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Abstract Analyses of wildﬁre‐climate relationships in North America were conducted using diverse
independent observation and reanalysis data sets for the period 1984–2014. Results show that the western
United States (WUS) has experienced the most robust increase in burned area, even though Alaska and
western‐central Canada have comparable warming trends. In addition to warming, the WUS has been under
the inﬂuence of multi‐decadal trends in tropospheric relative humidity deﬁcit, reduced cloudiness, increased
surface net insolation, and enhanced adiabatic warming and drying from increased tropospheric
subsidence, as well as drying from enhanced offshore low‐level ﬂow. These trends are found to be associated
with a widening of the descending branch of the Hadley circulation, consistent with climate model
projections under greenhouse gases warming. Due to the relative short (~30 years) data record, the
aforementioned trend signals are likely also be affected by phase changes of natural interdecadal variability
during the data period.
Plain Language Summary The increase in wildﬁres in the western United States (WUS) has
been attributed to numerous factors, such as enhanced warming, drying, and ignitions by humans or
nature and possibly ampliﬁed by a regional climate feedback. However, the mechanisms of the feedback are
not well understood. Our observational analyses show that the increase in wildﬁres in the WUS is likely
linked to a multi‐decadal drying trend in the subtropical troposphere associated with the expansion of the
Hadley circulation under greenhouse‐gas warming. This circulation change induces a regional climate
feedback, involving reduced relative humidity, fewer clouds, more downward surface insolation, warmer
land surfaces, enhanced subsidence, and stronger offshore low‐level winds. This results in accelerated and
sustained tropospheric warming and drying, exacerbating wildﬁres in the WUS. Results suggest that if
actions to combat climate change are not taken soon, the WUS wildﬁre situation will likely worsen quickly.

1. Introduction

©2020. American Geophysical Union.
All Rights Reserved.

ZHANG ET AL.

Staggering socioeconomic losses stemming from more frequent and severe wildﬁres in North America (NA)
in recent decades have drawn much attention to the need for better understanding the causes of increased
wildﬁres, in order to inform and provide sound strategies for mitigation. Numerous studies have found signiﬁcant increasing trends in occurrence, total burned area, and duration of wildﬁres in the western United
States (WUS), most pronounced in the forests of the northern U.S. Rocky Mountains (Dennison et al., 2014;
Westerling et al., 2006). Burned areas of large ﬁres have doubled in the boreal region of Canada and Alaska
from 1959 to 1999 (Kasischke & Turetsky, 2006). These increased wildﬁre activities have been linked to natural climate variability and human activities (Abatzoglou & Williams, 2016; Balch et al., 2017; Harvey, 2016;
Littell et al., 2009). Warmer temperatures, earlier snowing melting, prolonged summer droughts, vegetation
type, and increased lightning are believed to be key factors contributing to the frequency, severity, and
length of wildﬁres (Holden et al., 2018; Littell et al., 2016; Running, 2006; Veblen et al., 2000;
Veraverbeke et al., 2017; Westerling et al., 2003, 2006). These studies and others have led to the following
assessment statement (Wuebbles, 2017): “The incidence of large forest ﬁres in western United States and
Alaska has increased since the early 1980 (high conﬁdence) and is projected to further increase in those
regions as the climate warms with profound change to certain ecosystems (medium conﬁdence).”
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Contemporaneously, there have also been multiple lines of evidence indicating that greenhouse‐gas (GHG)‐
induced global warming may have increased droughts over the globe during recent decades (Dai et al., 2004;
Dai, 2006, 2011; Dai & Zhao, 2017), together with the expansion of semiarid and desert regions (Huang
et al., 2016). Such a global drying trend is projected to worsen in the future, mainly due to an increased water
vapor deﬁcit (Dai, 2013; Dai et al., 2018; Feng & Fu, 2013; Lau & Kim, 2015; Zhao & Dai, 2017). Recent studies suggest that the impact of anthropogenic climate change on ﬁre weather is emerging above natural
variability in NA (Abatzoglou et al., 2019; Kirchmeier‐Young et al., 2017). It is important to stress that the
trend pattern of burned areas based on the relatively short data record used here (~30 years) could signal
not only GHG warming but the effects of natural variability, such as the Interdecadal Paciﬁc Oscillation
(IPO; Dong & Dai, 2015). Here, we focus more on the GHG warming effect, based on our previous modeling
results. Modeling studies have suggested increased atmospheric dryness, that is, the reduction in relative
humidity (RH) and the increased frequency and duration of dry spells in the subtropics and midlatitudes
located over the western regions of major continents. These could be a component of a canonical global pattern of precipitation and large‐scale circulation in response to GHG‐induced warming (Lau et al., 2013). This
pattern involves changes in the Hadley circulation (HC), linking a narrowing of the intertropical convergence zone (ITCZ) with enhanced precipitation, to an expanding subtropical subsiding zone with reduced
RH in the middle and lower troposphere via the so‐called Deep Tropical Squeeze (DTS) radiation‐
dynamical feedback effect (Lau & Kim, 2015, 2017). The reduction in near‐surface RH is important to the
occurrence and spread of wildﬁres because of its close relationship to the water stress on vegetation. Low
near‐surface RH and high temperatures increase the vapor pressure deﬁcit (VPD), enhance the evaporative
demand, and accelerate the drying of vegetation, resulting in increased ﬁre fuel and potential for large and
severe wildﬁres (Holden et al., 2018; Seager et al., 2015; Williams et al., 2014). The physical relationships
among wildﬁres in NA and regional feedback processes to changes in the large‐scale circulation, global dryness, and linkages to GHG‐induced warming are still poorly understood. In this paper, we aim to provide
observational evidence revealing these relationships and shed new light on the underlying regional climate
processes affecting wildﬁre trends in NA and linkages with climate change under GHG warming.

