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ABSTRACT: Reports from western U.S. firefighters that nighttime fire activity has been increasing during the spans of
many of their careers have recently been confirmed by satellite measurements over the 2003–20 period. The hypothesis
that increasing nighttime fire activity has been caused by increased nighttime vapor pressure deficit (VPD) is consistent
with recent documentation of positive, 40-yr trends in nighttime VPD over the western United States. However, other me-
teorological conditions such as near-surface wind speed and planetary boundary layer depth also impact fire behavior and
exhibit strong diurnal changes that should be expected to help quell nighttime fire activity. This study investigates the ex-
tent to which each of these factors has been changing over recent decades and, thereby, may have contributed to the per-
ceived changes in nighttime fire activity. Results quantify the extent to which the summer nighttime distributions of
equilibrium dead woody fuel moisture content, planetary boundary layer height, and near-surface wind speed have
changed over the western United States based on hourly ERA5 data, considering changes between the most recent decade
and the 1980s and 1990s, when many present firefighters began their careers. Changes in the likelihood of experiencing
nighttime meteorological conditions in the recent period that would have registered as unusually conducive to fire previ-
ously are evaluated considering each variable on its own and in conjunction (simultaneously) with one another. The main
objective of this work is to inform further study of the reasons for the observed increases in nighttime fire activity.

SIGNIFICANCE STATEMENT: Western U.S. firefighters have reported a problematic rise in nocturnal wildfire ac-
tivity. Verifying their hypothesis that meteorological variability is responsible is a first step toward better understanding
the predictability of the underlying processes. This study expands upon our previous investigation of multidecadal
change in seasonally averaged nocturnal vapor pressure deficit by looking at changes in the frequency of dry-fuel nights
over the western United States and their coincidence with other fire-conducive nocturnal meteorological conditions.
Dry-fuel nights have become.103 more frequent in the 2010s compared to the 1980s and 1990s in some regions. Over
81% of the study area, increasing dry-fuel night frequency has been compounded by the double, or triple, threats of
simultaneously windier and deeper planetary boundary layers.
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1. Introduction

Fighting wildfires requires meticulous planning, and a key ele-
ment in that depends on the diurnal cycle. Crews cannot safely
engage fire in the dark, except in special circumstances. They
wake before dawn so that they can start their work early in the
day, when the fire is relatively calm. Wildfire behavior, character-
ized by metrics such as spread rate, intensity, and flame length
(Archibald et al. 2013), typically increases throughout the day,
into early evening or possibly sunset. This means that firefighters
need to be most cautious toward the end of their shift when they
are also most fatigued. Nighttime is a crucial period for them to
rest, both physically and mentally. Fortunately, fire behavior typi-
cally diminishes, or “lays down,” at sunset and stays relatively
calm through the night, allowing them this rest. Calmer nocturnal
fire behavior is anecdotally tied to “nighttime humidity recovery,”
when relative humidity rises and brings fuel moisture with it.

Over the last decade, fire managers have expressed concern
that fires are not laying down at night as much at night as they
used to (Little 2020). Fires that maintain daytime characteris-
tics into the evening and smaller nocturnal increases in rela-
tive humidity are their main concerns. They largely attribute
this to lack of humidity recovery, speculating that the timing
and magnitude of humidity recovery have changed over the
years in ways that hamper firefighting efforts.

U.S. firefighters’ perceptions of increasing nighttime fire activity
have recently been confirmed by Freeborn et al. (2022) who
found that the sum of fire radiative power (FRP; Freeborn et al.
2014) detected by the Aqua and Terra Moderate Resolution
Imaging Spectroradiometers (MODIS; Giglio et al. 2006, 2016)
over the conterminous United States at night has increased by ap-
proximately one-half (154%) between the later and first half of
their 2003–20 study period. Freeborn et al. (2022) also examined
the probability of nighttime persistence (daytime followed by
nighttime MODIS fire detects) and found it to be mainly charac-
teristic of larger (.20 km2) wildfires burning amid low-percentile
1000-h dead fuel moisture conditions (Jolly et al. 2019; Abatzoglou
andWilliams 2016), but fuel moisture trends were not examined.

Vapor pressure deficit (VPD) is dependent on atmospheric
temperature and moisture content and determines the rate at
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which woody fuels lose moisture to the air. VPD affects fire
behavior through its influence on fuel moisture. Monthly to
seasonal and regionally averaged VPD have been found to
correlate with the annual burned area over several western
U.S. regions (Seager et al. 2015), including the interior South-
west (Williams et al. 2014; Mueller et al. 2020) and California
(Williams et al. 2019; Jacobson et al. 2022).

