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Abstract The Southwest United States and northwestern Mexico are well-known for their extreme dry heat,
but these regions also experience humid heat extremes when the North American Monsoon (NAM) is active.
Here, we investigate the distinct seasonality, dynamics, and drivers of dry versus humid heat in the NAM region.
We find that the dry heat season can peak up to 38 days earlier than the humid heat season, with only 40%—-60%
overlap in the seasons on average in the core of the monsoon. Atmospheric ridges and reduced surface moisture
are key drivers of extreme dry heat, consistent across space and time. In contrast, the regional dynamics of
extreme humid heat are seasonally dependent. During the peak of the monsoon season, when ample moisture
is available, extreme humid heat is driven by elevated dry bulb temperatures that occur alongside suppressed
precipitation. However, during the shoulder months of the monsoon with lower background moisture
availability, humid heat extremes are associated with elevated precipitation, soil moisture, and specific
humidity. Our results identify the NAM region as possessing distinct dry and humid heat seasonalities and
where the climatic drivers of humid heat depend on their timing relative to the monsoon season.

Plain Language Summary The Southwest United States and northwestern Mexico are two regions
which experience both dry and humid heat extremes. In this article, we explore how these two types of extreme
heat differ in their seasonality and identify their individual drivers. We find that the dry and humid heat seasons
are relatively distinct. The dry heat season peaks significantly earlier than the humid heat season, and only about
half of the days during the two heat seasons overlap in the wettest parts of the monsoon region. During June
through September, extreme dry heat throughout the study region occurs in the presence of reduced surface
moisture and atmospheric ridges. In contrast, the relative dependence of extreme humid heat on temperature
versus humidity changes with the evolution of seasonal monsoon precipitation and background moisture
availability.

1. Introduction

The Southwest United States and northwestern Mexico are well-established hotspots for extreme heat. As arid
subtropical deserts, these regions receive a large amount of incoming solar radiation during the warm season, and
their dry land surfaces partition a high fraction of the surface energy balance into sensible heat. These dynamics
fuel extreme temperatures, which are frequent, intense, and long-lasting, three heat wave characteristics that are
increasing with climate change (Cueto et al., 2010; Mutiibwa et al., 2015; Perkins-Kirkpatrick & Lewis, 2020).
However, one often overlooked aspect of extreme heat in this region is the seasonality of the events themselves
(Dong et al., 2024; Rogers et al., 2021). Extreme heat events taking place outside of a region's traditional heat
season can place exaggerated strain on human health, as individuals may be unprepared to implement heat
management strategies or lack acclimatization (De Freitas & Grigorieva, 2015). The extreme heat season in
Phoenix in 2024 is a poignant example, with a reported unprecedented 113 consecutive days above 100°F during
the summer. This was followed by a secondary period of 21 record-breaking temperature days in October
(Chow, 2024; Freedman, 2024), an additional persistent heat event occurring after the typical extreme heat
season. Investigating how the drivers of extreme heat events vary seasonally is therefore critical for constraining
their predictability and improving our understanding of how seasonal risks may be shifting with climate change.

Another underappreciated characteristic of extreme heat in the Southwest United States and northwestern
Mexico, and one strongly connected to moisture seasonality in these regions, is the occurrence of high absolute
values of both dry and humid heat (Rogers et al., 2021). Dry bulb temperatures typically peak in the pre-monsoon
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season, as the precipitation associated with monsoon onset increases shading and evaporative cooling at the
surface (Lizarraga-Celaya et al., 2010). However, on the edge of the monsoon system, high temperatures can be
sustained even during the wet season (Sheppard et al., 2002). The influence on humid heat from monsoon systems
and precipitation is generally more complicated due to the simultaneous influence of temperature, wind speed and
direction, solar insolation, and humidity (e.g., Ambika et al., 2024; C. C. Ivanovich, Horton, et al., 2024). The
joint impact of these variables on intensifying humid heat can be maximized through a variety of combinations,
for example, during light intermittent rain, which can moisten soils to enhance surface evaporation without
dramatically decreasing solar radiation, amplifying humid heat (Zhang et al., 2024). Further, the relative influence
of these controls can fluctuate throughout the year on various timescales based on the background mean climate
and intraseasonal variability (C. Ivanovich et al., 2022; Raymond et al., 2017).

Distinguishing between extreme dry and humid heat is essential for preparing for their individual impacts. While
dry heat has larger effects on plant health (Abatzoglou & Williams, 2016; Bowman et al., 2009; Schauberger
etal., 2017; Ting et al., 2023), with implications for agricultural production and ecosystem stability, humid heat is
expected to have higher impacts on human health due to its influence over the efficiency through which humans
cool down via sweating (Buzan & Huber, 2020; Fanger, 1970; Mora et al., 2017; Parsons, 2006; Sherwood &
Huber, 2010; Steadman, 1979). Because mitigation and adaptation strategies for dry versus humid heat are
distinct (Matthews et al., 2025), identifying when each heat type occurs is essential for targeted exposure
reduction and emergency management planning. However, while dry heat extremes in the Southwest United
States and northwestern Mexico have been extensively discussed (e.g., Cueto et al., 2010; Guirguis et al., 2018;
McKinnon et al., 2021; Navarro-Estupifian et al., 2018), little work has been done investigating humid heat
dynamics and their seasonality in these same regions (Johnson et al., 2024; Raymond et al., 2017). Research has
shown that the degree to which the timing of extreme dry and humid heat intersects varies across the globe
(Raymond et al., 2020; Rogers et al., 2021), including in regions affected by the North American Monsoon
(Johnson et al., 2024; Raymond et al., 2017; Rogers et al., 2021). In other arid regions, extreme humid heat days
often occur in relatively close proximity to precipitation events (Speizer et al., 2022). Raymond et al. (2017)
further identified that the temperature versus humidity contributions toward extreme humid heat events can differ
throughout the warm season in the Southwest US. Nevertheless, the complex interactions between the North
American Monsoon and local heat seasons in the Southwest United States and northwestern Mexico have been
underexplored, motivating an explicit investigation.