2. Data and Methods
Data analyses were conducted using multiple independent data sets of wildﬁre and climate control variables
in NA for the period 1984–2014, that is, in situ measurements, satellite observations, and ﬁve reanalyses products. Burned area information available from the Monitoring Trends in Burn Severity (MTBS) database
(Eidenshink et al., 2007) and the Canadian National Fire Database (CNFDB) database were employed.
The MTBS maps burned areas across the United States from 1984 to the present, including all ﬁres larger
than 1,000 acres in the WUS and 500 acres in the eastern United States. Although large wildﬁres account
for a small portion of the total number of wildﬁres, these large wildﬁres contribute toward nearly 95% of
the total burned area. In our study, a total of 12,279 large wildﬁres were examined for the United States.
Unlike the MTBS, the CNFDB data set includes all sizes of forest ﬁres. We selected wildﬁres larger than
500 acres for consistency with the MTBS. A total of 13,614 large ﬁres from the CNFDB were examined.
Here, the ﬁre season is deﬁned as running from May to September. All ﬁres labeled as prescribed ﬁres
(i.e., man‐made ﬁres) were excluded. To facilitate the quantitative analysis, the burned area data were
processed into 1° × 1° grid boxes at a monthly temporal resolution.
Concerning climate control variables, we used near‐surface RH from the HadISDH global monthly land surface data set (5° × 5°) provided by the Meteorological Ofﬁce Hadley Centre (Smith et al., 2011; Willett
et al., 2014), based on subdaily, quality‐controlled data collected from HadISDH stations since 1973.
Despite its relatively coarse spatial resolution, it is a unique, in situ observations‐only climate‐data gridded
product that is homogenized and physically consistent. The total cloud amount was obtained from the
International Satellite Cloud Climatology Project (ISCCP). The new ISCCP H‐series of products extends
the period of record to 1982–2014, providing monthly averages of cloud properties at a 1° × 1° spatial resolution (Rossow & Schiffer, 1991). National Aeronautics and Space Administration's (NASA) Surface Radiation
Budget data set provided shortwave (SW) radiative ﬂuxes, covering 24 years (1984–2007). This 1° × 1° global
gridded product was generated from satellite‐derived cloud parameters, reanalysis‐based meteorological
parameters, and a few other ancillary data sets. For drought estimates, we used National Center for
Atmospheric Research's (NCAR) self‐calibrated Palmer Drought Severity Index (PDSI) with
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Penman‐Monteith potential evapotranspiration (Dai et al., 2004) because the traditional PDSI uses only temperature and precipitation, which may overestimate the drying effect of rising temperature. The Climatic
Research Unit Timeseries V4.04 data set provided daily temperatures and maximum temperatures (Harris
et al., 2020). For the large‐scale circulation analysis, we used ﬁve reanalysis products, that is, the
Modern‐Era Retrospective analysis for Research and Applications (Version 2), the NCEP‐DOE AMIP‐II
Reanalysis 2, ERA‐Interim, the Japanese 55‐year Reanalysis, and the 20th Century Reanalysis (Compo
et al., 2011; Dee et al., 2011; Gelaro et al., 2017; Kanamitsu et al., 2002; Kobayashi et al., 2015; see supporting
information Table S1 for more detailed information). The reanalysis data sets were remapped onto a uniform
2.5° × 2.5° grid using bilinear interpolation to calculate the multi‐reanalysis ensemble mean. All data can be
obtained from the links provided in the acknowledgments section.
The wildﬁre data sets for NA were ﬁrst examined to identify regions with pronounced regional trends in
wildﬁres and surface air temperature. Second, the trend patterns of key climate control variables, that is,
near‐surface RH, cloudiness, net downward surface solar radiation, and PDSI, were constructed and examined for correlations with wildﬁre in each subregion. Finally, circulation and precipitation features associated with global warming trends over the North Paciﬁc and NA, as well as vertical proﬁles of
temperature, RH, and vertical motions, were examined over each subregion using the ensemble means of
the ﬁve reanalysis products.