Chiodi et al. (2021) explored nighttime VPD change using
seasonal averages calculated from the fifth major global rean-
alysis produced by the European Centre for Medium-Range
Forecasts (ERA5; Hersbach et al. 2020). They showed that
the anecdotal concerns are indeed supported by observational
evidence of positive trends in nighttime VPD over the western
United States during the last 40 years. Balch et al. (2022) ex-
tended this line of inquiry globally, identifying the areas around
Earth where, based on their linear statistical model of the
VPD–fire relationship, nighttime VPD has risen above thresh-
olds estimated to be low enough to calm fire activity at night.

While fuel moisture may increase overnight}and observa-
tions clearly show this (e.g., Weise et al. 2005)}rising relative
humidity is only one of several changes in the nocturnal atmo-
sphere that drive fire behavior. The cessation of solar heating
at the ground also decreases surface turbulence and allows
the formation of the nocturnal stable layer (Stull 1988). This
stable layer is the nighttime manifestation of the planetary
boundary layer (PBL), the region of Earth’s atmosphere mod-
ified directly by surface fluxes. The height of the PBL depends
on the balance between thermodynamic stability and wind
shear. At night, increasing stability results in lower mean
winds and less turbulence in the PBL and subsequently more
moderate fire spread and intensity. The cooling at the ground
combined with any upward moisture flux from the soil produ-
ces higher humidity. Cooling also traps smoke at the ground,
which can further subdue fire behavior.

Wind affects fire behavior by providing convective heat
transport to preheat and dry fuels ahead of the combustion
front and, by tilting the flames, increases the radiative flux to
the fuels ahead of the fire. In combination with terrain slope
(Nelson 2002), wind plays a key role in determining the rate
of spread of a wildfire (cf. Cruz et al. 2020) and is one of the
fundamental meteorological inputs into fire behavior models
(Rothermel 1972; Andrews et al. 2005) and fire danger rating
systems (Jolly et al. 2024) that are used over the western
United States and in other fire-prone regions.

Dead woody fuel equilibrium moisture content (EMC) is a
proxy for the moisture content of dead fine fuels, which consist
of dead vegetation less than approximately 6 mm (0.25 in.). Fine
fuels dry rapidly as EMC decreases, absent direct contact with
water (e-folding time scales , 1 h). Fine fuels have a large
surface area-to-volume ratio, allowing them to burn readily
when dry and, when present and dry, play an important role in
driving fire spread rates (Rothermel 1972). Like VPD, EMC
can be estimated from atmospheric temperature and moisture
content. EMC is highly correlated with VPD but distributed
differently. Owing to our interest in investigating the extent to
which smaller nocturnal humidity increases have led to drier
fuels at night, we examine how the nocturnal distribution of
fire-conducive EMC extremes has changed between an earlier

period and the most recent decade (2011–20) when nighttime
wildfire activity has increased. Following the approach used by
Chiodi et al. (2021), the earlier period is defined as 1981–2000,
representing the early career years of many current firefighters,
when they formed their concepts of historically normal wildfire
behavior.

It is reasonable to expect long-term changes in nocturnal
PBL height, wind speed, and EMC to all drive changes in
nighttime fire activity. We are therefore interested in better
understanding the extent to which these nocturnal weather
factors have changed over recent decades. We evaluate this
question using hourly resolution wind speed at 10 m above
ground level (u10; m s21), PBL height (HPBL; m), and dead
woody fuel EMC (percent dry fuel weight), all derived from
ERA5 data over western U.S. summer nights. Our analysis is
designed to address two main objectives: One is improving
our understanding of where and by how much the frequency of
nocturnal u10, HPBL, and EMC fire-conducive extremes has risen
in the recent period compared to earlier decades. The comple-
mentary objective is understanding where the simultaneous oc-
currence of such conditions}two or more variables reaching
fire-conducive extremes at the same time}has increased.

2. Data and methods

Hourly values of air temperature and dewpoint tempera-
ture at 2-m height above ground, u10, andHPBL were obtained
from ERA5 at 25-km horizontal resolution.