In this analysis, we characterize the seasonal and daily scale drivers of dry versus humid heat in the North
American monsoon region. We focus on this region because of its frequent exceedance of high absolute dry and
humid heat thresholds and the complex influences of regional monsoon dynamics on temperature, humidity, solar
insolation, and wind speed—variables known to modulate humans' experience of heat stress. To capture variation
in all four of these variables, we investigate dry and humid heat extremes defined using 2-m air temperature (7,)
and wet bulb globe temperature (WBGT), respectively. To facilitate our analysis, we devise a concise, novel
method to define local heat seasons which can be applied broadly around the globe. Finally, we composite a range
of meteorological variables on extreme Ta and WBGT events to explore how conditions evolve in space and time
during extreme events. Through these analyses, we aim to answer the following questions about the study region:

. How distinct is the timing of dry and humid heat in terms of seasonality and individual extreme events?
. What background climate characteristics facilitate extreme dry versus humid heat events?
. What daily scale physical mechanisms generate dry and humid heat extremes?

AW =

. How different are these relationships across space, that is, on the edge of the North American Monsoon system
compared to within its core?

2. Methods
2.1. Data

We use gridded reanalysis data for the historical period from 1980 to 2024 because of its continuity and high
temporal and spatial resolution, which enables exploration of both local mechanisms triggering single-day
extreme events and large-scale dynamics which shape overall seasonal patterns. Hourly data were retrieved
from the Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2), including 2-
m temperature (7,), 2-m dew point temperature, surface pressure, water surface layer 1, surface latent heat flux,
surface sensible heat flux, and precipitation. These hourly values were used to calculate daily mean, daily
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maximum, and daily total values, where applicable. MERRA?2 and other reanalysis products have been used
widely throughout published literature to explore dry and humid heat extreme dynamics (e.g., Bekris et al., 2023;
Engdaw et al., 2022; Raymond et al., 2024) and have been evaluated against observational data sets (e.g., Rogers
et al., 2021). Using reanalysis data is also necessitated by our calculation of daily maximum wet bulb globe
temperature, which requires inputs of variables (temperature, humidity, radiation, and wind data) often unavai-
lable from hourly observational station data.

Hourly wet bulb globe temperatures (WBGT) were calculated using the thermofeel toolbox (Brimicombe
et al., 2022). This toolbox calculates WBGT using globe temperature as in De Dear, 1987, calculated via mean
radiant temperature as defined by Di Napoli et al., 2020. These methods have been validated against the Liljegren
method (Brimicombe et al., 2022; Liljegren et al., 2008) and used throughout the literature for analyses of extreme
humid heat (e.g., Khan et al., 2025; Parajuli et al., 2025). In addition to 2-m temperature and 2-m dew point
temperature, other required fields included 10-m eastward wind, 10-m northward wind, surface incoming
shortwave flux, surface net downward shortwave flux, surface absorbed longwave radiation, and surface net
downward longwave flux. From the hourly WBGT calculations, we then aggregated to the daily maximum
WBGT and used this metric for our extreme humid heat analyses.

Reanalysis products including MERRA?2 have demonstrated surface moisture biases (Hirschi et al., 2025), which
may be particularly relevant to the present study due to our investigation of the complex interactions of heat and
monsoon dynamics. To evaluate the sensitivity of our results to potential moisture biases in the underlying data,
results of all primary analyses are repeated using equivalent variables from the fifth major global reanalysis of the
European Center for Medium-Range Weather Forecasts (ERAS; Hersbach et al., 2020) and are provided in
Supporting Information S1 (Figures S1-S6). These two reanalyses have opposing global mean surface moisture
biases relative to remote sensing products, with literature showing that MERRA?2 and ERAS tend to have wet and
dry biases, respectively (Hirschi et al., 2025). However, the magnitude of these biases is minimized over the North
American Monsoon region studied here. Additionally, we find that the overall interpretation of our results does
not change between these two data sets, indicating that the results presented here are robust against a range of
surface moisture biases. Any minor differences in identified patterns are described in the Results section. We also
note that both of these reanalysis products do not explicitly represent urban areas, which can exhibit fine scale
variations in the component variables used to calculate WBGT (Shonk et al., 2026). The impact of this limitation
is minimized by exploration of regional rather than highly localized patterns in dry and humid heat.

