with
respect to the historical climate mean (Figure S4 in Supporting Information S1). These findings generally suggest
that both LR and HR GCMs' climate simulations can produce outstanding heat events, but fall short in capturing
the observed extremity in amplitude, as seen in the 2021 WNA heat wave, particularly under present climate
conditions. The results underscore the importance of climate change in influencing extreme heat events. Based on
the current evidence, increasing model resolution does not appear to lead to significant improvements in this case.

3.2. Observed Versus Simulated High-Pressure Ridge System

The evolution of the extreme heat wave is controlled by the large-scale atmospheric circulation. The observed and
simulated high-pressure systems linked to the extreme heat events are compared in Figure 2 (left) to validate the
GCM's ability reproduce the dominant circulation patterns that drive the heat wave. The annual maximum
geopotential height at 500 hPa (Z500) (Figure 2 left) displays a high-pressure ridge system occurring during the
extreme heat events. Both LR and HR are able to reproduce such spatial patterns of high-pressure ridge with the
peaks of the ridge leading the temperature peaks (Figure 2 right).

The timeseries of annual maximum Z500 over the WNA region in the observation and in the simulations are
shown in Figure S5 in Supporting Information S1. Long-term increasing trends of Z500 caused by thermal
expansion (Christidis & Stott, 2015) are observed in both the observation and the HF-TNST. However, observed
and simulated extremes exhibit some differences. In observations, compared with the 56 anomalous TXXx, the
7500 anomaly is only exceeds 3o, suggesting there must be other factors, such as moist processes, causing
nonlinear amplification of this extraordinary event near the surface.

Previous studies have noted that low soil moisture leads to higher temperatures during heat waves through
nonlinear effects (Hauser et al., 2016; Mueller & Seneviratne, 2012; Seneviratne et al., 2010). A recent inves-
tigation by Bartusek et al. (2022) reveals that the physical drivers of the record-breaking 2021 WNA heat event
stem from the associated atmospheric circulation and land-atmosphere feedbacks. The regional temperature
continued to rise during this heat event after the geopotential height had peaked, which is attributable to the
presence of dry soil moisture anomalies. From March until the occurrence of this event, over the region from
southern British Columbia to California, precipitation was anomalously weak, causing the antecedent dry con-
dition which contributed to the exceptionally high temperature anomalies (Philip et al., 2021). This land-
atmosphere feedbacks likely amplified the severity of the event by about 40% (Bartusek et al., 2022). Another
recent study (Mo et al., 2022) suggests that a landfalling AR occurring before and during the heat event,
transported warm and moist air into the high-pressure ridge system, also contributing to the exceptionally high
temperatures. In addition, limited studies (Liu et al., 2020; Pranindita et al., 2022) have also suggested that
reduced air moisture, leading to reduced precipitation, contributes to the long duration of heat waves, such as the
ones occurred in Europe in 2003 and 2010. All these processes may contribute to the fact that the temperature
anomalies are more exceptional than the local Z500 anomaly in the observed heat event. However, in the HF-
TNST GCM simulations, temperature anomalies during typical extraordinary heat wave events have similar
normalized magnitudes to the atmospheric circulation patterns anomalies (both are ~3c), unlike what is seen in
the observations. These findings are consistent for both coupled and uncoupled climate simulations (Figure S6 in
Supporting Information S1). This observed discrepancy between simulations and observations motivates us to
explore in the next section why temperature anomalies simulated in model are not as exceptional as in the
observations.

4. Predictability of 2021 WNA Heat Event Using GCMs

Short simulations initialized from reanalyzed observations allow us to examine the questions of whether such an
extraordinary heat event can be forecast by GCMs and whether grid resolution makes a difference. Previous
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Figure 2. Left: annual maximum geopotential height at 500 hPa (Z500) (contours: unit: dam) and its normalized values
(color) over Western North America region when selected extreme heat events occur in panels (a) ERAS; (b) Coupled-LR
and (c) Coupled-HR. Right: Area (45°N-52°N, 119°W-123°W) averaged daily temperature (blue) and maximum
temperature (red) when selected extreme heat events occur in (a) ERAS; (b) Coupled-LR and (c) Coupled-HR.
Corresponding heat events are circled in Figure 1.

studies (Emerton et al., 2022; Lin et al., 2022; White et al., 2023) have highlighted the capabilities of weather
forecast systems in predicting the 2021 WNA heat wave event. While forecasts 5 days before the event's peak
showed good accuracy in predicting its onset and duration, forecasted high-temperature records in many en-
sembles still fell 1-3°C short of the observed high (White et al., 2023). Sub-seasonal forecasts indicate an
increased probability of extreme heat with lead times of 10-20 days (Lin et al., 2022; White et al., 2023).