In ERA5, HPBL is determined using a bulk Richardson
number approach. This is based on work by Seidel et al.
(2012) that found the bulk Richardson approach performed
best for determining HPBL from model as well as radiosonde
profiles. The bulk Richardson number can be expressed as

Rib(z) 5
gz
uy sfc

[uy (z) 2 uy sfc]
u(z)2 , (1)

where g is the gravitational acceleration (m s22), z is the
depth of a layer with the base at the ground (m), uysfc is
the virtual potential temperature at the ground (K), uy(z) is
the virtual potential temperature at height z (K), and u(z)
is the horizontal wind speed at height z (m s21). The Rib(z)
is zero at z 5 0, and the PBL height is defined in this method
as the lowest height where Rib(z) 5 1/4. Subsequently, one
can set Eq. (1) equal to 1=4 and solve forHPBL:

HPBL 5
u2PBL uy sfc

4g[uy (HPBL) 2 uy sfc]
: (2)

The wind speed term u2PBL represents the wind shear between
Earth’s surface and HPBL, with the former assumed to be
zero. The potential temperature difference in the denomina-
tor is a measure of thermodynamic stability. Greater surface
stability results in a shallower PBL, a point key to our later
discussions.

The EMC of woody fuel is the weight of water in the fuel as
a percentage of the dry weight of fuel at the point that the
transport of moisture from the fuel to the atmosphere equals
that from the atmosphere to the fuel. EMC is a proxy for
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“fine” or 1-h dead fuel moisture,1 in the absence of precipita-
tion or other sources of direct contact between the fuels and
liquid water. In later sections, we use the phrase “dry fuel” to
refer to low EMC values for brevity, recognizing that precipi-
tation may make this imprecise. EMC was calculated from
ERA5 data by first calculating relative humidity (RH) at 2-m
height based on the ratio of the actual partial pressure of wa-
ter vapor in air ea to the thermodynamic equilibrium pressure
(a.k.a. “saturation” pressure) of water vapor over a plane sur-
face of water es:

RH 5 100 3
ea
es
,

with es and ea calculated from 2-m temperature Tc and
dewpoint temperature Td following Bolton (1980; Tc and
Td in Celsius):

es 5 6:112 3 e17:673Tc /(Tc1243:5),

ea 5 6:112 3 e17:673Td /(Td1243:5):

The following empirical formulation from Fosberg (1978) then
related RH and T (converted from the original Fahrenheit
equations to Celsius) to EMC:

EMC 5 0:032 29 1 0:262 577 3 RH 2 0:001 04 3 RH 3TC ,

RH , 10%,

EMC 5 1:754 40 1 0:160 107 3 RH 2 0:026 611 3 TC ,

10% # RH # 50%,

EMC 5 21:0606 1 0:005 565 3 RH2 2 0:0063 3 RH

3 TC 2 0:595 199 3 RH, RH . 50%,

with inputs of air temperature in Celsius and relative humidity
in percent yielding EMC values in percent.

Our analysis considered the conditions represented at each
hour and western U.S. land grid point in the ERA5 dataset
during summer (July–September) at night, with nighttime
defined as 0500–1200 UTC, following Chiodi et al. (2021). To
examine how the frequencies of nocturnal fire-conducive ex-
tremes have changed at a given location over the last 40 years
(1981–2020), the nighttime-hourly EMC,HPBL, and u10 values
at each grid point were first ranked by magnitude within the
1981–2000 period and the fire-conducive p 5 0.05 values (i.e.,
95th percentile u10, 95th percentile HPBL, and 5th percentile
EMC) were selected to represent fire-conducive extremes in
the earlier period. The p 5 0.05 threshold was also recently
used to identify annual trends in global fire-weather extremes
by Jain et al. (2022). The early period p 5 0.05 values were
then compared with the distribution of conditions at the same

grid point in a period representing recent conditions (2011–20)
to quantify how much more (or less) often thresholds represen-
tative of fire-conducive extremes in the earlier period have
been reached or surpassed in the recent period. As an example,
suppose the 95th-percentile value of hourly nocturnal u10 in the
earlier period was found to be 2 m s21 at a given location and
at that location 2 m s21 ranked as the 90th-percentile hourly
nocturnal value in the recent period. This would indicate
that the frequency at which near-surface wind speeds met or
exceeded 2 m s21 in the recent period has been twice that of
the earlier period. In other words, nocturnal conditions quan-
tifiable as unusually windy in the 1980s and 1990s would have
doubled in frequency during the 2010s. The same would hold
if the 5th-percentile (dry) EMC value from the earlier period
was found to rank at the 10th percentile in the more recent
period.