2.2. Methods
2.2.1. Humid Heat Metric Choice

While there exists a variety of humid heat metrics in the climate science literature, no one-size-fits-all metric best
captures the influence of meteorology on humans' experience of heat stress (Grundstein & Vanos, 2021). We
select WBGT for this study because it is currently one of the most widespread humid heat metrics used in the
United States to monitor heat stress in areas ranging from occupational heat stress standards for outdoor workers
to high school athletics (Binkley et al., 2002; OSHA Technical Manual, 2017). WBGT has been shown to better
reflect humans' physiological response to heat stress conditions compared to other metrics such as wet bulb
temperature and Heat Index (Buzan et al., 2015; Vecellio et al., 2022a, Vecellio et al., 2022b) and includes the
contributions of temperature, humidity, solar insolation, and wind speed toward humid heat, all variables that can
be modulated by the monsoon. When measured in outdoor environments, WBGT can be expressed as

WBGT =0.7T,, + 0.2T, + 0.17,, (1)

where T, is the natural wet bulb temperature (incorporating measurements of air temperature and humidity), 7, is
the globe thermometer temperature (incorporating measurements of air temperature, solar insolation, and wind
speed), and 7, is the dry bulb temperature.

A characteristic of all joint humid heat metrics is that, by definition, high thresholds of humid heat can be
generated by a variety of combinations of temperature and humidity (C. C. Ivanovich, Sobel, et al., 2024). Not all
combinations place the same physiological strain on human health, and high thresholds of humid heat created by
hot-dry environments have been shown to be more dangerous than those created by warm-humid environments
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Figure 1. Example dry and humid heat season calculation for one grid cell in Phoenix, AZ during the year 2010. Analysis uses
dry heat defined by Tmax and humid heat defined by WBGTmax, calculated from hourly MERRA?2 data.

(Budd, 2008; Vanos & Grundstein, 2020; Vecellio et al., 2022a, Vecellio et al., 2022b). To address this challenge
in identifying dangerous thresholds of extreme humid heat, we use regionally specific extreme heat warning
thresholds as defined by the National Weather Service to reflect the climatology of temperature and humidity in
the study region (Grundstein et al., 2015).

2.2.2. Heat Season Definition

We devise a novel method for defining the onset, peak, and demise of a heat season in a given location. The method
follows the derivation in Cook & Buckley, 2009 to determine the onset and withdrawal of the monsoon season in
Southeast Asia. Ateach grid cell, we select the historical time series for the daily maximum temperature (7,,,,)- We
then select the “high heat days” which surpass the 75th percentile of Tmax across the full historical record. This
identifies an average of roughly 91 heat days per year across the historical record, but the exact number of heat days
will vary year-to-year. We define the start of the annual heat season as the day when 10% of the cumulative annual
events have occurred, and the end of the heat season as the day when 90% of these events have occurred. Heat season
duration is defined as the number of days between the start and end of the heat season, reflecting the spread of high
heat days throughout the calendar year. We also calculate the peak in the heat season as the median of this cu-
mulative distribution. We repeat this process for the humid heat season using daily maximum WBGT
(WBGTmax). Figure 1 visualizes the result of these calculations for one grid cell in Phoenix, AZ during the year
2010. The interannual variability in these calculations for this grid cell is shown in Figure S7 in Supporting In-
formation S1. We perform a series of sensitivity tests using 20% and 80% cumulative thresholds for the start and end
dates of the season, as well as using the 85th percentile of the selected daily maximum heat variable across the
historical record to identify high heat days. While the individual dates identified using these thresholds are
different, the overall qualitative patterns in terms of which heat type peaks first, which type of heat season is longer,
and spatial variations in these measures, for example, are all consistent across these ranges of tests (not shown).

2.2.3. Extreme Event Composites

In addition to the seasonality of dry and humid heat, we explore the conditions associated with both extreme types.
We first characterize the background climates which lead to high or low frequencies of extreme events to identify
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Figure 2. Study region identification based on dry vs. humid heat magnitudes and timing. (a) Locations experiencing T95 over 40°C and WBGT95 over 30.05°C.
Regional boxes of interest labeled as “EDGE” and “CORE.” Elevation in contours at intervals of 750 m, starting at 1,000 m above sea level in thick blue contour.
(b) Shading indicates the percent overlap in T95 and WBGT95 events. Hatching indicates grid cells which experience the highest climatological frequency of T95 and
WBGT95 days during the same month. (c) Historical mean difference in T, and WBGT heat season peak. (d) Historical mean percent overlap in 7, and WBGT heat

seasons.

the baseline conditions which shape the overall timing and seasonality of extreme heat events. We identify 95th
percentile daily maximum temperature and WBGT days (T95 and WBGT95) based on the full calendar year and
across the full historical record (1980-2024). We then calculate the monthly total number of 95th percentile days
within each region which occur during June—September (JJAS) throughout the historical period, as these are the
only months during which both regions have experienced both extreme types. We identify the upper and lower
tercile of these months in the historical record with respect to T95 and WBGT95 frequency and analyze the
anomalous monthly climatologies of these high versus low frequency extreme event months. We also explore the
evolution of daily scale meteorology the week before and after T95 and WBGT95 events in each region during
JJAS to identify shorter term drivers of these extreme events.

