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Abstract June 2023 witnessed the hottest, largest, and longest-lasting heatwave across Mexico and Texas
between 1940 and 2023. We apply constructed analogs with multiple linear regression models to quantify the
contribution of different drivers to daily temperature anomalies during this heatwave. On the hottest day (20
June), circulation, soil moisture, and their interaction explained 3.82°C (90% CI: 2.72-4.91°C) of the 5.42°C
observed anomaly with most of the residual attributed to the thermodynamic effects of long-term warming.
Using CESM2-LENS?2, we find that June 2023-like patterns are not projected to increase in frequency but will
become 1.9°C hotter by the mid-21st century under SSP3-7.0. The hottest simulated day with these patterns
could produce temperatures >50°C (122°F) across south Texas, representing a low-likelihood yet physically
plausible worst-case scenario that could inform disaster preparedness and adaptation planning.

Plain Language Summary During summer 2023, multiple heat waves affected Mexico and Texas
and contributed to hundreds of heat-related fatalities and thousands of heat-related emergency-room visits.
Particularly notable was an unusually intense and persistent early-season heat wave in June, when numerous
locations exceeded their all-time record highs. This heatwave was the hottest, largest, and longest-lasting
heatwave to affect the Mexico-Texas region in the observational record spanning 1940-2023. In this study, we
quantify the influence of atmospheric circulation and soil moisture on the heatwave intensity. We find that these
factors together account for most of the extreme temperature anomaly at the peak of the heatwave, with most of
the remainder explained by long-term warming. We also find that June 2023-like circulation patterns will not
occur more frequently but are projected to become nearly 2°C hotter than present by the mid-21st century. The
hottest simulated day with these patterns could produce widespread temperatures hotter than 50°C (122°F)
across south Texas. Although these temperatures have a low probability of occurrence, they represent physically
plausible conditions that could threaten human survivability. Such low-likelihood, yet high-risk scenarios can
inform disaster preparedness and adaptation planning efforts.

1. Introduction

Across Mexico and Texas (hereafter, “MXTX”), a prolonged heatwave during June 2023 severely impacted the
region’s population and infrastructure. Several cities broke all-time records on multiple days, including San
Angelo, Texas (45.6°C on the 20th-21st) and Chihuahua, Mexico (42.0°C on the 22nd and 24th) (National
Weather Service, 2023; Stillman et al., 2023). Persistent high temperatures contributed to >100 human deaths,
>1000 heat-related emergency room visits, and numerous cattle deaths in Mexico (Cantd, 2023; Deutsche
Welle, 2023), and >11 deaths with a surge in heat-related emergency room visits in Texas (Douglas, 2023;
Pskowski & Gina, 2023).

The June 2023 MXTX heatwave (hereafter, “MXTX2023") was associated with a strong subtropical ridge. Ridges
provide the synoptic forcing for heatwaves by limiting moisture transport to the region, suppressing convection and
increasing incoming surface solar radiation due to reduced cloud cover. Further, low soil moisture (SM) can
amplify heatwaves via changes in surface energy partitioning and land-atmosphere feedbacks (Koster et al., 2006;
Miralles et al., 2019; Wehrli et al., 2019). MXTX is a hotspot of land-atmosphere coupling (Benson & Dir-
meyer, 2021; Miralles et al., 2012; Zscheischler & Seneviratne, 2017). Indeed, studies of previous major heatwaves
such as in the 1930s (Meehl et al., 2022), 1998 (Hong & Kalnay, 2000) and 2011 (Hoerling et al., 2013; Seager
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et al., 2014) found evidence of drought-driven amplification of heat extremes. SM interactions also increased the
intensity of numerous recent heatwaves globally, in some cases being the primary driver of record heat rather than
large-scale circulation patterns (Wehrli et al., 2019).