Following this set of single-variable analyses, we performed a
second set of analyses to determine changes in the frequency at
which two variables reached fire-conducive extremes simulta-
neously (same hour of the same night). In other words, we
quantified the change in the frequency of nighttime conditions
that were simultaneously dry and windy (EMC and u10), dry
with a deep PBL (EMC and HPBL) or windy with a deep PBL
(u10 andHPBL). In the simultaneous case, we relaxed the thresh-
old percentile to p 5 0.2 (i.e., 80th-percentile u10 and HPBL;
20th-percentile EMC) so that the probability of simultaneous
occurrence in the earlier period would be near the single-
variable case (p 5 0.05) if the variables were distributed
independently from one another, in which case we would
expect a joint probability of p 5 0.2 3 0.2 5 0.04. As in the
single-variable case, the observational (ERA5) likelihood
of experiencing simultaneous fire-conducive conditions in the
earlier period (see Figs. A1–A3 in the appendix for illustration)
was then compared to the behavior seen in the recent period to
quantify early to recent period changes. For example, if the
20th-percentile value of EMC and 80th-percentile value of u10
were found in the earlier period to be 7% and 3 m s21, respec-
tively, we would first quantify the historical likelihood of finding
nocturnal conditions that were simultaneously at or below
7% EMC and at or above 3 m s21 u10 at the given land grid
point in the earlier period. Then, at the same grid point, we
would calculate the likelihood of finding conditions in the
recent period that were simultaneously at or below 7% and at
or above 3 m s21 and compare the earlier versus recent period
likelihoods to determine the change in frequency of simulta-
neously dry and windy nocturnal conditions.

We start with a look at the baseline distribution of noctur-
nal EMC, u10, and HPBL in the 1981–2000 period across the
western United States, northern Mexico, and southern Can-
ada (North American ERA5-Land grid points west of 958W
and bounded by 258–508N).

3. Results

a. Summer nighttime EMC, u10, and HPBL in the 1980s
and 1990s

The 5th-percentile EMC values from the earlier period
have magnitudes ranging from 1.6% to 19.5% depending on

1 Dead fuels moistures in the United States are typically grouped
according to the (e-folding) time scale it takes them to respond
to changes in EMC and their corresponding thicknesses, with 1-h
(,0.25 in. diameter), 10-h (0.25–1 in. diameter), 100-h (1–3 in.
diameter), and 1000-h (3–8 in. diameter) categories being typical
inputs to fire danger indices and wildfire behavior models.
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location, with a median value of 7.7% (Fig. 1). Regions with
relatively dry extremes (,5% EMC) cover the majority of
the Great Basin and much of the Colorado River basin. These
dry regions include much of Nevada, subregions of Oregon,
California, Arizona, Utah, Wyoming, Colorado, and NewMexico,
as well as the Snake River Plain in Idaho and the Columbia
River basin in Washington. The very driest extremes (,3%
EMC) were seen primarily along the western flanks of the
Great Basin, where the study-area minimum occurred in the
northern Mojave Desert. Moving west from this minimum,
substantially higher values (near or just above 10% EMC) oc-
curred along the western flanks of the southern Sierra Nevada.
Thus, large east–west contrasts are evident across Southern
California. Relatively high 5th-percentile EMC values (.10%)
were found close to the California coast, over western Oregon
and Washington and across the Texas Gulf Coast and the north-
eastern portion of the region depicted in Fig. 1 (North and South
Dakota). Similar patterns of moist–dry contrast were apparent
in the summertime averages of atmospheric water vapor pres-
sure deficit described by Chiodi et al. (2021). Shared pattern
characteristics include dry extremes in the Great Basin and large
east–west contrasts across the Sierra Nevada in California and
the Cascade Mountains in Washington and Oregon.

The geographic distribution of nocturnal wind speed ex-
tremes (u10; Fig. 2) had a somewhat different pattern than
EMC. In the u10 case, windier nighttime extremes (.6 m s21)
are widespread over the Great Plains, whereas lower energy
(2–4 m s21) extremes were typical for most of the Rocky
Mountain region and terrain to its west. Exceptions include
localized energetic (5–7 m s21) extremes in the high plateaus
of Washington, Oregon, Idaho, Utah, and Wyoming.

The 95th-percentileHPBL values east of the Rocky Mountains
are generally higher than those seen west of the Rocky Moun-
tains (Fig. 3). In this way, the HPBL pattern is similar to that for
u10 (cf. Figs. 2 and 3). Over the Great Plains, 95th-percentile
HPBL values are relatively high (.700 m), with local maxima
in Texas and Montana reaching 900–1000 m. West of the
Great Plains, HPBL extremes tended to be substantially lower
than 700 m, except over the Great Basin, where localized
subregions, mostly in Nevada, have 95th-percentile HPBL

values . 1000 m, and portions of the Columbia Plateau in
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FIG. 1. Low-EMC summer nighttime conditions during the 1981–
2000 period. Shading shows the 5th-percentile, hourly, nocturnal
EMC value at each land grid cell in the ERA5 dataset. The night-
time hours considered span 0500–1200 UTC July–September.

