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ABSTRACT: Elevated mixed layers (EMLs) influence the severe convective storm climatology in the contiguous United States
(CONUS), playing an important role in the initiation, sustenance, and suppression of storms. This study creates a high-resolution
climatology of the EML to analyze variability and potential changes in EML frequency and characteristics for the first time. An
objective algorithm is applied to ERA5 to detect EMLs, defined in part as layers of steep lapse rates ($8.08C km21) at least
200 hPa thick, in the CONUS and northern Mexico from 1979 to 2021. EMLs are most frequent over the Great Plains in spring
and summer, with a standard deviation of 4–10 EML days per year highlighting sizable interannual variability. Mean convective
inhibition associated with the EML’s capping inversion suggests many EMLs prohibit convection, although}like nearly all EML
characteristics}there is considerable spread and notable seasonal variability. In the High Plains, statistically significant increases
in EML days (4–5 more days per decade) coincide with warmer EML bases and steeper EML lapse rates, driven by warming
and drying in the low levels of the western CONUS during the study period. Additionally, increases in EML base temperatures
result in significantly more EML-related convective inhibition over the Great Plains, which may continue to have implications for
convective storm frequency, intensity, severe perils, and precipitation if this trend persists.

SIGNIFICANCE STATEMENT: Elevated mixed layers (EMLs) play a role in the spatiotemporal frequency of severe
convective storms and precipitation across the contiguous United States and northern Mexico. This research creates a de-
tailed EML climatology from a modern reanalysis dataset to uncover patterns and potential changes in EML frequency and
associated meteorological characteristics. EMLs are most common over the Great Plains in spring and summer, but show
significant variability year-to-year. Robust increases in the number of days with EMLs have occurred since 1979 across the
High Plains. Lapse rates associated with EMLs have trended steeper, in part due to warmer EML base temperatures. This
has resulted in increasing EML convective inhibition, which has important implications for regional climate.
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1. Introduction and background

The elevated mixed layer’s (EML’s) influence on the severe
convective storm (SCS) climatology in the contiguous United
States (CONUS) was identified nearly seven decades ago by
Fawbush and Miller (1954). A function of the unique combina-
tion of topography and airmass source regions present in North
America, the EML originates as a well-mixed (du/dz’ 0), deep
planetary boundary layer (PBL) with high potential tempera-
ture due to intense surface heating over the elevated terrain of
northern Mexico, the southwestern CONUS, the High Plains,
and/or the Rocky Mountains (Carlson and Ludlam 1968;
Carlson et al. 1983; Lanicci and Warner 1991a). Under certain
synoptic patterns, this air mass is advected eastward and loses
connection with the ground, flowing over and “capping” mari-
time tropical low-level flow that often originates over the Gulf
of Mexico (Carlson et al. 1983; Lanicci and Warner 1991a). The
EML is, therefore, an elevated air mass featuring nearly dry

adiabatic lapse rates and relatively high potential temperature,
typically with a capping inversion at its base (Carlson and Ludlam
1968; Carlson et al. 1983; Lanicci and Warner 1991a). Surface
moisture availability and topography, particularly the elevated ter-
rain of the western CONUS and northern Mexico, act as funda-
mental controls on EML frequency and SCS environments
(Lanicci et al. 1987; Benjamin and Carlson 1986; Benjamin 1986;
Arritt et al. 1992; Li et al. 2021). Steep midlevel lapse rates associ-
ated with the EML often enhance convective available potential
energy (CAPE), a necessary ingredient for convective storms,
while the cap at the base of the EML can prevent or delay con-
vective initiation (CI) over large areas, allowing additional diur-
nally driven increases in CAPE due to the absence of convective
overturning (Agard and Emanuel 2017). As a result, any storms
that do form have the potential to have more vigorous updrafts
than if no EML or capping inversion were present (Carlson and
Ludlam 1968; Carlson et al. 1983; Graziano and Carlson 1987).

Lanicci and Warner (1991a,b,c) performed the first compre-
hensive climatology of the EML. Using four years of observed
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soundings over the central CONUS, they explored common
EML synoptic patterns, relationships to SCSs, and spatiotem-
poral frequencies, firmly establishing that the EML is primar-
ily a warm-season phenomenon most prevalent in the Great
Plains. More recently, Ribeiro and Bosart (2018) examined
EMLs in South America and compared them to their North
American counterparts using the NCEP Climate Forecast
System Reanalysis (CFSR; Saha et al. 2010). Ribeiro and Bosart
(2018) confirmed and expanded upon prior work, finding the
greatest frequency of EMLs in the southern Great Plains and
Mexico during spring, with a northward-shifted, slightly reduced
frequency maximum in summer, a result Li et al. (2020) were
able to replicate using the European Centre for Medium-Range
Weather Forecasts (ECMWF) fifth-generation atmospheric re-
analysis (ERA5; Hersbach et al. 2020). While EML occurrence
and spatiotemporal distribution are, therefore, fairly well under-
stood, to the authors’ knowledge, no research has examined the
EML’s inter- or intra-annual variability. In addition, potential
trends in EML frequency and associated EML characteristics
have not been researched to date.

Understanding the EML’s variability and potential trends
are important, as EMLs are often linked to high-impact con-
vective weather even in regions well outside of the climatolog-
ical maximum. In Minneapolis, for example, days with an
EML have substantially more SCS reports than the calculated
climatology (Cordeira et al. 2017). Likewise, in the Northeast,
EMLs are present in a notable percentage of the severe thun-
derstorm environments that result in injuries and fatalities
(Banacos and Ekster 2010). However, the presence of an EML is
not a sufficient condition for SCSs (Cordeira et al. 2017).