Extreme event attribution studies have linked the increased likelihood and severity of heatwaves across most
regions including MXTX to anthropogenic warming (National Academies of Sciences, Engineering, and Med-
icine, 2016; Otto, 2023; Seneviratne et al., 2021; Swain et al., 2020). For example, Hoerling et al. (2013) found
that anthropogenic warming accounted for approximately 20% of the magnitude of the 2011 extreme Texas heat
and Rupp et al. (2015) found that anthropogenic warming made those temperatures ~10 times more likely. More
recently, Trok et al. (2024) found an anthropogenic contribution of 1.18-1.42°C to the MXTX2023 heatwave. A
subset of attribution studies that conduct such analyses conditioned on the atmospheric circulation are referred to
as the circulation-analogs or dynamical-adjustment approach (Faranda et al., 2022; Terray, 2021; Yiou
etal., 2017). These studies enable the quantification of the relative influence of different physical drivers and have
been applied to quantify the influence of circulation and other factors on heatwaves in Europe (Jézéquel
et al., 2018; Lemus-Canovas et al., 2024; Yiou et al., 2007), Argentina (Collazo et al., 2024), and China (Huang
et al., 2024).

We apply this circulation-analogs approach to investigate the contribution of different drivers to the MXTX2023
heatwave. Specifically, we address three questions: (a) How unique was the extent, intensity, and persistence of
this heatwave in the long-term record? (b) What was the relative influence of atmospheric circulation and SM on
heatwave intensity? (c) Are the key drivers of the MXTX2023 heatwave projected to change with continued
warming? Understanding changes in the drivers of heatwaves is important for accurately predicting and pro-
jecting their risk, and informing heat preparedness efforts (Domeisen et al., 2023).

2. Materials and Methods
2.1. Data

We use daily-maximum 2-m temperature (7,,,,,), daily-average 500-hPa geopotential heights (Zs,) and daily-
average near-surface SM derived from the European Center for Medium-Range Weather Forecasts ERAS
reanalysis at 0.25° resolution (Hersbach et al., 2023). We use ERAS5 based on its superior performance in
simulating subseasonal-to-seasonal variations and long-term trends in SM in recent decades relative to other
reanalysis products when compared with in-situ observations (Li et al., 2020), its strong correlation with satellite-
derived estimates (Lal et al., 2022), and the availability of high-resolution, long-term data over the analysis
period. Standardized T,,,, anomalies are obtained by first calculating area-weighted, domain-averaged T,,,,
across the full extent of MXTX. Then, the climatological mean and standard deviation of daily 1991-2020 T,,,,, is
computed from 15-day moving windows. Daily anomalies are then calculated by removing this climatological
daily mean and dividing by the standard deviation. We also analyze these variables from the NCAR Community
Earth System Model Large Ensemble (CESM2-LENS2; hereafter “CESM2”) at 0.94° X 1.25° spatial resolution
using the SSP3-7.0 scenario (Rodgers et al., 2021). Of the 100 available CESM2 ensemble members, 50 use
prescribed CMIP6 biomass burning emissions, and the rest use smoothed emissions. For consistency, we analyze
the 40 members with CMIP6 biomass burning emissions that include SM.

2.2. Constructed Analogs

We use constructed analogs, a modification of the widely-used flow-analogs approach (Faranda et al., 2022;
Jézéquel et al., 2018; Yiou et al., 2007, 2017), to quantify the contributions of circulation and SM to daily 7,
anomalies during the MXTX2023 heatwave. This methodology estimates the magnitude of surface variables such

ax

as temperature during extreme events from a set of circulation analogs identified over a specific historical period.
A linear regression model is trained from historical analog patterns to predict an associated variable from the
target pattern in the present climate (Tippett & DelSole, 2013). This method has been recently used to diagnose
vapor pressure deficit trends over the western U.S. (Zhuang et al., 2021) and the drivers of the 2022 Yangtze River
Basin heatwave (Huang et al., 2024). We modify this approach to incorporate SM in the linear model to develop
the constructed analogs.