FIG. 2. As in Fig. 1, but for the 95th-percentile nocturnal wind
speed u10.

FIG. 3. As in Fig. 1, but for the 95th-percentile PBL heightHPBL.
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Oregon and Washington, where 95th-percentile HPBL values
are similar to those over the Great Plains.

The geographic heterogeneity evident in the distribution of
dry-fuel, windy and deep-PBL extremes in the 1981–2000 period
(Figs. 1–3) demonstrates that there is a wide range of climatic
conditions influencing nocturnal fire behavior across the western
United States. We next turn to the salient question of how the
rate of occurrence of fire-conducive meteorological extremes has
changed at night between the earlier and recent periods.

b. EMC then versus now: 2010s versus 1980s and 1990s

The 5th-percentile EMC analysis results (Fig. 4) illustrate
where and by how much the frequency of dry-fuel nights in
the recent period has risen compared to the earlier period.
Substantial increases in frequency (orange to red hues) are
evident over several subregions, including parts of western
Idaho, eastern Oregon, and eastern Washington, where dry-
fuel nights have become up to 43 more frequent. Over the
southern Sierra Nevada and Central Valley in California, dry
nights have become even more frequent (up to 103). The
rate of dry nighttime extremes has at least doubled over more
than a quarter (27%) of the study area, with coherent areas of
doubling evident over Texas, New Mexico, Utah, and Colo-
rado. The Great Basin, including the eastern Sierra Nevada,
most of New Mexico, southeastern Oregon, and western
Utah, was already experiencing some of the driest nocturnal
conditions compared to the rest of the western United States
in the previous period and has experienced them much more
frequently in the recent period (cf. Figs. 1 and 4).

The pattern of EMC change (sign and relative amplitude of
change at a given location in Fig. 4) resembles that found pre-
viously for VPD (cf. Chiodi et al. 2021), supporting the

expected link between atmospheric demand and fuel mois-
ture. Increases in the frequency of dry-fuel nights were not
seen over all regions, however: Decreases occurred over the
northeastern part of the study region (eastern Montana,
North Dakota, and South Dakota) and parts of Northern Cal-
ifornia. It bears noting that the minority finding of fewer dry
nights in some places, notably over fire-prone portions of
Northern California, does not necessarily mean that recent
fires in those regions were unaffected by unusually dry condi-
tions at the time of burn. Rather, it means that if they were,
then such burn-period dryness would run contrary to the de-
cadal-time scale changes documented here. Nonetheless, that
the majority (75%) of the study region experienced increases
suggests that these results are consistent with the hypothesis
that nighttime fire activity over the western United States has
risen, at least in part, due to dryer fuels.

c. Boundary layer depth and wind speed extremes, then
versus now

Results from the 95th-percentile HPBL analysis indicate
that the frequency of relatively deep nighttime boundary
layers has increased over 60% of the study region (Fig. 5a,
note the scale bar in Fig. 5 spans a much smaller range than
that in Fig. 4). A broad north–south gradient is evident in the
results, with increases more prevalent in the south than north.
For example, 69% of the terrain north of 428N has experienced
decreases in deep-PBL frequency, whereas deep-PBL conditions
have become more frequent over 78% of the area south of
428N. Northern locations with deep-PBL increases are largely
confined to eastern Washington and Oregon. This contrasts with
northern-region EMC behavior, in which case the majority of
the inland Pacific Northwest exhibited more frequent dry-fuel
extremes and a regional maximum spans the Blue Mountains of
eastern Washington and Oregon and the western flanks of the
Bitterroot Mountains in Idaho. The study-area maximum in-
crease in the frequency of deep-PBL nocturnal conditions is in
northeastern New Mexico, where high HPBL extremes have be-
come 2.4 times more frequent in the recent period.