Figure 3 shows the predicted TXx and high-pressure ridge system over WNA during the 2021 heat wave at a
forecast lead time of 3 days using LR and HR GCM. As the GCM employed here lacks integration with a data
assimilation system, we initialized forecasts using ERAS reanalysis instead of a data assimilation product
consistent with the GCM. This introduces an “initialization shock” that impacts the model's ability to accurately
reproduce the observed event. While incorporating a data assimilation system into the GCM can address the
mismatch with observations and increase the prediction accuracy, it is beyond the scope of this study. Despite this
limitation, our model performance appears reasonable when compared to the disparities in simulated extreme heat
summers between ERAS and CMIP6 simulations (Dong et al., 2023), as well as the shortcomings identified in
other weather forecast ensembles (Lin et al., 2022; White et al., 2023). Both LR and HR can reasonably predict the

LIU ET AL.

6 of 10

85U80]7 SUOLILLIOD 3A 810 3(eol|dde ayy Aq peusencb ae ssoiie O ‘8sn o Ss|n. 1oy AIq1T3ULUO A8]IM UO (SUORIPUOD-PUR-SWB) 00" A8 |1M°Afe.d 1 |pu [UO//:SANY) SUORIPUOD PUe SR | 843 88S *[7202/60/TT] U0 AigT aulluO A8|IM ‘09T8OT 19+202/620T 0T/I0p/wod A8 |1m Ariqiput|uo'sgndnBe//sdny wo.y pepeojumod ‘+T ‘202 ‘Z008t76T



. Y d N |
MM\I
ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL108160

a) 2500 at 2021-6-27

b) Forecast Timeseries

60°N

4s°N

30°N

15°N §

150°W

60°N

45N

30°N

15°N 1"

150°W

45°N

5 30 -
4 —Obs
3 ¢ Obs-Heat
: 25| —HR
1 g
° g
1 =~ 204
2
3
4 15 T T T Y T T T T T
5 22 23 24 25 26 27 28 29 30 July-1 2 3
Date
5 45
4 —Obs
3 40 4 * Obs-Heat
——HR
: 3 —
) g 354
o =~
Y § o
2 = 25 -
-3
4 20 . ‘ ‘ ‘ ‘ K ‘ ‘ ‘ .
e -5 22 23 24 25 26 27 28 29 30 July-1 2 3
0°w
Date
> 600 -
4 —Obs
3 © 595 ¢ Obs-Heat
3 S HR
a —ILR
1 N 590+
0
1 453 585 4
? = 580
3 E
“ 575 ; : ; . : : : ‘ ‘ - .
-3 22 23 24 25 26 27 28 29 30 July-l 2 3
Date

Figure 3. (a) observed (top) and predicted (middle: low resolution (LR) and bottom: HR) annual maximum geopotential height at 500 hPa (Z500) (contour; unit: dam)
and their normalized values (color) over Western North America (WNA) region at 2021/06/27 when 2021 WNA heat event occurred. The prediction is at forecast lead
time of 3 days. (b) Timeseries of observed and simulated area (45°N-52°N, 119°W-123°W) averaged daily mean temperature (top: Tmean; unit: °C), maximum
temperature (middle: Max Tmax; unit: °C) and Z500 (bottom; unit: dam). Black solid lines are from ERAS5, Blue thick lines are from LR 3-day forecast run, red thick
lines are from high-resolution 3-day forecast run. Shading indicates the ensemble spread when using initial perturbations on the order of le™2

observed anomalous high TXx as well as the high-pressure ridge system over WNA during 2021 heat wave at
forecast lead times of 3 days. The forecast results remain similar at a forecast lead time of 1 week. This confirms,
once again, that even a coarse-resolution GCM is capable of capturing extreme heat wave events.

GCMs always exhibit some biases in the flow and moisture fields in reproducing the observed mean climate
(Figure S1 in Supporting Information S1). As noted above, dry conditions likely contributed to the exceptional
high temperature during the 2021 WNA heat event (Liu et al., 2020; Mo et al., 2022; Pranindita et al., 2022). We
carried out further GCM forecasts to investigate the impact of atmospheric moisture content on the magnitude and
timing of the heat wave. In these forecast experiments, we changed the evaporation or initial moisture input, or
both, to test the sensitivity of heat waves to atmospheric moisture content.