Our method uses standardized, detrended Zs,, anomalies as a measure of circulation to construct analogs,
following Jézéquel et al. (2018) and Zhuang et al. (2021). As with T,,,, Zso is deseasonalized and standardized
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Figure 1. (a) Standardized 7,,,, anomalies on 20 June 2023. Daily anomalies are calculated relative to the April-September
climatology (1991-2020). Time series (1940-2023) of the highest (b) daily intensity: area-averaged T, anomalies,

(c) fraction of the domain experiencing T, .. > 20, and (d) most consecutive days with area-average T,,,, > 20. Black
rectangle in panel (a) shows the domain for pattern-matching to identify analogs.

by subtracting the 1991-2020 climatological means computed in 15-day moving windows, and dividing by the
standard deviation in each window. We use Pearson’s correlation to identify spatially similar circulation analogs
over a bounding box encompassing central/northern Mexico and Texas (17-35°N; 109-95°W; Figure 1a). To
remove the effect of thermal expansion, Zs, is detrended prior to analog matching by subtracting the average
hemisphere-mean Zs,, change between latitude 17-35°N at each year since 1940. This approach provides an
advantage over linear detrending as global Zs, changes have not been linear over the period of record owing to
the pause in warming between the 1950-1970s. For each day in 2023, we extract the 100 closest analogs from
historical (1940-2022) warm-season (April-September) days within a 61-day window centered on that day. We
tested 20-100 analogs and although higher analog counts slightly reduce median correlation with the target
pattern, we chose 100 analogs to increase sample size (Figure S1 in Supporting Information S1). To enforce
analog independence, we select only one best-matching pattern from centered 7-day windows.

Using the 100-closest analogs, a constructed analog is created for each day of the heatwave to predict the domain-
averaged, detrended (denoted with ") T, (T using linear regression. 77, is computed from the combined
MXTX domain and is detrended by subtracting the annual ERAS global-mean temperature change at each year
since 1940 (Tyena)- We first develop two linear regression models from the historical analogs - simple linear
regression with detrended, domain-maximum Zsy, (Z5gomax) from the analog day as the predictor:

Tr’nax =p+ ﬁlZ§00maX (1)

and a multiple linear regression model with same-day Z5ypm., and domain-averaged SM anomalies from the prior
day (SMy,g ) as predictors:
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Thvax = Bo + B1 Z500max + BrSMigg1 @)

Note that SM is not detrended due to lack of a significant long-term trend since 1940 (Figure S2 in Supporting
Information S1). Due to the strong coupling between T,,,,, and SM over this region (e.g., Miralles et al., 2012),
these variables show significant (p < 0.01) bi-directional Granger causality at all lags between 1 and 7 days
(Figure S3 in Supporting Information S1). To control for endogeneity, we use SMy,, rather than same-day SM to

predict 7%,,.. The first model estimates the contribution of circulation alone while the second model estimates the
We then train a third model that
includes a same-day Zsy,*SM interaction term to help explain the residual from the second model, as nonlinear

combined contribution of circulation and antecedent SM to observed daily T,

ax*

amplifying effects of dry SM on T, are expected under strong ridging:

j\-‘r/nax = ﬁO + ﬂlZ§00max + ﬁZSMlagl + 183Z§00max -SM (3)

As a final step, we add T4 to output from the third model to account for long-term warming. For all models,
90% confidence intervals (CI) of the predictions are derived from the standard errors of the regression co-
efficients. 77, values are converted to anomalies relative to 19912020 for presentation of results.

2.3. Projections of MXTX2023-Like Patterns and Associated T',,,,

Using Pearson’s correlation, we identify days in the 40 CESM2 ensemble members with Zs, patterns similar
(correlation >0.8) to the observed pattern on 20 June 2023. Then, we analyze simulated 7., on those days during
historical (2000-2020) and mid-century (2040-2060) periods. For this step, Zsy, from ERAS is regridded to the
native resolution of CESM2 using bilinear interpolation to ensure consistent analog matching between reanalysis
and model output. We remove the effect of thermal expansion on Zsy, in CESM2 by subtracting the ensemble-
mean Zsq, change from each year since 1940. To test whether drier soils will significantly influence T},,, on

pattern-days in the future, we compare 7,,,, anomalies under both dry and wet SM conditions defined using the
33rd and 66th percentiles.