The well-established ingredients required for SCSs are in-
stability, moisture, vertical wind shear, and a lifting mechanism
(e.g., McNulty 1985; Johns and Doswell 1992; Rasmussen and
Blanchard 1998; Brooks et al. 2003). The existence of the
warm, moist boundary layer air from the Gulf of Mexico and
local moisture sources such as soils and vegetation, below the
steep lapse rates of the EML, often ensures the presence of
sufficient low-level moisture and can contribute to substantial
instability (Molina and Allen 2019; Li et al. 2021; Tuckman
et al. 2023; Zhang et al. 2023; Emanuel 2023). Combined with
the vertical wind shear often present with the synoptic patterns
favoring EML formation, it follows that EMLs are often sup-
portive of SCSs (Carlson and Ludlam 1968; Carlson et al. 1983;
Farrell and Carlson 1989; Lanicci and Warner 1991a,c; Banacos
and Ekster 2010; Cordeira et al. 2017; Ribeiro and Bosart 2018),
assuming there is adequate forcing for ascent in the form of
vertical differential temperature advection, surface heating,
orographically induced circulations, or surface convergence
to overcome the inhibition (e.g., Carlson et al. 1983; McNulty
1995; Weckwerth and Parsons 2006; Cordeira et al. 2017). Spring-
time composites of SCS forecast parameters reveal that North
American EML environments have higher CAPE, lower lifting
condensation levels, and greater 0–1-km storm-relative helicity
compared to South America, implying more favorable conditions
for supercells and tornadoes if the stronger capping inversions in
North America can be overcome (Ribeiro and Bosart 2018).

The presence of a considerable cap often prevents deep
convection, with only 6%–8% (3%–6%) of favorable SCS

environments in the eastern half of the CONUS (Great Plains)
producing severe thunderstorms (Taszarek et al. 2020). Convec-
tive inhibition (CIN) provides an estimate of the strength of
the capping inversion, measuring the negative buoyancy a
parcel must overcome to reach the level of free convection.
Since most storms form in unstable environments with less
than 75–100 J kg21 of absolute CIN, the magnitude of CIN pro-
vides some indication of the likelihood of CI (Bunkers et al.
2010; Gensini and Ashley 2011; Hoogewind et al. 2017; Taszarek
et al. 2021a). Springtime composites in three CONUS regions
reveal median absolute EML-related CIN of approximately
200 J kg21 (Ribeiro and Bosart 2018). While absolute CIN
above 200 J kg21 is generally too strong to overcome, values
between 50 and 200 J kg21 can be beneficial to deep convective
updrafts}permitting CAPE to increase with time and limiting
storm coverage}provided that there is strong enough forcing
to ascend and sustain updraft parcels through the capping inver-
sion (Bunkers et al. 2010; Rasmussen et al. 2020). By examining
the distribution of CIN associated with EMLs in all regions and
seasons, we reveal the typical magnitude and seasonality of the
cap and provide insight into how often EML environments may
be favorable for deep convection. Furthermore, we investigate
whether the significant spring and summer increases over the
last four decades in CIN and midlevel lapse rates in the Great
Plains (Taszarek et al. 2021a; Pilguj et al. 2022) are related to
long-term changes in the frequency and/or characteristics of the
EML. This was motivated by Taszarek et al. (2021a), who sug-
gested that the increases in midlevel lapse rates and CIN were
driven by significant trends toward hotter and drier boundary
layers over the western CONUS, which should be increasingly
favorable for the development of EMLs. Therefore, we calcu-
late long-term trends in EML occurrence and relevant EML
attributes, as more frequent EMLs and/or stronger capping in-
versions could have major implications for SCS frequency, in-
tensity, and location in the future (Rasmussen et al. 2020;
Taszarek et al. 2021a; Haberlie et al. 2022; Ashley et al. 2023).

Using an objective algorithm to automatically identify
EMLs, we create an updated climatology of the EML in the
CONUS and northern Mexico. The EML’s typical frequency,
spatial distribution, and spatial extent are calculated, as are
EML attributes such as lapse rates, potential temperature, and
CIN. The algorithm output is then examined to 1) compare to
previous climatologies, 2) better understand the magnitude and
distribution of the capping inversion at the base of the EML,
and 3) determine whether the EML or its attributes exhibit sub-
stantial changes within the study period. Results provide insight
into the variability and long-term trends of the EML.

2. Data and methods

a. Data

Data used in this research were generated using ERA5
over the 43-yr period from 1979 to 2021. ERA5 has a horizon-
tal grid spacing of 31 km and 137 hybrid-sigma levels in the
vertical, 28 of which are in the lowest two km (Hersbach et al.
2020; Copernicus Climate Change Service 2017). The superior
vertical resolution of ERA5 compared to other existing
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reanalyses results in an improved depiction of the vertical
temperature profile of the EML, including the capping inver-
sion, which earlier reanalyses struggled to resolve (Brooks
et al. 2003; Gensini et al. 2014a; Ribeiro and Bosart 2018;
Taszarek et al. 2018; King and Kennedy 2019; Taszarek et al.
2021b). ERA5 does have biases, however, as it tends to un-
derestimate CAPE, and, to a lesser degree, CIN, and has
lower correlations compared to observed soundings in areas
with sharp topographic changes (Taszarek et al. 2021b).
Despite these limitations, reanalyses have proven to be an ef-
fective means to understand the climatology and long-term
trends of SCSs and their environments (Brooks et al. 2003;
Brooks 2009; Riemann-Campe et al. 2009; Gensini and
Ashley 2011; Gensini and Brooks 2018; Gensini and Bravo de
Guenni 2019; Tang et al. 2019; Taszarek et al. 2020; Li et al.
2020; Gensini 2021; Taszarek et al. 2021a; Pilguj et al. 2022).
Various studies demonstrate that ERA5 is particularly well
suited for climatological analysis of SCS environments due
to its ability to capture these environments, and their synoptic-
scale features, reasonably well (Li et al. 2020; Taszarek et al.
2021b; Pilguj et al. 2022). The 3-hourly ERA5 output is used
(0000, 0300, 0600, 0900, 1200, 1500, 1800, 2100 UTC) over the
study domain, focused roughly east of the continental divide
(;1078W longitude) in the CONUS and northern Mexico,

where the highest frequency of EMLs are found (Lanicci and
Warner 1991a; Ribeiro and Bosart 2018; Li et al. 2020).