Results of the analysis for changes in the frequency of windy
nights (u10) are shown in Fig. 5b. Visual comparison with the
deep-PBL results (Fig. 5a) reveals a broad resemblance be-
tween the HPBL and u10 results (spatial correlation of 0.67),
with increasing rates of fire-conducive extremes in both winds
and boundary layer depth coinciding over many areas, espe-
cially New Mexico and western Texas (cf. Figs. 5a,b). Closer in-
spection does reveal some localized disparities between the
HPBL and u10 results, however. Over the northern Sierra Nevada,
for example, increases in the frequency of extreme nocturnal
wind speeds are evident despite decreases in the frequency of
deep-PBL nights. The regional maximum in the u10 case also
occurs along the flanks of the southern Sierra Nevada where
windy nights have been 2.75 times more frequent in the recent
period, but HPBL change has been lower in amplitude. Local-
ized differences between u10 andHPBL results are also apparent
in eastern Washington and Oregon, Wyoming, and Colorado,
where the increases in the frequency of windy nights are more
spatially coherent than in the HPBL case. Correspondingly, the
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FIG. 4. Recent-period (2011–20) percentile of the earlier period’s
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recent compared to earlier percentile indicate that nights with ex-
tremely low EMC (dry-fuel nights) have been more (less) frequent
in the recent period. For example, a 5th-(earlier) to 10th-(recent)
percentile change indicates a doubling in frequency of dry-fuel
nights, 5th–20th a quadrupling, etc.
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fraction of the northern (.428N) study region that experienced
increases in the frequency of u10 extremes (48%) is larger than
for HPBL (31%). Spatially coherent increases in u10 extremes
also occurred over northeastern New Mexico, southeastern
Colorado, and western Texas, which were already nocturnally
windy compared to the rest of the study area in the previous
period (cf. Fig. 2) and have become substantially windier in the
recent period (cf. Fig. 5b).

d. Changing frequency of simultaneous fire-conducive
meteorological extremes

We next focus our attention on understanding the extent to
which there has been a change in the frequency at which fire-
conducive conditions have occurred simultaneously (same hour
of a given night) in the recent compared to the previous period.
Results quantifying such change for the HPBL and u10 combina-
tion are illustrated in Fig. 6 and show that the frequency of si-
multaneously windy and deep-PBL conditions has increased
over 70% of the study region. As in the single-variable HPBL

and u10 cases (Figs. 5a,b), increases are more prevalent in the
southern part of the study area than in the north. Particularly,
the distribution of land north of 428N is quite evenly split be-
tween areas with increased (51%) versus decreased (49%) fre-
quency of fire-conducive HPBL and u10 coincidence, whereas
82% of the land south of 428N experienced an increase in the
frequency of simultaneously windy and deep-PBL nocturnal
conditions in the recent compared to earlier period. The maxi-
mum amplitudes of the changes in the north are also less than
in the south, with the largest northern increase of 1.73 over
north-central Washington being only about two-thirds as large
as the southern region positive maxima of 2.53 over the Sierra
Nevada and Colorado. Coherent increases inHPBL and u10 simul-
taneity ranging from factors of 1.25 to 23 are also evident over
the southern Great Plains in NewMexico and western Texas.

The frequency of nights with both dry fuels and deep
boundary layers has increased over most of the western

United States (Fig. 7a). Spatially coherent areas with at least
a doubling in frequency cover much of the interior northwest
(e.g., eastern Oregon and eastern Washington; the Snake
River Basin and Bitterroot Mountains of Idaho and western
Montana), as well as Southern California and the southern
Great Plains. Overall, 81% of the study area exhibited in-
creases, with 60% of the terrain north of 428N and 93% of the
terrain south of 428N experiencing more frequent coincidence
of dry-fuel and deep-PBL nocturnal conditions in the recent
period. Some areas of decreased frequency are evident; most

FIG. 5. (a) The recent-period (2011–20) percentile of the 95th-percentile (high extreme) HPBL value from the earlier
(1991–2000) period. (b) As in (a), except for u10.
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FIG. 6. Ratio of the frequency of simultaneously deeper and
windier nocturnal boundary layer conditions in the 2010s compared
to the 1980s and 1990s. Ratios greater (less) than 1, denoted by red
(green) hues, indicate an increase (decrease) in the frequency
of simultaneously windy and deep-PBL nocturnal conditions
in the recent (2011–20) compared to the previous (1981–2000)
period. Windy and deep-PBL conditions were defined based on
80th-percentile u10 and HPBL values, respectively.
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broadly over the northeastern portion of the study region
(north-central Montana; North Dakota; and South Dakota)
and, to a lesser extent, over subregions of northern coastal
California, which include ecosystems shaped by wildfire
(cf. Freeborn et al. 2022). In this respect, California again
stands out for its heterogeneity, containing both these de-
creases along its northern coast and factor 6–83 increases
over the western flanks of the southern Sierra Nevada, which
are surpassed by a peak 123 increase along the northwestern
foothills of the Tehachapi Mountains.