3. Results and Discussion
3.1. The Record-Breaking MXTX2023 Heatwave

The MXTX?2023 heatwave had record-breaking intensity, spatial extent, and persistence (Figure 1). The heatwave
peaked on 20 June 2023 with a domain-average 7, of 36.7°C and anomaly of +5.42°C (+3.520), the hottest
among all historical warm-season days (Figures 1a and 1b). 57% (1.49 million km?) of the region experienced
local T, anomalies exceeding 2¢ on 20 June, which is ~1.6 times higher than the previous largest extent
observed on 23 July 2018 (943,000 km?; Figure 1c). Domain-average T,
consecutive days (15-28 June), more than double the previous longest heatwave persistence of 6 days in 2011
(Figure 1d). The extreme and long-lasting heat over this region during summer 2023, including additional
heatwaves in the following months, have been attributed to atmospheric blocking forced by record-warm north
Atlantic sea surface temperatures and the developing El Nifio event at that time (Lopez et al., 2024).

ax anomalies >2¢ persisted for 14

The characteristics of the MXTX2023 heatwave are also aligned with their long-term trajectories (Figures 1b—
1d). Peak daily T,,,, anomalies have increased linearly at ~0.15¢/decade, representing a doubling since 1940.
The regional extent and persistence of extreme heat has increased non-linearly over this period: 18 of the recent
30 years had at least one day with domain-average T,,,, > 20, while only 5 years between 1940 and 1990
experienced such widespread 7, anomalies. These trends are consistent with previous studies that also found
increases in various measures of frequency, intensity and extent of heatwaves across Mexico and the southern U.S
(Garcia-Cueto et al., 2020; Keellings & Moradkhani, 2020; Marvel et al., 2023; Murray-Tortarolo, 2021; Perkins-

Kirkpatrick & Lewis, 2020; Singh et al., 2024).

3.2. Temporal Evolution of Zsy,, T},,., and SM

Figure 2a shows the temporal evolution of domain-averaged 7', Zsoo» and SM anomalies during June 2023.

ax?»
Between 15 and 28 June, T,,,, anomalies consistently exceeded +2¢ and nearly every day exceeded their daily

record (Figure 2a). These temperatures were accompanied by positive Zs,, anomalies, though their magnitude
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Figure 2. (a) Temporal evolution of T,,,, (red), negative soil moisture (SM, brown), and detrended Zs, (black) anomalies

during June 2023. Note: SM is inverted—positive values indicate drier conditions. Dashed lines indicate historical daily
records (1940-2022). Stars indicate occurrence of record highest warm-season values among all days during 1940-2023.

Average anomalies of (b) T,,,,, (c) SM, and (d) detrended Zs, over 15-28 June.

ax’
was not exceptional relative to the background atmospheric flow for most of the event. This suggests that the
circulation contributed to the development of the heatwave but the extreme temperatures were driven by addi-
tional factors such as dryness. SM conditions were relatively dry from early June and the dryness strengthened

simultaneously with increasing 7,,,,, and Zs,, anomalies (Figure 2a). Negative SM anomalies exceeded 26 on 16

ax
June and were consistently at record-low daily values between 17 and 30 June. Further, SM on the two days that

exceeded the historically hottest warm-season temperatures (20-21 June) was also historically lowest.