b. EML identification algorithm

In this study, an objective algorithm identifies EMLs using a
modified version of the criteria presented by previous authors
including Lanicci and Warner (1991a), Ribeiro and Bosart
(2018), and Li et al. (2020). The algorithm is applied to vertical
profiles of ERA5 temperature, pressure, specific humidity, and
geopotential to locate grid points within the study period and
domain that meet the following criteria (Fig. 1):

1) Greater than 0 J kg21 of most unstable CAPE
(MUCAPE),

2) An environmental lapse rate of at least 88C km21 over a
depth of at least 200 hPa,

3) An EML base, defined as the first level of the layer with a
lapse rate of at least 88C km21, located at least 1000 m
above ground level (AGL) but below 500 hPa,

4) A higher relative humidity (RH) at the top of the EML
(defined as the last level of the layer with a lapse rate of
at least 88C km21) compared to the EML base, and

5) An average lapse rate below the EML base of less than
88C km21.

FIG. 1. Sample ERA5 vertical profile illustrating the required criteria for classification as an
EML. Numbers and arrows correspond to the individual criteria: 1) greater than 0 J kg21 of
MUCAPE, 2) an environmental lapse rate of at least 88C km21 over a depth of at least 200 hPa,
3) an EML base above 1000 m AGL but below 500 hPa, 4) a higher RH at the top of the EML
compared to the EML base, and 5) an average lapse rate below the EML base of less than
88C km21. Bold horizontal lines near 2 and 3 denote the top and bottom of the EML.
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The depth and lapse rate thresholds (criterion 2) are consis-
tent with Li et al.’s (2020) selection following testing of vari-
ous lapse rate and thickness combinations after determining
that the frequency of the EML in ERA5 is highly sensitive to
the depth and stability criteria used. These thresholds are more
restrictive than Ribeiro and Bosart (2018) because, unlike the
CFSR, ERA5 more accurately depicts both the magnitude and
spatial distribution of midlevel lapse rates (Taszarek et al.
2021b). Criterion 3 is designed to eliminate the inclusion of
steep lapse rates in the boundary layer and those that exist in
the upper troposphere as the environmental lapse rate ap-
proaches the dry adiabatic lapse rate (Ribeiro and Bosart
2018). The final criterion further ensures that mixed layers origi-
nating at the surface are not identified as EMLs.

Though the algorithm is not capable of discerning the phys-
ical processes responsible for vertical profiles classified as
EMLs, the MUCAPE requirement is included to eliminate
some profiles that do not form via the downstream advection
of a well-mixed boundary layer off of higher terrain. Both
Lanicci and Warner (1991a) and Ribeiro and Bosart (2018)
also use a minimum convective instability threshold. Similar
to Ribeiro and Bosart (2018), the inclusion of the instability
criterion eliminates a number of vertical profiles with subsi-
dence inversions. Many of these profiles occur in the high ter-
rain during the cool season and have zero MUCAPE, owing
to cold and/or dry low-level air. The .0 J kg21 threshold is
less restrictive than other tested thresholds, while still elimi-
nating many of the cases described above. The reduction in
detected EML days due to this criterion occurs almost exclu-
sively from November–April and varies greatly by location.
Portions of the highest terrain in northern Montana, Colo-
rado, and New Mexico have 32–48 fewer mean annual EML
days, while the annual mean across most of the Great Plains is
reduced by 8–24 EML days, with the largest reduction close
to the high terrain. Though adding the instability requirement
does substantially reduce the frequency of detected EMLs, it
has the advantage of highlighting vertical profiles with con-
vective potential.

The algorithm employing these five criteria is applied every
3 h to each grid point in the domain over the full 43-yr period.
Grid points that meet all criteria are marked as having an
EML at that time. Attributes of all EMLs, including EML
thickness, base height, base pressure, lapse rate, mean poten-
tial temperature, maximum temperature, and CIN are also
collected for further analysis.

c. EML occurrence and variability

To assess the EML’s spatial distribution and seasonality, mean
EML occurrence is computed in two ways. The average number
of EML days is the primary metric of expected occurrence.
Herein, an EML day is defined as a day (1200–1200 UTC)
where an EML is present at a grid point for at least one of the
3-hourly time steps in the 24-h period. To permit a direct
comparison to previous climatologies, the percentage of time
steps with an EML present is also calculated (mean EML
frequency).

EML days are then used to explore the variability of the
EML. The maximum, minimum, and standard deviation are
calculated annually and for each season at every grid point,
revealing the upper and lower bounds of EML days at each
location and the magnitude and regions of greatest interan-
nual variability. To further analyze inter- and intra-annual
variability, cumulative frequencies of EML days are calcu-
lated for each year in the study period at the grid point closest to
eight city centers: Fort Stockton, TX; Lubbock, TX; Oklahoma
City, OK; Garden City, KS; Colorado Springs, CO; Valentine,
NE; Bismarck, ND; and Kansas City, MO. The cities selected
provide a roughly even geographic distribution within the .10
mean EML days per year contour.

d. EML attributes

To explore the typical magnitudes of relevant EML charac-
teristics, and how they vary with space and time, annual and
seasonal composites of mean EML thickness, base height,
base pressure, lapse rate, average potential temperature over
the EML depth, and CIN are created using all time steps with
an EML at each grid point. CIN is calculated with the virtual
temperature correction (Doswell and Rasmussen 1994) using
the lowest 100-hPa mixed-layer parcel (ML) and the most un-
stable parcel in the lowest 3-km AGL (MU). Seasonal box
plots of the same variables at each aforementioned city con-
tain all time steps with an EML, revealing the full distribution
of these EML attributes within the study period. The seasonal
distribution and interannual variability of EML area are ex-
amined using daily EML coverage. Daily EML coverage is
calculated by multiplying the number of EML grid points in
the study domain each day by the area of one grid box
(961 km2).