Our results show that changing the evaporation coefficient does not affect the strength of heat waves (Figure S7 in
Supporting Information S1) whereas changing the initial condition of atmospheric moisture does (Figure 4).
When the ground is already dry, changing the evaporation coefficient will not exert a large influence on the
atmospheric moisture. At short timescales, the atmospheric moisture content has limited sensitivity to the
evaporation coefficient change, and instead is more strongly influenced by the memory of the initial condition.
Forecasts with the drier initial conditions have a significant impact on the simulated heat wave. For a 1-week
forecast lead time, decreasing initial moisture input by 20% can amplify the maximum daily temperature of
this event by about 2°C and extend duration with high TXx by 2 days, as well as extending the persistence of the
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Figure 4. Timeseries of observed and simulated area (45°N-52°N, 119°W-123°W) averaged daily temperature (top; unit: °
C), maximum temperature (middle; unit: °C), and Z500 (bottom; unit: dam) from ERAS (Black lines), low resolution 1 week
forecast run (Blue lines), high-resolution 1 week forecast run (Red Lines), moisture-reduced (Magenta) and moisture-

enhanced (Cyan) experiments. Here, the moisture-changed experiments are designed through modifying the initial moisture

input (Q+/—). Shading indicates the ensemble spread when using initial perturbations on the order of le™>.

large-scale high-pressure system for 1 more day. Higher moisture typically contributes to increased clouds and
enhanced rainfall, subsequently reducing near-surface temperature (Liu et al., 2020; Pranindita et al., 2022; White
etal., 2023). Conversely, drier unsaturated air conditions lead to more prolonged clear skies, posing challenges for
temperature reduction. The finding is consistent with the previous studies that demonstrate the impact of drier air
conditions as a contributing factor to the long duration of past high-impact European and Russian heat waves (Liu
et al., 2020; Pranindita et al., 2022). Specifically, we observe an approximately 2°C increase in the simulated heat
wave due to drier air conditions.

Although the strength of large-scale high-pressure ridge had no significant change for drier initial conditions, the
longer persistence caused by the dryness can contribute to the enhancement of the strong heat wave. As mentioned
above, model resolution does not seem to matter much, as compared to moisture content, in determining the
strength of heat wave. Given that GCMs can exhibit significant moisture bias, the fidelity of their simulated heat
events may benefit more from reduction in the moisture bias rather than an increase in model resolution, though
simulation of other extreme events, like intense precipitation, could benefit significantly from increased model
resolution. Other factors, such as soil moisture and anthropogenic global warming (Bartusek et al., 2022; Zhang
et al., 2023), can also affect the simulation of heat waves, but they are not the focus of this study.
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5. Conclusion

We demonstrate that both high- and low-resolution GCMs can simulate strong heat wave events (temperature
anomalies: ~30), but fall short in capturing the extraordinarily high temperature (temperature anomalies: ~56), as
seen in the 2021 WNA case, particularly under the present climate conditions. Although we have not carried out a
formal attribution study, the amplification in extreme heat wave strengths between the historical and future
simulations provides an indication that anthropogenic climate change makes such extreme heat waves more
likely. We carried out short-term (2—7 days) forecasts using a low- and HR GCM, and found that in both cases the
forecast of the heat wave was quite similar—the atmospheric flow pattern associated with this extreme heat wave
was forecasted reasonably well, even at coarse-resolution. This is consistent with the notion that heat waves are
driven by the large-scale atmospheric circulation patterns that are resolved by GCMs. However, the forecasted
near-surface temperature anomalies were weaker compared to observations at both resolutions. A moisture-
sensitivity test of the forecasts shows that a drier initial condition can extend the persistence of the heat wave
and amplify the forecasted mean near-surface temperature anomalies. This suggests that reducing the moisture
bias in GCMs is crucial for improving the simulation of heat waves in GCMs.

Data Availability Statement

The Community Earth System Model (CESM) (Meehl et al., 2019) developed by the National Center for At-
mospheric Research (NCAR) can be downloaded online (https://escomp.github.io/CESM/versions/cesm?2.1/
html/downloading_cesm.html). The climate simulations used in this work are available from the following data
portal (https://ihesp.github.io/archive/products/ds_archive/CESM-HRMIP.html). Detailed data descriptions are
in Chang et al. (2020). And the CESM2 large-ensembles (Danabasoglu et al., 2020) are available on https://www.
earthsystemgrid.org/dataset/ucar.cgd.cesm2le.output.html and on the ICCP Live Access server (LAS) https:/
climatedata.ibs.re.kr/las. The downloading Energy Exascale Earth System Model (E3SMv1) (Leung et al., 2020)
code is available at https://dx.doi.org/10.11578/E3SM/dc.20210927.1, and its short forecast simulations are
available at https://zenodo.org/badge/latestdoi/466282870 (Liu, 2022). https://doi.org/10.5281/zenodo.6336008.
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