Average T,,,, anomalies during the heatwave (15-28 June) were positive across the domain and exceeded +2¢
across western Texas and central Mexico (Figure 2b). The largest negative SM anomalies were in central and
southern Mexico, slightly south of the peak Zs, anomalies associated with the subtropical ridge (Figures 2c and
anomalies, then weakened and shifted northward
and subsequently re-strengthened on 25 June (Figure S4 in Supporting Information S1). This atmospheric cir-
culation pattern persisted for 10 consecutive days (12-21 June), which is unprecedented in the historical record
(Figure S5 in Supporting Information S1). This suggests that the unusually persistent ridge triggered the heat-
wave, contributed to its exceptional persistence, and likely exacerbated the already dry SM conditions. Likewise,

2d). The ridge amplified on 20 June, coincident with peak T,

ax

the close coevolution of positive T,

max

and negative SM anomalies, including their record strength and concur-
rence of their peaks, is not surprising given the strong temperature-SM coupling over this region and suggests that
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Daily domain-averaged observed and predicted T,,ax
anomalies during 15-28 June 2023

=@ 2023 Tmax anomaly

8 { == pred(Zsoomax, SMiag1, Zs00max SM) + Tmax trend
—h— pred(Zspomax, SMiag1, Zs00max"SM)

71 = pred(Zsoomax, SMiag1)

—4— pred(Zsoomax Only)

Domain-averaged Tyax anomalies (° C)
S
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Figure 3. Observed (red) and predicted daily domain-averaged T, anomalies from constructed analogs using Zsngm., (light
ray), Zsoomax and SM,; (black), Z5gomax, SMigg1> and Z5pomax - SM interaction term (blue), and Z5pomax» SMiag1 > Z500max - SM
interaction term, and long-term warming (purple). Constructed analogs are created for each day individually. Shading represents
the 90th percentile confidence intervals around these estimates. Text shows values for 20 June. See Figure S7 in Supporting
Information S1 for T, ,, actual values.

land-atmosphere feedbacks acted to amplify the heatwave intensity (Benson & Dirmeyer, 2021; Wehrli
et al., 2019).

3.3. Disentangling Heatwave Drivers Using Constructed Analogs

Constructed analogs based solely on Z5yymax predict 7 . anomalies between 3.0 and 4.8°C cooler than observed
Tmax On MXTX2023 days (Figure 3, gray line), indicating a substantial role of factors beyond circulation.
Including SM,,; adds 0.9-1.8°C to 17 . (Figure 3, black line), while the Ziyym.x- SM interaction term adds a
further 0.5-2.3°C (Figure 3, blue line). The predicted 77, anomaly for 20 June, the peak of the heatwave, is
+0.75°C from Z5gomax alone (90% CI: 0.46-1.05°C), +2.05°C from Z5pmax and SMy,e; (90% CI: 1.61°C-2.49°C),
and +3.82°C when including the Z5pma.- SM interaction term (90% CI: 2.72-4.91°C). The interaction term
therefore explains 1.77°C (~33%) of the observed +5.42°C T,,,, anomaly on 20 June, reflecting the substantial
amplifying influence of ridging-SM interaction on heat extremes in this region. The three factors together explain
3.82°C (~70%) of the observed T,
daily pattern matching (Figure S6 in Supporting Information S1). Adding the T},.,4 (+1.29°C) to account for part

ax anomaly. These results are largely stable when using 60-100 analogs for
of the thermodynamic residual yields a predicted 77, anomaly of 4+5.11°C on 20 June, with the observed
anomaly falling within the 90% CI of this prediction (4.01-6.20°C).