e. Long-term trends in the EML

To analyze trends in EML occurrence, EML days are first
summed at every grid point for each year in the dataset.
Trends are then calculated on the yearly values using the
Theil–Sen estimator (Wilcox 2010). This method is frequently
used in the atmospheric sciences (e.g., Gensini and Brooks
2018; Tang et al. 2019; Taszarek et al. 2021a; Pilguj et al. 2022)
because it is nonparametric and relatively insensitive to out-
liers (Wilcox 2010). Trends in EML characteristics including
lapse rates, maximum temperature, and CIN are calculated
following the approach for EML days. The Theil–Sen estima-
tor is applied to the annual means at each grid point, which
are calculated using the 3-hourly values from time steps with
an EML present. As with the EML day trends, the Theil–Sen
slopes of EML attributes are normalized to show 10-yr
changes, therefore denoting change per decade, and are
tested for statistical significance using Kendall’s t statistic at
the 95% significance level.

3. Results

a. EML occurrence and variability

Mean annual EML days are most frequent along and just
east of the EML source regions in the western CONUS and
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northern Mexico, with an average of 15–30 EML days per
year over most of the Great Plains (Fig. 2a). Seasonally, peak
EML occurrence is found in the spring (MAM), with the
greatest number of EML days concentrated in the southern
Great Plains and northeastern Mexico (12–21 EML days per
year; Fig. 2c). This springtime maximum and its location are
consistent with previous climatologies including Lanicci and
Warner (1991a), Ribeiro and Bosart (2018), and Li et al. (2020).
While the EML source region is primarily confined to northern
Mexico in the early spring, it expands northward following solar
zenith angle later in the warm season to include the high terrain
of the western CONUS (Lanicci and Warner 1991a). The corri-
dor of peak EML days follows, with a northward-shifted maxi-
mum of slightly lesser magnitude along the western extent of
the central and northern Great Plains in the summer (JJA;
Fig. 2d). EMLs east of the Mississippi River are rare, with one
or fewer EML days per month. EMLs are also very rare in the
winter (DJF) and fall (SON), owing to less intense surface heat-
ing and limited instability (Figs. 2b,e).

EML frequency (not shown) largely mirrors the spatial dis-
tribution and seasonal variability of EML days. The locations
of the spring and summer maxima align with Ribeiro and
Bosart (2018) and are quantitatively very similar to Li et al.
(2020; cf. their Fig. 12) in these two seasons. Magnitudes of
annual, winter, and fall EML frequency are less than that of
Li et al. (2020) due to the addition of our minimum
MUCAPE threshold. The difference is most notable in the
winter when this criterion results in the removal of the great-
est number of vertical profiles. Compared to Ribeiro and
Bosart (2018), EML frequencies are less in all seasons, likely
due to the sensitivity of EMLs to the chosen criteria, including
the lapse rate and thickness thresholds (Li et al. 2020). Elect-
ing to use objective criteria of any threshold is a limitation be-
cause no one set of criteria is likely to detect all EMLs. It is
possible that, for example, EMLs over certain regions are
shallower or have lower lapse rates on average than those
over the Great Plains. Regardless of the thresholds selected,
some borderline cases may be excluded. In addition to the
thickness and lapse rate thresholds, EML day results are also
sensitive to the number of time steps used to define an EML
day. Requiring two (three) time steps with an EML at a grid
point in a 24-h period reduces the average number of EML
days over much of the southern Great Plains and northeastern
Mexico to 6–12 days (3–6 days) per spring season, although
the annual and seasonal spatial distributions remain largely
the same. Similarly, the expected number of EML days each
summer over the high terrain of the northern and central
Great Plains is reduced to 5–9 days (2–6 days), when two
(three) time steps are used to define an EML day. Smoothing
and/or biases in the reanalysis could create an additional
source of error in select cases. Perhaps the most important as-
pect is that the algorithm be applied across all regions and in-
tervals in a consistent manner as performed herein.

Although there is a well-established seasonal cycle for the
EML, there is also substantial variability from year-to-year
and season-to-season. Relatively large year-to-year variability
is found in the Great Plains, where the standard deviation for
annual EML days ranges from 4 to 10 days (Fig. 3c). Parts of

southwest Texas and northwestern Oklahoma experience the
greatest range in annual EML days within the 1979–2021 pe-
riod, with as many as 50–56 and as few as 9–15 EML days in a
year (Figs. 3a,b). On a seasonal basis, the range between the
period maximum and period minimum is as high as 39 EML
days in spring in southern Texas and northeastern Mexico
(Figs. 3g,h) and 24–32 EML days in the western portion of the
central and northern Great Plains in summer (Figs. 3j,k).

Intra-annual variability differs by location. Most EML days
in the southern Great Plains occur before July, after which
variability noticeably increases (Figs. 4a–d). This is true of
Fort Stockton, Lubbock, Oklahoma City, and Garden City,
which see a relatively small spread in year-to-year cumulative
EML days from January to June, followed by increased vari-
ability. Increased variability after June may be a function of a
few factors, all of which make it more difficult to consistently
organize EMLs. In the summer, this is likely a northward dis-
placed polar jet steam (with lack of EML advection) and a
less focused EML source region compared to spring, whereas
in the fall and winter, less intense surface heating and convec-
tive instability are likely the major limiting factors. Further
north in Valentine and Bismarck, EML days increase rela-
tively linearly from April through October (Figs. 4f,g). The
steady increase in EMLs and fairly constant variability in the
northern Great Plains likely reflects this region’s range of
EML source regions as compared to a more spatially and tem-
porally focused source in the southern Great Plains during
spring. Although EML occurrence and intra-annual variabil-
ity differ by location, the year with the maximum number of
EML days at all eight cities is 2011 or later (Figs. 4a–h).