3. Results
3.1. Identifying Dry and Humid Heat Seasons

Both dry and humid heat can reach dangerous magnitudes in the Southwest US and northwestern Mexico
(Figure 2a). We identify grid cells whose 95th percentile 7, (T95) and 95th percentile WBGT (WBGT95)
magnitudes surpass thresholds shown to impact human health, 40°C T, and 30.05°C WBGT, respectively. The T,
threshold defines exposure to “extreme heat strain,” even with short duration exposure and accompanied by
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moderate humidity levels (Asseng et al., 2021). The WBGT threshold is based on the U.S. National Weather
Service's “General Threshold for WBGT,” as the entry point into the “high risk for heat related illness” in
Category 3 regions, locations which often experience high thresholds for extreme humid heat and where residents
may be better acclimated to extreme temperatures (Grundstein et al., 2015). Two regions which surpass these
dangerous thresholds are in the edge and core of the North American Monsoon region (e.g., Adams & Com-
rie, 1997, Figure S9 in Supporting Information S1), henceforth referred to as “EDGE” and “CORE.” The EDGE
region includes all grid cells which exceed both thresholds in box 117-110.5°W and 30.5-35°N, including the
populous cities of Phoenix, AZ and Mexicali, MX. The CORE region is to the east of the Gulf of California,
including points which surpass the required thresholds in the box spanning 112.5-108.5°W and 27-30°N and
includes cities such as Hermosillo, MX. Monthly climatology for each region are plotted in Figure S10 in
Supporting Information S1. In these regions, magnitudes of T95 are up to 45.2°C and WBGT95 magnitudes reach
31.4°C. These regions are at low elevation and topographically bounded, as shown by the blue 1 km elevation
contour in Figure 2a. They also border the Gulf of California, the primary moisture source for the North American
Monsoon (Boos & Pascale, 2021; Mitchell et al., 2002). There is a third region exceeds dangerous dry and humid
heat thresholds at the border of southern Texas and northeastern Mexico. Because weather in this region is driven
more strongly by flow from the Gulf of Mexico than the North American Monsoon (Kimmel et al., 2016),
influencing both the local drivers and seasonality of precipitation, we do not explore this region further in the
present analysis.

We find that the timing of 7, and WBGT extremes and seasons is more distinct in the EDGE and CORE regions
than in much of North America. Only about 20%—40% of individual T95 events are also recorded as WBGT95
events in EDGE and CORE (Figure 2b). Further, the calendar month with the highest frequency of T95 and
WBGTO9S events is different in both regions (July/August and June/August for EDGE and CORE, respectively;
Figure S15 in Supporting Information S1). We devise a novel heat season definition to further explore the spatial
and temporal variability of heat seasonality across different metrics. The start, peak, and end of the annual heat
season, described in detail in the Methods, is based on the cumulative number of high heat days (dry or humid)
that occur each calendar year. The start, peak, and end of the heat season in a given year are defined as the day
after which 10, 50, and 90% of high heat days in that year have occurred. Using this definition, we find that the
average peak of the 7, heat season can be up to 16 days before the average WBGT heat season peak in the EDGE
region, and up to 38 days earlier in the CORE region (Figure 2c; Figure S16 in Supporting Information S1). The
T, heat season also tends to start and end earlier than the WBGT heat season in each region, and the length of the
T, heat season is longer than that of WBGT (Figure S17 in Supporting Information S1). The standard deviation of
the start, peak, end, and length of the heat season is larger for 7,, than WBGT (Figure S18 in Supporting In-
formation S1). The mean overlap of the two heat seasons as defined by the range of dates between the mean heat
season start and end is greater in EDGE than in CORE, with 60%—-100% overlap versus 40%—60% overlap,
respectively (Figure 2d). Even in the EDGE region where there is higher seasonal overlap than in CORE, it is rare
for individual T95 and WBGT95 events to occur on the same day. For comparison, in most of the surrounding
United States, the two heat seasons and individual extreme heat events are almost always concurrent.

We proceed by focusing our analysis on the EDGE and CORE regions because they (a) satisfy the criteria for
experiencing T95 and WBGTO9S at magnitudes relevant to human health, and (b) exhibit distinct timing of dry
versus humid heat in terms of individual extreme events and seasonality. Given the separate timing of dry and
humid heat in these regions, we wish to evaluate whether their drivers are also distinguishable. To do so, we first
characterize the monthly mean background climates that facilitate high versus low frequencies of T95 and
WBGTO95 extreme events.