Notably, the dynamic contribution obtained from the Z5yoy.c-0nly analogs is much smaller than the dynamic
contribution recently attributed to mid-latitude heatwaves (e.g., Terray, 2021, 2023). The dynamic contribution of
0.75°C on 20 June represents ~14% of the observed T,,,, anomaly, and suggests a more pronounced role of SM
and circulation-SM interactions in this largely semi-arid region at the tropical-subtropical margin. Indeed, the
combined contribution of SM,,; and Z5pomax- SM of 3.07°C represents ~57% of the total 7,,,, anomaly on 20
June. This is in contrast to some recent studies (e.g., Bercos-Hickey et al., 2022; Conrick & Mass, 2023) that
found only a limited role of SM in amplifying a major mid-latitude heatwave where dynamics play a larger role.
However, our results agree with Wehrli et al. (2019), who reported a larger contribution of SM than circulation for
a comparable subtropical heatwave in southern Africa during austral summer 2015-2016.
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Meanwhile, the +1.29°C T4 from ERAS is consistent with the 1.18-1.42°C anthropogenic contribution
directly attributed to this heatwave by Trok et al. (2024). Similar anthropogenic contributions have been attributed
to other heatwaves using varying methodologies, including ~1.0-1.2°C for the 2010 Russian heatwave (Ter-
ray, 2021; Wehrli et al., 2019) and ~0.8-2.0°C for the June 2021 western North American heatwave (Bercos-
Hickey et al., 2022; Philip et al., 2022; Terray, 2023). Our approach of using a fixed anthropogenic contribution
allows us to estimate a residual that is not accounted for by any of the physical drivers, including long-term
warming. For example, 0.31°C of the T,,,, anomaly on 20 June remains unexplained by our analogs. This
could be because extreme heatwaves such as MXTX2023 understandably do not have good historical analogs
(van den Dool, 1994; van Oldenborgh et al., 2022). Our approach also does not capture the effects of unprece-
dented spatial extent and persistence of heat during the MXTX2023 heatwave (Miralles et al., 2019; Neal
et al., 2022; Qiao et al., 2023). Additionally, land cover changes (i.e., deforestation and urbanization) in Mexico
have the potential to further exacerbate present-day 7,,,, compared to historical analogs (Englehart & Doug-
las, 2005; Stahle et al., 2009).

3.4. Historical and Projected Changes in June 2023-Like Circulation Patterns

Circulation patterns similar to 20 June 2023 (correlation >0.8, hereafter “2023-like”) have decreased in frequency
by ~2 days since 1940, and this trend is supported by a decrease in the CESM?2 ensemble mean of ~1.8 days
(Figure 4a). However, domain-averaged 7T,,,, on days with these circulation patterns has increased significantly
(+1.9°C) since 1940 and has outpaced the CESM2 ensemble mean increase of +1.2°C (Figure 4b). SM shows a
weak increasing trend in observations (Figure 4c), but this is largely due to persistent drought in the early part of
the record that peaked in the 1950s (Stahle et al., 2009). Over recent decades, SM has been declining and this
negative trend is also present in CESM2 (Figure 4c, Figure S2 in Supporting Information S1). The observed
frequency of the circulation patterns and corresponding 7, and SM fall within the CESM2 ensemble spread
(Figures 4a—4c). CESM2 also simulates a similar dependence of T,,,, on Zsy, and SM (Figure S8 in Supporting
Information S1), making it a suitable model for this analysis.

Leveraging the CESM2 ensemble spread, we investigate changes in 7,,,, and SM associated with 2023-like
patterns between the historical (2000-2020) and mid-21st century (2040-2060) periods. The sample size in
each period is 840 years (21 years X 40 members). The median frequency of 2023-like patterns does not change
between the historical period and mid-century, remaining at five days per warm season (Figure 4d). However,
median T,,,, during 2023-like patterns increases steadily with warming, at a faster rate than the seasonal-mean
warming. Median domain-average T,,,, is projected to be 1.9°C higher by mid-21st century, increasing from
31.7 to 33.6°C (Figures 4e, 4g, and 4h; Figure S9 in Supporting Information S1) while the seasonal-mean T, is
projected to warm by 1.4°C (not shown) (Note that these results are based on T,,,,, directly simulated by CESM2
on days with 2023-like patterns, rather than predictions from the constructed analog models). These circulation
patterns are projected to occur with drier conditions—median SM anomalies are —0.60c by mid-century
compared to —0.37¢ during historical (Figure 4f). Further, median T,,,, is ~0.4°C hotter when 2023-like pat-

terns coincide with dry relative to wet SM conditions and the upper range of possible temperatures is also

ax

substantially higher (Figure S10 in Supporting Information S1).