The diurnal distribution of EMLs across the study domain
differs throughout the year. In spring and summer, EMLs are
most frequent from 0600 to 1500 UTC and least common
from 2100 to 0000 UTC (Figs. 5a,b). Fewer EMLs in the after-
noon and early evening are the result of a couple of factors.
In some cases, storms initiate and erode the EML locally in
the afternoon and/or evening. In other instances, typical after-
noon surface-based heating results in steep low-level lapse
rates, such that the algorithm’s fifth criterion, requiring lapse
rates below the EML base of ,88C km21, is not satisfied if
the steep lapse rates continue above the PBL without a break
(i.e., no capping inversion present). In contrast to spring and
summer, winter and fall see very minor differences in the
number of EMLs throughout the day (not shown).

b. EML attributes

Most EML attributes vary seasonally, including EML area.
When all days in the study period with at least one EML grid
point are considered, spring has the largest daily mean and
median EML coverage, followed by summer (Fig. 6a). Daily
EML area in the spring averages just over 415 000 km2, with a
median area of approximately 230000 km2, slightly larger
than the state of Minnesota (Fig. 6a). In the summer, the
mean and median daily EML area are about 307 000 and
178 000 km2, respectively (Fig. 6a). These measures of central
tendency indicate that while some EMLs are expansive,
EMLs cover only a small portion of the study domain on most
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FIG. 2. Mean EML days (a) annually, and by season for (b) winter, (c) spring, (d) summer, and (e) fall.
An EML day is defined as a day (starting at 1200 UTC) where an EML is present at a grid point for at
least 1 h. The locations of the eight cities discussed in Figs. 4 and 8 are labeled in (a).
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FIG. 3. (a),(d),(g),(j),(m) Maximum; (b),(e),(h),(k),(n) minimum; and (c),(f),(i),(l),(o) standard
deviation of EML days (a)–(c) annually and in (d)–(f) winter, (g)–(i) spring, (j)–(l) summer, and
(m)–(o) fall.
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FIG. 4. Annual cumulative sums of EML days at eight select U.S. cities. Cumulative sums for each year are
shown in gray. Thick black lines denote the 1979–2021 means. The year with the maximum and minimum
cumulative EML days from 1979 to 2021 is indicated for each city.
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days. Although winter and fall have relatively limited EML
coverage, there is a substantial range in daily EML area in all
seasons, with 3018 days in the period (19%) with zero EML
grid points within the domain, and 77 days (0.5%) with EML
coverage exceeding 2 million km2.

In addition to seasonal differences, there is also sizable in-
terannual variability in EML area. Median daily EML area in
spring ranges from approximately 114 000 km2 in 1992 to

574 000 km2 in 2012, whereas summer has an interannual
range of nearly 348000 km2 between 1984 and 2011 (Fig. 6b).
In terms of cumulative EML area, spring has the greatest
year-to-year range (47 million km2), followed by summer
(40 million km2; Fig. 6c). Once again, this variability empha-
sizes that individual years can deviate substantially from the
climatological mean and median. EML area can also differ
greatly from one year or season to the next, likely due to the

FIG. 5. Cumulative number of vertical profiles classified as EMLs by hour of the day for (a) spring and (b) summer.

FIG. 6. (a) Daily EML area, (b) median daily EML area, and (c) cumulative EML area for days with an EML in winter,
spring, summer, and fall. Boxes in (a) indicate the interquartile range, while dots and lines within the boxes denote the
mean and median, respectively. Whiskers indicate the 1st and 99th percentiles and circles represent outliers.
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sizable interannual variability in the aridity of EML source re-
gions such as the southwest CONUS and northern Mexico
(Seager et al. 2018). One notable example of interannual vari-
ability is the increase in EML area between 2010 and 2011,
most evident annually and in the warm season (Figs. 6b,c).
The relative maxima in EML area in 2011 and 2012 may be
related to the significant La Niña and drought conditions in
the southwestern CONUS at the time (NOAA 2023).

EML base pressure and base height also vary throughout
the year. In the spring across the Great Plains, mean EML
base height and base pressure are 2000–2500 m AGL and
700–750 hPa, respectively (Figs. 7c,h), consistent with Ribeiro
and Bosart’s (2018) climatology. Compared to spring, EML ba-
ses in summer and fall are, on average, found at higher pressures
(750–800 hPa) and lower AGL heights (1500–2000 m AGL)
over much of the Great Plains and parts of the Midwest
(Figs. 7d,e,i,j). This result is counterintuitive. Warmer tempera-
tures in the summer suggest deeper PBLs, implying EML bases
should instead rise from spring to summer. However, Lanicci
and Warner (1991a) noted the same decrease throughout the
warm season and determined it was due to the more frequent
occurrence of synoptic patterns favoring subsidence in the late
spring and summer. In all seasons, EML base heights increase
with eastward extent across the domain, while mean base pres-
sures decrease. This eastward increase in EML base height in
the Great Plains is physically reasonable because the surface ele-
vation decreases eastward from the RockyMountains. However,
east of the Mississippi River there are relatively few EMLs,
meaning average EML attributes in this region, particularly in
the winter and fall, should be interpreted with caution.

EML depth is largely consistent across space and time, with
mean depths of 225–250 hPa at nearly all locations in all sea-
sons (Figs. 7l–o and 8a). The exceptions, such as Valentine in
winter and Fort Stockton in fall, generally have very few
EMLs in their respective seasons. Although the means are
generally consistent, likely due in part to the relatively strict
EML depth criterion ($200 hPa) within the EML detection
algorithm, there is still a sizable spread in EML depth, with
thicknesses that exceed 300 and even 350 hPa in all seasons
(Fig. 8a).