3.2. Monthly Scale Background Climates Facilitating Extreme Dry Versus Humid Heat

In both EDGE and CORE, months with relatively high frequencies of T95 events are associated with dry surface
background climates (Figure 3; see Figure S19 in Supporting Information S1 for full regional maps without
significance masking). In both regions, months with the highest tercile of T95 event counts in months
June—September are associated with reduced specific humidity, surface soil moisture, and precipitation relative to
months with the lowest tercile of event frequencies. These relative reductions are stronger in magnitude and
statistically significant in CORE (significance measured by a Student's r-test with p-values below 0.05). The
surface and atmosphere in the CORE region are much moister on average during JJAS than in EDGE (Figure S10
in Supporting Information S1). The associated greater cloud cover and higher partitioning of surface energy to the
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Figure 3. Difference in mean monthly background anomalies during months in JJAS with high versus low frequency of T95 events over EDGE (left) and CORE (right).
Light gray shading masks out insignificant shaded patterns. Regional boundaries shown in the top row by white dashed outline. Vectors indicate horizontal winds at
850 hPa. Gray contours show positive geopotential height anomalies at 500 hPa with contour levels from 0 to 30 m with an interval of 10 m. Each column represents the
difference in a given variable's anomalies during months in the highest tercile of T95 event frequencies minus the mean anomalies during months in the lowest tercile of
T95 event frequencies.
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latent versus sensible component resist increases in background T, which can be reduced through stronger de-
clines in surface moisture associated with weaker monsoon seasons. During high frequency T95 event months,
both regions also experience elevated geopotential heights at 500 hPa (Z500). Large scale wind patterns at
850 hPa are anomalously northerly in both regions, slowing down the climatological influx of relatively cool,
moist air from the Gulf of California flowing southeasterly into the EDGE and easterly into the CORE (Figures
S11 and S13 in Supporting Information S1). These low-level wind anomalies align closely with the orientation of
the atmospheric ridges over each region. Together, these conditions elevate both mean 7, and mean WBGT
compared to months with a low frequency of T95 events.

Background climate conditions during months with a high frequency of WBGT95 events are different from those
with a high frequency of T95 events, and patterns are less spatially consistent between the two study regions
(Figure 4; see Figure S20 in Supporting Information S1 for full regional maps without masking). For both regions,
months with high WBGT95 frequency exhibit elevated specific humidity, but with almost three times as large
anomalies in EDGE than in CORE (2 g/kg and 0.7 g/kg, respectively) and these anomalies are only statistically
significant in CORE. In EDGE, this anomalously high specific humidity is accompanied by positive but insig-
nificant anomalies in both precipitation and soil moisture. At the same time, negative but insignificant 7,
anomalies throughout EDGE indicate that the evaporative cooling and shading associated with the elevated
precipitation and soil moisture decrease mean 7,. However, the influx of surface moisture is sufficient to offset
small decreases in T, leading to a net increase in mean WBGT during these months.

In contrast, positive specific humidity anomalies during high frequency WBGT95 months in CORE are
accompanied by very weak soil moisture and precipitation anomalies, and all of these differences are statistically
insignificant. There is a positive Z500 anomaly over CORE during these months—which is more clearly orga-
nized than the Z500 anomalies over EDGE—and stronger positive anomalies in 7,,. This heightened mean 7, may
facilitate the slightly elevated background specific humidity during these months through the Clausius Clapeyron
relationship, as there are a variety of local and advective moisture sources. The North American Monsoon
precipitation can increase humidity through evaporation from the land surface and prevailing southerly flow
associated with the monsoon circulation can advect moisture from the Gulf of California and Pacific Ocean.
Together, these background conditions serve to increase both T, and specific humidity, intensifying the mean
WBGT during these months.

We note that there are slight differences in patterns identified in the background climates when using MERRA2
data (Figures 3 and 4; Figures S19—-S20 in Supporting Information S1) versus ERAS data (Figures S3—-S4 and
S21-S22 in Supporting Information S1). Namely, during months with a high frequency of T95 events, ERA5
winds at 850 hPa are anomalously northwesterly over EDGE and westerly over CORE. Further, during months
with high WBGT95 frequency, both regions experience intensification of T, and all surface moisture variables,
though these anomalies are not statistically significant in ERAS (Figures S20 and S22 in Supporting Informa-
tion S1). These differences may be related to the distinct regional surface moisture climatologies in the two data
sets (Hirschi et al., 2025), as the mean specific humidity during WBGT95 events is higher in MERRA?2 than in
ERAS (Figure S23 in Supporting Information S1). However, our overall interpretation that anomalous back-
ground climate moisture plays a stronger role in EDGE while these anomalies are of less importance in CORE is
consistent between these two data sources.

We have illustrated that the conducive background conditions can raise mean 7,, and WBGT in the CORE and
EDGE regions to encourage higher frequencies of extreme dry and humid heat. We next explore how local
meteorology drives individual extreme dry and humid heat events once these favorable conditions are in place.

3.3. Daily Scale Meteorological Drivers of Extreme Dry Versus Humid Heat

While the drivers of extreme dry heat are spatially and temporally consistent, the physical mechanisms generating
individual humid heat events are seasonally dependent and reflect background moisture availability. In the EDGE
region, surface moisture is anomalously low in the week before T95 events, consistent across the heat season
(JJAS; Figure 5). Standardized anomalies in specific humidity, precipitation, and soil moisture are also all
negative preceding these events. Further, evaporative fraction (EF) is less than the monthly historical mean value
in all 4 months of interest and is particularly suppressed during the wettest months of July and August. Incoming
shortwave radiation is elevated while wind speeds move from positive to negative anomalies in the week pre-
ceding heat extremes during each month. During June and September, T95 events tend to be followed by
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Figure 4. Analogous to Figure 3, but for WBGT95 events.

enhanced precipitation a few days after peak 7, leading to relative increases in soil moisture, EF, and specific
humidity.