Using other correlation thresholds between 0.7 and 0.9 for pattern matching in CESM2 produces similar long-
term changes in pattern frequency (decrease of 0-1 day), T,,.« (1.8-2.1°C increase), and SM (0.21-0.30¢
decrease) (Figure S11 in Supporting Information S1). The hottest simulated day with 2023-like patterns by mid-
century has domain-average 7,,,, of 40.4°C with south Texas above 50°C (122°F; Figure 4i). Such temperatures
would exceed the current Texas record maximum of 48.9°C (120°F; National Centers for Environmental In-
formation, 2024) over large areas and pose an acute risk to human life, non-human species, and agriculture in the
absence of sufficient adaptation.

4. Conclusions

The record-breaking MXTX2023 heatwave was the hottest, largest, and longest-lasting across this region over
1940-2023. At the peak of the heatwave (20 June), constructed analogs based solely on Zsgo, predict a domain-
averaged T, anomaly of only +0.75°C. However, the combined contributions of circulation, low SM, and their
interaction explain 3.82°C (~70%) of the observed anomaly of +5.42°C on 20 June, with most of the residual
contributed by long-term warming since 1940. Our results emphasize that circulation dynamics alone are
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Figure 4. Time series of (a) days in each season (April-September) with 20 June 2023-like patterns, and domain-average (b) 7,,,
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and (c) SM on those days. Black lines

ax

represent CESM2 ensemble means, gray lines represent each ensemble member and red represents observations from ERAS. Inset text in panels (a)—(c) shows observed
and CESM2-simulated changes over 1940-2023 and p-values obtained from a permutation test. (d)—(f) Distributions of seasonal averages of each variable in historical

(2000-2020) and future (2040-2060) on all matched pattern days in the CESM2 ensemble. Text in boxplots indicates median values. (g)—-(h) Average T, on historical

and future days with 20 June-like patterns. (i) 7,,,,, on the hottest simulated day in the mid-21st century. Text in (g)—(h) shows the number of simulated 2023-like
patterns across 840 model-years (21 years X 40 ensemble members).

insufficient to explain the magnitude of the MXTX2023 heatwave, and that amplifying effects of dry SM must be
considered when assessing heatwaves over this region. Further, our findings suggest that future extreme heat-
waves over MXTX will show less dependence on rare circulation anomalies under projected warming and drying.
Recent studies using constructed analogs have also failed to explain anomalies solely through circulation, leaving
a large residual attributed to other factors such as thermodynamic effects of anthropogenic warming (Huang
et al., 2024; Zhuang et al., 2021). Our study extends the constructed analogs approach to directly incorporate SM,
and our methodology can be applied to other heatwaves globally.
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Using CESM2, we show that June 2023-like circulation patterns will warm an additional 1.9°C by mid-century,
and the hottest day could produce widespread T,,,, >50°C (122°F) across south Texas. This represents a low-
likelihood yet physically plausible worst-case scenario that can inform disaster preparedness and adaptation
planning. We note that this result is based on one climate model with a relatively high climate sensitivity, so we
largely limit our analysis to the mid-century when global temperature projections of ~1.7-2.5°C above pre-
industrial do not diverge substantially from other climate models (Gettelman et al., 2019; Meehl et al., 2020).
We selected CESM2 as large ensembles offer the ability to evaluate a range of outcomes due to natural variability,
and a larger sample size for understanding the drivers of rare events (Deser et al., 2012; Lehner & Deser, 2023;
McKinnon & Simpson, 2022). Combined with observation-based constructed analogs, this approach can be
leveraged to assess the drivers and risk of rare, high-impact events such as the MXTX2023 heatwave in a
changing climate.
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System Model (2024). Derived data sets used to perform analyses are available at Kalashnikov (2025a). Analysis
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