3. Results
3.1. Wildﬁre Trends in NA
We ﬁrst examine temporal variations and linear trends of wildﬁre burned areas and surface temperature
(May–September), averaged over the United States, Canada, and NA from 1984 to 2014. The NA time series
of burned area (Figure 1a) shows large interannual variations and a strong positive trend. This trend is statistically signiﬁcant (p < 0.05) and was reported by others (Dennison et al., 2014; Picotte et al., 2016). The
mean total burned area during the 2010s is more than double that during the 1980s. Examining the
United States and Canada separately, the increasing wildﬁre trend seen in NA is mainly due to the increasing trend seen in the United States. Canada shows considerable interannual variations but no signiﬁcant
long‐term trend. However, the United States and Canada show similar warming trends (+0.3°C decade−1)
and variabilities in surface temperature (Figure 1b). On a continental scale, a warmer surface temperature
thus appears to be a necessary but not sufﬁcient condition for increased wildﬁres in NA. To understand
the differences between warming and wildﬁre trends in the United States and Canada, we need to examine
the spatial distribution of wildﬁres and their relationships with the regional and global climate forcing and
feedback.
The spatial pattern of the burned area trend in NA during the 1984–2014 ﬁre seasons is highly asymmetric
(Figure 1c). Both negative and positive trends are present, and signiﬁcant signals (p < 0.05) are found clustered only in those regions with positive trends. Not found are signiﬁcant clusters of negative trends. Three
regions with strongly increasing burned areas (>50–100 km2 decade−1) stand out: the WUS, Alaska (AK),
and western‐central Canada (WCC). WUS in our study includes the states of Washington, Oregon, northern
California, Idaho, and the mountain regions of Arizona and New Mexico. WCC includes the provinces of
Alberta, Saskatchewan, and the southern Northwest Territories. Negative but weaker trends (p > 0.05) in
burned areas are found over the western‐central Northwest Territories, Manitoba, and parts of Québec. In
the WUS, the burned area shows a robust and steady long‐term trend (Figure 1d). By contrast, in AK and
WCC, trends are weaker and appear to be affected by episodic occurrences of a few exceptionally large ﬁre
events in certain years (Figures 1e and 1f). The asymmetry and highly regionally distributed trend patterns
in burned area, as well as different temporal variations among WUS, AK, and WCC, suggest the effect of a
large‐scale, steady background forcing, that is, overall warming of NA (Figure S1) modulated by
regional‐scale climate feedback processes.
3.2. Related Trends in Key Climate Control Variables
As discussed previously, a reduction in the near‐surface RH will likely lead to increased surface VPD, resulting in accelerated drying of vegetation and the increased potential for wildﬁres (Holden et al., 2018; Williams
et al., 2014). Furthermore, a long‐term trend in the tropospheric RH deﬁcit is also likely associated with
ZHANG ET AL.
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Figure 1. Wildﬁre and warming trends in North America from 1984–2014 (May–September). Time series of (a) burned area (unit: 10 km ) and (b) surface air
temperature anomalies (°C) in North America (black curve), the United States (red curve), and Canada (blue curve). (c) Spatial pattern of linear trends in
2
−1
burned area per 1° × 1° grid box (unit: km decade ). Statistically signiﬁcant trends (p < 0.05) are denoted by red crosses. (d–f) Time series of burned area
percentages with trend lines averaged over domains outlined by the red rectangles in (c), representing (d) the western United States, (e) Alaska, and (f) western
central Canada.