The conditions preceding WBGT95 events are significantly different from those before T95 events (Figure S24 in
Supporting Information S1, as measured with a Student's #-test with p-values below 0.05), and specific humidity
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Figure 5. For the EDGE region, evolution of meteorological conditions during the week before and after T95 (left column) and WBGT95 (middle column) events. Right
column: Distribution of daily average specific humidity on the day of each extreme event type. Numbers in the upper left corner indicate the number of T95 events (left
column), WBGT95 events (middle column), and the overlap between these events (right column) in each month.

tends to be elevated in the days leading up to WBGT9S5 events in all months in JJAS. During June, when the
climatological EF is relatively low, intermittent positive precipitation anomalies precede WBGT95 events. In
September, precipitation is strongly enhanced on days —7 to —2 before the WBGT95 event. The anomalies then
become neutral on Day —1 and turn negative on Day 0, the day of the WBGT95 event. During the peak months of
climatological monsoon precipitation in July and August, precipitation tends to be suppressed during the week
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before the WBGT95 events. Incoming shortwave radiation evolves alongside these fluctuations in precipitation,
predominantly suppressed during June/September and with neutral anomalies during July/August. Temperatures
are also elevated during WBGT95 events in June, with smaller positive anomalies in other months. In September,
the increases in surface moisture dominate the WBGT anomaly evolution. Because June and September are on the
shoulders of the monsoon season when there is a relative lack of precipitation compared to July and August,
WBGT9S5 events require an influx of moisture through another source—whether enhanced local moisture
recycling or advection. For example, while 18 of the 20 historical WBGT95 events that happened in the month of
June are simultaneously T95 events, there are 171 total June T95 events in the historical record in EDGE. This
demonstrates that extreme temperatures alone are insufficient to trigger WBGT95 events in this region and
require the addition of anomalous moisture. Indeed, the distributions of specific humidity during T95 and
WBGT9S5 events in the shoulder months are more distinct than during the peak of the monsoon season, indicating
that humid heat events are more humidity-driven in June/September and more temperature-driven in July/August.
Negative wind speed anomalies during all months intensify in the days leading up to WBGT95 events, increasing
heat stress conditions. Across all months, WBGT95 events tend to be followed by enhanced precipitation, with
simultaneous increases in soil moisture and EF. Specific humidity anomalies peak a few days after the peak in
WBGT and then decline back towards a neutral state with the rapidly decreasing 7, anomalies. This generates an
asymmetry in the evolution of WBGT during WBGT95 events, where WBGT anomalies decline more slowly
than 7, anomalies due to the additional moisture.

Similar patterns are identified in the CORE region, and seasonal differences in humid heat drivers are even more
pronounced than in the EDGE region (Figure 6). CORE experiences suppressed surface moisture in the week
preceding T95 events across all months, though with smaller magnitude anomalies in June. This suppressed
precipitation is accompanied by elevated incoming shortwave radiation, largest in magnitude during
July—-September. Wind speed anomalies vary between months but are small on the day of T95 events. Following
TOS events, precipitation anomalies are positive during June and September but negligible during July and
August. In all months, soil moisture remains suppressed in the week following T95 events, and only in August are
slight positive specific humidity anomalies recorded in the days after the event. Conditions preceding WBGT95
events in this region are again significantly different from local dry events (Figure S25 in Supporting Informa-
tion S1), and those in the shoulder months of the monsoon season tend to be associated with elevated specific
humidity even when soil moisture and precipitation anomalies are neutral or negative. During the month of June,
the climatological EF in CORE is much lower than during July—September (0.07 vs. 0.4-0.5, respectively),
indicating that the region shifts from a moisture-limited toward a more energy-limited evapotranspiration regime.
The drivers of WBGT95 events are constrained by the changing availability of moisture at the surface. June
WBGTO9S events tend to be humidity-driven, building upon high temperatures, as evidenced by the large overlap
between T95 and WBGT9S5 events during this month (24 of 31 WBGT9S events in June are also T95 events).
WBGT95 events are more temperature-driven in the peak of the monsoon season, reflected by the increase in EF
during the event peak. Increases in solar radiation also fuel WBGT9S5 events during these months, as anomalies
evolve in opposition to those of precipitation. Even in September, when specific humidity is elevated and
contributing to the peak in WBGT, soil moisture and precipitation anomalies are negative in the week before the
WBGT95 event. The high climatological EF during this month indicates that there is already high background
surface moisture in the region, and the positive 7,, anomalies can facilitate increases in specific humidity through
the Clausius Clapeyron relationship. The neutral wind speed anomalies in July—September acting on top of overall
low magnitude wind speeds (Figure S12 in Supporting Information S1) indicate that wind stagnation is playing a
smaller role in increasing humid heat than during the month of June. Wind speed anomalies and magnitudes
during WBGT9S5 events are also lower overall in CORE than in EDGE. In all months, WBGT95 events in CORE
tend to be followed by enhanced precipitation. Soil moisture and evaporative fraction anomalies both remain
negative or neutral in all months except June, with soil moisture recovering as local precipitation increases.