Results of the simultaneously dry-fuel and windy analysis
(Fig. 7b) resemble, in many ways, the dry-fuel and deep-PBL
results (Fig. 7a). Relatively large amplitude increases, for example,
are evident in both cases over the interior northwest, Southern
California, and southern Great Plains. Correspondingly, the spa-
tial correlation between the dry-fuel and deep-PBL and dry-fuel
and windy results is strong (r5 0.86). This correlation may reflect
the dependence of HPBL on vertical wind shear and stem from
the drying (increased frequency of low-EMC extremes) being
large enough in amplitude and areal extent (cf. Fig. 4) to substan-
tially enhance the overall chance that dry nights coincide with
windy or deep-PBL conditions even in the scenario that EMC
and u10 orHPBL respond mainly to different sources of variability.

Closer inspection reveals some differences between the dry-
fuel and windy results compared to dry-fuel and deep-PBL re-
sults: The amplitudes of the dry-fuel and deep-PBL increases
are often higher than those of the dry-fuel and windy increases
in the same region. For example, positive maxima in Southern
California reach increases of 73 in the dry-fuel and windy case

but are even larger (123) in the dry-fuel and deep-PBL case.
Enhancement of dry and deep-PBL increase over dry and windy
increase is also evident over the Great Basin.

The fraction of the land grid cells with at least a doubling in
frequency of fire-conducive simultaneity is lower for dry and
windy (EMC and u10, 11%) conditions than for dry and deep
(EMC and HPBL, 27%) conditions. Dry and deep conditions
were more abundant especially over the southern Sierra Nevada
and interior Pacific Northwest, where deeper boundary layers
are, evidently, able to occur without much near-surface wind
enhancement. In contrast, HPBL and u10 variability appears to
be more synchronized over the Great Plains implying that wind
shear-driven turbulence (rather than thermodynamic instability)
plays a larger role in delaying the formation of stable nocturnal
layers in the Great Plains. Despite these differences in detail,
however, the frequency of simultaneously dry and deep and dry
and windy nocturnal conditions has risen over virtually the same
large fraction of the study area (81%).

4. Discussion and conclusions

The results of this study show that dry (low EMC) summer
nights have become more frequent over most of the western
United States within the career spans of many wildland fire
managers. Specifically, 75% of the study domain experienced
increases in the rate at which dry-fuel extremes occurred
at night in the recent (2011–20) compared to the previous
(1981–2000) period. This is based on the definition of noctur-
nal dry-fuel extremes as 0500–1200 UTC hourly ERA5 equi-
librium moisture content at, or below, the previous period’s

FIG. 7. As in Fig. 6, but for simultaneous (a) EMC andHPBL and (b) EMC and u10 fire-conducive extremes.
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5th-percentile value at a given location. At least a doubling in
the frequency of dry-fuel nights has occurred over 27% of the
study region. A quadrupling, or greater, is evident over some
wildfire-prone regions, including the interior northwest and
Southern California, where maximum increases reach a factor of
123 along the southern coastal mountains and dry-fuel nights
have gone from occurring only on occasion (1 in 20) in the 1980s
and 1990s to being present 60% of the time in the 2010s.

Changes in western U.S. nocturnal fire meteorology have
not been limited to dryness. The frequencies of windy nights
and nights with unusually deep planetary boundary layers
have also changed within career spans. Over the Northwest,
increases in the frequency of deep-PBL nocturnal conditions,
defined as hourly nighttime planetary boundary layer height
at or above the previous-period 95th percentile, were found in
parts of eastern Oregon and Washington. Increases were
spread more widely over the southwestern United States and
northern Mexico such that 78% of North American ERA5-
Land grid points west of 958W and bounded by 258–428N
exhibited more frequent deep-PBL nights, with the largest
increase in frequency (2.43) over northeastern New Mexico.
Nearly the same portion (77%) of the Southwest exhibited an
increase in the frequency of windy nights with, in this case,
the study-region maximum (2.753) located over the southern
Sierra Nevada. Winds and boundary layer depth are known to
affect the rate of spread of wildfires and efforts to manage them
(e.g., Prichard et al. 2020; USDA Forest Service 2022a,b). The
implications of changing nocturnal HPBL and wind conditions
for wildfire management therefore deserve further study.

Many western U.S. regions have been subjected to the dou-
ble (or triple) threat of more nights with simultaneously dry
fuels and high winds or deeper boundary layers: Increasing
dry–deep and dry–windy simultaneity was found over 81% of
the study area. South of 428N, this fraction rose to 93% and
94%, respectively, with median increases of 1.63 and 1.53.
Maximum increases reached a factor of 73 for dry–windy and
123 for dry–deep nights.