An east-to-west-oriented potential temperature gradient is
present between the Rockies and the Great Plains annually,
with the highest mean EML potential temperatures along and
just east of the mountains, close to the EML source regions
(Fig. 9a). In the winter, spring, and fall, average EML poten-
tial temperature generally increases from north to south
(Figs. 9b,c,e), with springtime values that range from 306 K
near the U.S.–Canadian border to 322 K over parts of Mexico.
A function of the range of EML source region temperatures,
this north-south gradient was also found in spring by Lanicci
and Warner (1991a). Due to the decreased meridional tem-
perature gradient in the summer, there is very little variation
in mean EML potential temperature across the domain
(Fig. 9d). Summer also has the highest mean EML potential
temperatures, with values of 318–320 K at all locations except
for the far northern CONUS (Figs. 9d and 8b). Mean warm
season values in the Great Plains are similar to Ribeiro and
Bosart’s (2018) range of 316–320 K.

Annually, the steepest mean EML lapse rates (8.98–9.08C km21;
Fig. 9f) are located close to the high terrain of the Rocky
Mountains with decreasing values to the east, similar to vari-
ous climatologies of 700–500-hPa lapse rates in the CONUS
(e.g., Brooks et al. 2003; Taszarek et al. 2021b). The orienta-
tion of the steepest lapse rates in spring are consistent with a
primary source region of northern Mexico (Fig. 9h). From
spring to fall, the steepest mean lapse rates (8.88–9.18C km21;
Figs. 9h–j) expand northward with time, following maximum
EML frequency. This northward expansion from spring to
summer is consistent with a much broader source region ex-
tending into the high terrain of the western CONUS later in
the warm season (Lanicci and Warner 1991a) and aligns well
with Ribeiro and Bosart (2018; cf. their Fig. 5). Quantitatively,
the magnitude of the steepest lapse rates in spring and summer
are approximately 0.88C km21 larger than Ribeiro and Bosart’s
(2018) values. This difference may be related to the much
higher vertical resolution of ERA5 compared to CFSR.
Ribeiro and Bosart (2018) noted that CFSR EML lapse
rates were an average of 0.78C km21 less than lapse rates
calculated from observed soundings, in part due to limited
vertical levels. While this study did not perform a compre-
hensive comparison of ERA5 and observed EML sound-
ings, Taszarek et al. (2021b) found a correlation of 0.94
between the midlevel lapse rates of the two datasets, pro-
viding confidence in ERA5’s ability to represent EML lapse
rates reasonably well.

Seasonally, the highest mean absolute MLCIN (375–450 J kg21)
associated with EMLs is confined to far southern Texas and
northern Mexico in the winter and spring (Figs. 9l,m), the
same areas where EML days are maximized (Figs. 2b,c). The
magnitude of the capping decreases with northward extent in
both seasons, with a mean of 225–375 J kg21 of absolute EML
MLCIN in spring over the remaining portions of the southern
and central Great Plains (Fig. 9m). This northward decrease in
the strength of the cap was anticipated because the magnitude
of the cap is partially a function of the surface temperatures in
the EML source regions. As a result, the warmer source re-
gions further south in the winter and spring typically have
warmer EML bases and larger inhibition. Although Ribeiro
and Bosart (2018) used a different methodology to look at
CIN associated with EMLs, they also found mean absolute
values in spring of greater than 200 J kg21 over the Great
Plains and Mississippi Valley. From spring to summer, the re-
gion of greatest inhibition shifts northward and expands, with
mean absolute values of 300–375 J kg21 of MLCIN over the
majority of the Great Plains (Fig. 9n). The warm season means
in the Great Plains are well above the threshold (absolute CIN
of 75–100 J kg21) under which most convective storms in fa-
vorable environments form (Bunkers et al. 2010; Gensini and
Ashley 2011; Hoogewind et al. 2017; Taszarek et al. 2021a).
Additionally, absolute CIN above 200 J kg21 is generally con-
sidered prohibitive (Rasmussen et al. 2020), meaning that a
substantial number of EML environments are not supportive
of convection, even if all other ingredients are favorable.
Domain-wide, approximately 58% and 68% of EMLs in spring
and summer, respectively, have absolute MLCIN values above
200 J kg21. The spatial distribution and magnitude of EML-
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FIG. 7. (a)–(e) Mean EML base height, (f)–(j) mean EML base pressure, and (k)–(o) mean
EML depth (a),(f),(k) annually and in (b),(g),(l) winter; (c),(h),(m) spring; (d),(i),(n) summer; and
(e),(j),(o) fall.
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related absolute MUCIN (not shown) closely resemble that of
MLCIN in all seasons.

Despite large mean inhibition, there are plenty of instances
where EMLs may be supportive of deep convection, including
SCSs. For example, while all cities have prohibitive mean and
median absolute EML MLCIN in at least one season, they
also have a sizable number of EMLs with moderate and even
weak inhibition (Fig. 8d). Deep convection is often found
near the periphery of an EML}sometimes referred to as an
“underrunning” scenario}where CIN is typically weaker
compared to the EML center (Carlson and Ludlam 1968;
Carlson et al. 1983; Keyser and Carlson 1984; Lanicci and
Warner 1991b; Ribeiro and Bosart 2018).

c. Long-term trends in the EML

Statistically significant increases in EML days are found an-
nually and in all four seasons (Fig. 10). On an annual basis, in-
creases are concentrated in the High Plains, extending from
Montana and western North Dakota to northern Mexico
(Fig. 10a). The most notable trend in annual EML days occurs

from northern Nebraska to southwest Texas, with increases
on the order of 4–5 more EML days per decade. Spring and
summer (Figs. 10c,d) are largely responsible for the annual
trend, with significant springtime increases of 1.5–3 EML days
per decade in northern Mexico and western Texas, Okla-
homa, and Kansas (Fig. 10c). In the summer, the largest
changes are located further north, with 2–4.5 more EML days
per decade over the high terrain of the central and northern
Great Plains (Fig. 10d). These warm season increases in EML
days are likely responsible for the differential warming with
height noted in observations and ERA5 from 1980 to 2018
(Pilguj et al. 2022). Maximized in the spring and summer be-
tween 2 and 3 km AGL over the Great Plains (Pilguj et al.
2022), the significant warming trend is consistent with the typ-
ical height of the EML base in these seasons (Figs. 7c,d), and
the more frequent appearance of the EML over this region
with time (Figs. 10c,d).