We again note some distinctions between patterns observed in the MERRA?2 and ERAS data sets (Figures 5 and 6
and Figures S5-S6 in Supporting Information S1). Evaporative fraction (both climatological and during extreme
events) is lower in MERRA2 than in ERAS across all months in EDGE and CORE. Windspeed anomalies are
closer to neutral in ERAS than in MERRA?2 during WBGT95 events in EDGE, suggesting that wind stagnation
drives humid heat extremes to a lesser extent. Additionally, specific humidity recorded during T95 and WBGT95
events are lower in magnitude in both regions in ERAS than in MERRA?2 (Figure S23 in Supporting Informa-
tion S1). This aligns with the established dry and wet biases for the two data sets, respectively (Hirschi
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Figure 6. Analogous to Figure 5, but for the CORE region.

etal., 2025). However, standardized specific humidity anomalies play a larger role in generating WBGT95 events
during the peak of the monsoon season from July—August in CORE according to ERAS than MERRA2. Other
than these distinctions, the time evolution of standardized anomalies of the surface moisture variables, including
specific humidity, soil moisture, and precipitation, are in strong agreement between the two data sets and lead to
similar interpretations. Overall, the drivers of extreme dry heat in the North American Monsoon region are
consistent across space and time. In contrast, extreme WBGT events can be driven by T, or specific humidity

IVANOVICH ET AL.

12 of 17

85UB017 SUoWILLOD BAITeR1D) 3|qedldde auy Aq peusenob ae ssjoie YO 8sn JO S9|nJ Joj Akeiqi 8uluO A1 UO (SUOIpUO-pUe-SWB) ALY A8 | AReIq 1 [pulUO//Sd1Y) SUORIPUOD pue swis | 84} 88S *[9202/60/TZ] Uo Ariqiauliuo Ae|Im * Ariq1T aued EOIPBIN N AN - UoInoUeA| auLBYRD Ad ETZSK0ANSZ02/620T OT/I0p/wod A8 mAreiqiput|uo'sgndnBey/sdiy wouy pepeojumod ‘TT ‘9202 ‘96686912



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/20251D045713

fluctuations. These controlling mechanisms are seasonally dependent in both study regions, but to a greater extent
in CORE.

4. Discussion

We analyze the commonalities and distinctions between the seasonality and drivers of dry and humid heat in two
key areas of the North American Monsoon region which experience dangerous thresholds of 7, and WBGT. The
EDGE and CORE regions experience relatively distinct dry and humid heat seasonality, with the dry heat season
starting, peaking, and ending earlier than that of the humid heat season, as well as being longer in length. The
background climates which generate high frequencies of T95 days are similar in EDGE and CORE, featuring
positive geopotential height anomalies and surface drying. However, monthly conditions facilitating WBGT95
events differ in these two regions, as EDGE is much more arid than CORE during their respective heat seasons. In
EDGE, net increases in mean WBGT are driven by positive anomalies in specific humidity, soil moisture, and
precipitation, which compensate for decreases in 7,. In contrast, the humid CORE region experiences a higher
frequency of WBGTO5 events during months with elevated geopotential height and 7, anomalies. The daily scale
meteorology that drives individual extreme events is similar between the two regions. Across all months, T95
events are preceded by further reductions in surface moisture. Extreme WBGT95 events can be temperature- or
humidity-driven, depending on the associated background moisture availability. During the shoulder months of
the monsoon season when precipitation is ramping up and down, positive specific humidity anomalies play a
greater role in WBGT95 events, whether driven by intermittent precipitation intensification (EDGE) or coupled
with elevated T, through the Clausius Clapeyron relationship (CORE).

These results extend previous investigations of extreme humid heat drivers in other monsoon regions by illus-
trating that the influence of the monsoon on extreme humid heat can vary across both space and time. Recent work
has identified spatial variations in the response to the South Asian summer monsoon, demonstrating that relatively
arid regions (Pakistan and northwestern India) versus the humid regions (Bangladesh and central and northeastern
India) of South Asia experience intensified humid heat during enhanced and suppressed monsoon precipitation,
respectively (Ambika et al., 2024; C. C. Ivanovich, Horton, et al., 2024). This is consistent with the background
monthly climates identified here that facilitate high frequencies of WBGT95 events in the arid EDGE region and
moister CORE region. We further extend this understanding to demonstrate that in the North American Summer
Monsoon region, there is not only spatial variation in the drivers of humid heat but also temporal variations in a
given location depending on the season.