Geographically, the western slopes of the Sierra Nevada
are a locus for meteorologically driven increase in nocturnal
fire susceptibility. This area was already quite dry in terms of
EMC in the 1980s and 1990s (Fig. 1), although low compared
to some other areas in terms of both HPBL and u10 (Figs. 2
and 3). Then, moving to the recent period, it experienced
some of the greatest increases in frequencies of low-EMC and
large-u10 nocturnal conditions (Figs. 4 and 5), along with
some of the largest increases in all three of the simultaneous-
measure pairings (Figs. 6 and 7).

Increases in the frequency of each of the nocturnal conditions
considered herein carry the potential to enhance nocturnal fire
behavior. Further study is needed to better understand the role
that the changing frequency of simultaneously fire-conducive
meteorological extremes (Figs. 6 and 7) has played in changing
nocturnal fire behavior. We expect that the results presented
herein will help inform this research.

Our motivation for this study was the recognition that
nighttime humidity recovery does not occur in isolation and
that other simultaneous atmospheric changes (in wind, mix-
ing, and equilibrium fuel moisture) also contribute to fire be-
havior changes. It is important to understand how each of

these has changed to accurately interpret changes in nighttime
fire behavior. Our results show that, indeed, all the atmo-
spheric measures have changed toward supporting more in-
tense nocturnal fire behavior.

These atmospheric properties are themselves dependent on
one another. Most obviously, VPD as examined by Chiodi
et al. (2021) and EMC are both measures of moisture. Wind
speed and boundary layer height are also positively correlated
through the contribution of wind shear to boundary layer
height. Less directly, or obviously, there is a connection be-
tween EMC and HPBL. Drier soils and fuels mean that the
soil and fuel surface temperatures increase more rapidly in
sunlight and cool more rapidly at night than wet soil and fuels
would. Surface temperature drives surface mixing and the
(in)stability contribution to boundary layer depth. This sug-
gests that where the results here show HPBL deepening amid
drying and decreases (or no change) in wind speed, dryness is
increasing the overall nighttime instability owing to the excess
heating during the day lasting late enough into the night that
it outweighs the later cooling.

These are implications, not direct findings. The intertwined
physical processes require direct evaluation if their contributions
to nocturnal fire behavior are to be understood. Further investi-
gation of the chain of processes responsible for the relevant noc-
turnal meteorological changes (cf. Jacobson et al. 2024) and
attribution of the observed trends and interannual variability
(e.g., Abolafia-Rosenzweig et al. 2022; Holden et al. 2018) will
also be necessary to better delineate the predictability of the
processes responsible. This is a subject of ongoing group work.

One challenge to statistically evaluating fire-weather link-
ages at the required subdaily time scale is that the historical
records of fire behavior that are generally available over our
study period contain information only about fire start dates,
severity, and final size (e.g., Eidenshink et al. 2007; Picotte
et al. 2020). Successful efforts to better understand the rea-
sons for the typical nocturnal fire behavior (fires laying down
at night) and why this behavior has changed (fires lasting lon-
ger into the night) will likely require much more detailed (and
accurate) records of fire behavior.

Verifiable subdaily records of fire behavior that span our
study period, analogous to those developed for the climato-
logical study of other natural phenomena posing threats to
life and property (see Knapp et al. 2010, for a century-scale
tropical cyclone-based example) may be needed to reach
definitive conclusions about the role that meteorological
conditions have played in driving the perceived changes in
nocturnal fire activity.

Satellite detection of fire activity will undoubtedly play an
important role in efforts to produce accurate subdaily fire re-
cords (see Liu et al. 2024, for an example spanning 2019–21).
Creation, verification, and advancement of such records for
both operational products (e.g., Marsha and Larkin 2022;
French et al. 2014) and retrospective studies (e.g., Freeborn
et al. 2022; Mahood et al. 2022; Giglio et al. 2010) should con-
tinue. Pending such development, comparison of the available
fire and meteorological records at subdaily time scales to de-
termine which meteorological factors correspond with the
greatest changes in nocturnal fire behavior will be fertile
ground for future work. Results should be provisionally
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evaluated for possible regional climate and ecosystem/vegeta-
tion dependencies. Shoulder-season responses should be in-
vestigated where the local fire season extends beyond the
July–September period considered here. Finally, evaluating
the extent to which the observed increases in simultaneously
dry, windy, and deep nights are simulated by climate models
forced with increasing greenhouse gas concentration will help
us understand the extent to which the observed trends should
be expected to continue in the coming decades.
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APPENDIX

1980s and 1990s Simultaneity

Figures A1–A3 show the probability that nocturnal con-
ditions in the 1981–2000 period were simultaneously windy
with a deep PBL (Fig. A1), dry with a deep PBL (Fig. A2),
and windy and dry (Fig. A3).
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