The upward trend in EML days is likely driven by warming
and drying in the western CONUS during the study period.
Increasing near-surface temperatures in the western and

FIG. 8. Boxplots of seasonal (a) EML depth, (b) mean EML potential temperature, (c) EML lapse rate, and
(d) absolute EML MLCIN at eight select U.S. cities. Boxes indicate the interquartile range. Dots and lines within the
boxes denote the mean and median, respectively. Whiskers indicate 1.5 times the interquartile range and circles repre-
sent outliers.

J OURNAL OF CL IMATE VOLUME 371844



FIG. 9. (a)–(e) Mean EML potential temperature, (f)–(j) mean EML lapse rate, and (k)–(o) mean
absolute EMLMLCIN (a),(f),(k) annually and in (b),(g),(l) winter; (c),(h),(m) spring; (d),(i),(n) summer;
and (e),(j),(o) fall.
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FIG. 10. Theil–Sen slope of the yearly gridpoint sum of EML days normalized per decade (a) annually
and by season in (b) winter, (c) spring, (d) summer, and (e) fall. Hatching indicates statistical significance
(p value# 0.05) using Kendall’s t statistic.
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southwestern CONUS during this time are well documented
by both observations and reanalysis, with observed increases
between 0.18 and 0.58C decade21 (IPCC 2022) and statistically
significant increases in the 95th percentile of ERA5 2-m tem-
peratures (Taszarek et al. 2021a). Likewise, drying trends in
the western CONUS are observed via decreases in 0–500-m
mixing ratio and 0–4-km relative humidity in observations
and ERA5 (Taszarek et al. 2021a; Pilguj et al. 2022). Warming
surface temperatures and steepening low-level (0–3-km) lapse
rates in the EML source regions of both datasets (Taszarek
et al. 2021a; Pilguj et al. 2022) strongly suggest that the warm-
ing and drying in the west contributed to the increase in EML
days by increasing the maximum EML temperature and
steepening EML lapse rates.

Since the EML is defined as a continuous layer of steep
lapse rates, the maximum EML temperature is located at the
EML base. The temperature at the EML base is a direct re-
flection of the surface temperatures in the western CONUS,
since the PBL is advected downstream during EML forma-
tion. Due to the low-level warming and drying trends in the
western CONUS, statistically significant trends in maximum
EML temperature are found annually and in spring and sum-
mer (Figs. 11a–c). In spring, significant increases in maximum
EML temperature are concentrated in the western portions of
the central and southern Great Plains (1–2 K decade21), with
a secondary area of warming centered over eastern Kansas
and western Missouri (1.5–2.5 K decade21; Fig. 11b). Summer-
time increases in EML base temperature extend further north,
from eastern Colorado through Montana (0.5 K decade21;
Fig. 11c).

Annually, the western corridor of increasing EML base
temperatures (Fig. 11a) matches well with the increases in
EML days (Fig. 10a). This agreement was anticipated because
warmer EML bases should support steeper EML lapse rates,
thereby increasing the number of EMLs, since EMLs are de-
fined in part as having lapse rates of a certain magnitude.
Spatially, the locations of statistically significant trends in
maximum EML temperature and mean EML lapse rates are
also very similar, further supporting the notion that the in-
crease in EML days is driven by the steepening of lapse rates
by warmer near-surface temperatures in EML source regions.
Like maximum EML temperatures, mean EML lapse rates in-
crease in the western Great Plains (0.028–0.18C km21 decade21),
with secondary areas of increases over eastern Kansas and
western Missouri (Fig. 11d). Although small in magnitude, the
largest increases in spring and summer are found in the central
Great Plains (Figs. 11e,f). East of the Rockies, the annual in-
creases (Fig. 11d) are similar in magnitude and location to the
increases in the 95th percentile of midlevel lapse rates in
ERA5 over approximately the same period (Taszarek et al.
2021a).

In addition to supporting steeper lapse rates, warmer EML
base temperatures also support a more strongly capped envi-
ronment below the EML base, evident by the significant in-
creases in absolute EMLMLCIN (Figs. 11g–i) collocated with
increases in maximum EML temperature (Figs. 11a–c). Annu-
ally, the absolute MLCIN associated with EMLs increases
15–40 J kg21 each decade over most of the western Great

Plains (Fig. 11g). Seasonally, the most substantial and widespread
increases in EML-related capping occur in the spring over the
southern half of the Great Plains (20–40 J kg21 decade21;
Fig. 11h). In the summer, the largest increases in absolute
MLCIN are concentrated over eastern Montana (Fig. 11i). In-
creases in absolute MUCIN associated with EMLs (not shown)
are nearly identical to MLCIN trends in all seasons. Increased
EML capping could have major implications for the spatial distri-
bution and frequency of the SCS climatology in the CONUS,
some of which may already be occurring (e.g., Gensini and
Brooks 2018; Gensini et al. 2020), and are projected to occur
(Haberlie et al. 2022; Ashley et al. 2023). Increasing inhibition
could prevent convection entirely, or delay the timing of CI, in
some cases enhancing the likelihood of stronger storms through
the increase of instability with diurnal heating (e.g., Bunkers et al.
2010; Rasmussen et al. 2020). The trend toward more absolute
CIN is consistent with previous work finding significant increases
in inhibition over the Great Plains in observations and ERA5
over the last four decades in spring and summer (Taszarek et al.
2021a; Pilguj et al. 2022). While these studies do not isolate
EML-related CIN, the increases in stability are more than likely
influenced by warmer EML bases and more frequent EMLs.