These results are also consistent with and build upon the literature exploring the drivers of the highest magnitudes
of extreme heat experienced globally, in monsoon regions and beyond. Here we find that extreme dry heat is
triggered through consistent mechanisms across the region and seasons, which include surface drying and at-
mospheric ridges—drivers highlighted by many recent analyses and reviews (e.g., Domeisen et al., 2023; Horton
et al., 2016; Kalashnikov et al., 2025; Matthews et al., 2025). However, we show that even in an individual
location, high thresholds of extreme humid heat in this region can be achieved through modulations of either T, or
humidity. The predominant component of these bivariate drivers toward extreme humid heat has been investi-
gated for individual hotspot regions (C. Ivanovich et al., 2022; Raymond et al., 2017, 2021; Wang et al., 2019) and
the statistical variability of drivers has been quantified globally (C. C. Ivanovich, Sobel, et al., 2024). Specific to
our study region, Raymond and coauthors (2017) further identified that in the Southwest United States, T,
anomalies drive humid heat extremes in the early part of the heat season while humidity anomalies drive those in
the latter half. We extend these findings by linking the 7, and humidity anomalies with regional monsoon dy-
namics and characterizing the roles of local and advective moisture sources. While we do not explicitly quantify
the proportion of humidity stemming from these two sources, both mechanisms are likely at play during WBGT95
events, and we have identified potential contributions within each region. This analysis is also consistent with
emerging theories about the interactions of extreme humid heat and precipitation, for example, that extreme
humid heat in arid regions tends to be timed closely with enhanced precipitation (Johnson et al., 2024; Speizer
et al., 2022). Further, the temporal evolution of meteorological conditions in the week before WBGT95 events in
the EDGE region provides an example of high thresholds of extreme humid heat occurring during intermittent
precipitation (Jackson et al., 2024; Zhang et al., 2024). The regional exploration provided by the present analysis
thus not only characterizes the unique local drivers of extreme humid heat in a major hotspot but also helps to
build evidence towards emerging theories about the global drivers of extreme humid heat.
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5. Conclusions

These results are significant not only in their scientific novelty but also in their relevance for heat stress resiliency
and management. Understanding the risk for both extreme dry and humid heat—and their distinct timing—is
especially important for hazard management as the methods for combatting dry and humid heat are not inter-
changeable. Swamp coolers are a prominent method of extreme dry heat mediation in the Southwest United States
(Alger et al., 2020), reducing dry bulb temperatures through evaporating cooling. Although this method is often
cheaper than air conditioning using traditional HVAC systems due to lower energy requirements, it can only
reduce temperatures based on the deficit between the dry and wet bulb temperatures of the outdoor air, limiting
cooling capacity when atmospheric humidity is high (Amer et al., 2015). During humid heat waves, air condi-
tioning is the only effective cooling mechanism (Matthews et al., 2025). Identifying that both types of heat can
reach extreme thresholds in this region and characterizing their distinct timing is essential for implementing the
correct cooling strategies. Additionally, humid heat of a given threshold, which is primarily composed of high
temperatures (rather than high humidity), tends to be more dangerous for human health (Vecellio et al., 2022a,
Vecellio et al., 2022b). The results presented here identifying when extremes are driven by 7, versus moisture
fluctuations can help discern the most physically threatening extreme event types.

We also devise a new method for identifying the start, peak, and end of extreme heat seasons, which can be
applied widely to compare spatial and temporal variations in heat seasonality, using any heat stress metric of
choice. Here we quantify average heat season characteristics over the historical period, but this definition also
provides consistent metrics to evaluate heat season variability and trends which have previously been underex-
plored (Ha et al., 2022; Son et al., 2022; Wang et al., 2021). For example, these metrics could be used to
investigate the interactions between the evolving North American Monsoon season and local heat seasons with
ongoing climate change. Research has shown that different types of extreme heat can occur when the South Asian
Summer Monsoon onset is early or delayed (C. C. Ivanovich, Horton, et al., 2024) and has suggested that
increasing trends for regional extreme heat frequency in Southeastern Brazil may be linked to a shortening of the
South American Monsoon active season (C. C. Ivanovich et al., 2025). With future anthropogenic climate change,
the North American Monsoon is projected to experience delayed onset and withdrawal, though there is
disagreement over how the total monsoon precipitation will change (Cook & Seager, 2013; Hoell et al., 2016;
Pascale et al., 2017). Future work should explore how the seasonality of monsoon precipitation interacts with the
frequency and timing of extreme heat historically and in the future as the North American Monsoon season
continues to evolve.

The widespread negative soil moisture anomalies during months with a high frequency of WBGT95 events in
CORE further raise the seemingly counterintuitive question of whether humid heat events can take place during
large-scale droughts. A significant body of literature has been devoted to exploring the historic and future
intersection of compound extreme dry heat and drought events (e.g., Geirinhas et al., 2021; Mukherjee & Mis-
hra, 2021; C. Wang et al., 2024), as the dynamics of surface drying and extreme 7, are often intertwined and
nonlinear. However, during a drought defined by lack of precipitation and declines in soil moisture, a brief in-
jection of surface moisture from light, intermittent precipitation, or advection of humid air from surrounding
water bodies or moist land could trigger short-term extreme humid heat events without ending drought conditions.
Similar mechanisms have been highlighted as triggering high intensity humid heat extremes in climatologically
arid and semi-arid regions (Duan et al., 2025; Zhang et al., 2024). Indeed, the Southwest United States has been in
a long-term drought for decades (Williams et al., 2022), and any WBGT95 events during this period could be
considered compound drought-humid heat events. Compound climate extremes have outsized impacts relative to
the sum of their individual parts (Zscheischler et al., 2018, 2020), and drought and extreme humid heat can both
impact agricultural production through their influence over plant and human health (Diaz et al., 2023; Schau-
berger et al., 2017; Ting et al., 2023). Improving our understanding of the potential intersection of extreme humid
heat and drought is therefore essential for monitoring, management, and adaptation planning.
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