Spatially, regions with more EML-related inhibition (Figs. 11g–i)
are similar to those with more EML days (Figs. 10a,c,d), implying
that the stronger capping is directly linked to the warmer
EML base temperatures and steeper lapse rates supporting
the increase in EML frequency. Increases in EML days and
warmer EML base temperatures may help explain the rise in
environments inhibiting CI (absolute CIN . 75 J kg21) and
the decrease in the number of favorable environments produc-
ing precipitation over the Great Plains from 1979 to 2019
(Taszarek et al. 2021a). If the warming and drying trends in
the western CONUS continue to drive an increase in PBL
lapse rates that are subsequently advected downstream,
steeper midlevel lapse rates will likely continue to cause an in-
crease in EML frequency. In addition, warmer temperatures
at the base of this advected layer will continue to increase the
magnitude of CIN, particularly across the Great Plains. Rele-
vant SCS climate change simulations suggest that this increase
in inhibition will persist in the CONUS (Gensini et al. 2014b;
Gensini and Mote 2015; Hoogewind et al. 2017; Rasmussen
et al. 2020; Haberlie et al. 2022; Ashley et al. 2023), which
could be in part due to a continuing trend toward more EMLs
in a future climate. However, the latter half of the 1979–2021
period experienced a particularly noteworthy drought in the
western and southwestern CONUS, as indicated by the Palmer
Drought Severity Index (NOAA 2023). While it is likely that
the warming and drying trends will continue to persist due to
climate change, it is also possible that any future years with
wetter conditions in the western CONUS may somewhat miti-
gate the increasing trend in EMLs and EML-related CIN, at
least in the short term.

4. Discussion and conclusions

This study sought to create an updated high-resolution
climatology of the EML to analyze variability and changes in
EML occurrence and characteristics over the last four
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decades. EML days were maximized in the spring, with the
highest frequency concentrated over the southern Great
Plains and northeastern Mexico (mean of 12–21 days yr21).
Following the poleward expansion of the EML source region
from spring to summer, the peak shifted northward to the
high terrain of the central and northern Great Plains (mean of

10–18 days yr21). EML days were relatively rare outside of
the Great Plains, owing to the increased distance from source
regions, while limited surface heating and instability resulted
in very few EML days in the winter and fall. EML frequency
generally aligned well with previous studies, with the most no-
table differences a result of the criteria used to define the air

FIG. 11. Theil–Sen slope of mean yearly (a)–(c) EML maximum temperature, (d)–(f) EML lapse rate, and (g)–(i) absolute EML
MLCIN normalized per decade. (top) The annual trends, (middle) the spring trends, and (bottom) the summer trends. Hatching indicates
statistical significance (p value# 0.05) using Kendall’s t statistic.
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mass. While no set of criteria can capture all EMLs, the simi-
larities among results (despite different datasets), combined
with ERA5’s superior vertical resolution compared to previ-
ous reanalyses, provided confidence in the ability of the se-
lected criteria to produce reasonably accurate and meaningful
results.

Despite well-established normals, substantial interannual
variability was found, with a difference of 15–40 EML days
between the period maximum and minimum in spring
throughout the southern and central Great Plains. Variability
of this magnitude may have influenced severe storm fre-
quency since EMLs can both suppress and enhance convec-
tion (e.g., Carlson and Ludlam 1968; Carlson et al. 1983;
Graziano and Carlson 1987). Future work could determine
whether years with a particularly high or low number of EML
days were correlated with more or less severe storm reports
compared to climatology.

EMLs were most frequent overnight through midmorning
in the spring and summer, with far fewer EML occurrences at
2100 and 0000 UTC, often due to the erosion of portions of
the EML by convection. Daily EML coverage over the do-
main was largest in the spring, although there was substantial
spread and interannual variability in all seasons. All addi-
tional EML variables except EML depth exhibited notable
seasonal variability. The steepest mean EML lapse rates were
located in the Great Plains and expanded northward from
spring to fall. Mean EML potential temperature decreased
with northward extent in all seasons except for summer,
which had the least variable and highest mean values across
the domain. Finally, the average MLCIN associated with
EMLs in all seasons indicated that a sizable proportion of
EMLs were prohibitive (absolute MLCIN . 200 J kg21) for
convection, although there were many other EMLs with cap-
ping inversions that may have been more easily overcome
through forcing.

The most notable trends in EML days were found in the re-
gions where EMLs were most frequent, with statistically sig-
nificant increases in the southern Great Plains in spring and
the western portions of the central and northern Great Plains
in summer. These seasonal trends drove significant increases
on the order of 4–5 more EML days per decade throughout
the High Plains. More frequent EML occurrence is aligned
with previous findings noting increased warming between 2
and 3 km AGL and significant increases in absolute CIN over
the same period and region in the warm season (Taszarek
et al. 2021a; Pilguj et al. 2022). Increases in EML days ap-
peared to be driven by warming and drying trends in the west-
ern and southwestern CONUS over the study period,
resulting in warmer surface temperatures and steeper PBL
lapse rates which were subsequently advected downstream.
Significant increases in EML base temperatures and EML
lapse rates resulted, with the increased lapse rates supporting
higher EML frequency. Warmer EML bases also significantly
increased the absolute MLCIN associated with EMLs, which
appeared to have implications for CI (Taszarek et al. 2021a).
Although this study did not do a comprehensive evaluation of
the low-level or midlevel winds associated with the EML,
they enable EML formation via the advection of warm, well-

mixed PBLs off of the high terrain. Thus, trends such as stron-
ger or more westerly winds within the period could have
played a supporting role in the increased frequency of the
EML. To determine if the trends in EML days and their
attributes are persistent or relatively recent developments, fu-
ture work could extend the study period, since ERA5 is now
available to 1940. Additional work could also examine the im-
pact of drought on EML frequency to determine if warm sea-
sons with, or proceeded by, exceptionally dry conditions in
the western CONUS saw increased EML occurrence. Finally,
because continued trends toward more EMLs and stronger in-
hibition would have substantial implications for future thun-
derstorm frequency and intensity (e.g., Rasmussen et al. 2020;
Taszarek et al. 2021a; Haberlie et al. 2022; Ashley et al. 2023),
similar methodology could be applied to climate simulations
to examine future projections of the EML and its capping
inversion.
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