suppressed clouds and precipitation. Fewer clouds will lead to reduced SW cloud shielding and enhanced
incoming surface SW radiation, leading to sustained warming and drying of the atmosphere‐vegetation
system and enhanced wildﬁres. For convenience, we refer to this chain of processes as the regional
climate feedback enhancing wildﬁres (RCFW). In the following, we examine the validity of RCFW in
affecting the long‐term trend in wildﬁres in NA by conducting trend and correlation analyses on wildﬁre
burned areas with respect to several key climate control variables, that is, near‐surface RH, cloud amount,
surface SW downward radiation (SWDR), and PDSI. Figure 2 shows the trend patterns of these climate
observables for the wildﬁre season (May–September). Overall, a north‐south dipole pattern in reduced
surface RH is found over NA, with strong negative trends (2–3% decade−1) over the southern and WUS
and positive trends over the northern Midwest and central Canada (Figure 2a). Over Alaska, the surface
RH trend signal is mixed. Figure 2b shows a reduction in total cloud cover over a broad swath spanning
Alaska, the Northwest Territories, the Midwest, and eastern United States, with the maximum reduction
(10–15% decade−1) occurring over the WUS. The overall reduction in cloudiness is comparable to previous
studies showing overall reductions in cloudiness of up to 5% decade−1 for the contiguous United States over a
ZHANG ET AL.
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Figure 2. Observed climate changes during 1984–2014 (May–September). Spatial linear trend patterns of (a) near‐surface RH (unit: % decade ), (b) cloud cover
−1
−2
−1
(unit: % decade ), (c) downward SW radiation (W m decade ), and (d) PDSI over North America. Time series of (e) near‐surface RH (unit: %), (f) cloud
−2
cover (unit: %), (g) surface downward SW radiation (unit: W m ), and (h) PDSI averaged over the western United States. Panels (i)–(l) show burned area as a
function of RH, cloud amount, downward SW radiation, and PDSI, respectively.

similar period (Free et al., 2016; Sun et al., 2015). Increased SWDR is found over the WUS, coinciding with
regions of strong cloud and near‐surface RH reductions (Figure 2c). Note that SWDR and cloudiness may
change in the same way since SWDR is also generated using the ISCCP cloud product. The strong positive
SWDR trend over the WUS is consistent with “global brightening” since the mid‐1980s (Wild, 2011), attributable in part to reduced cloudiness and aerosols. Based on the PDSI (Figure 2d), a large part of the southern
and WUS, central Canada, and parts of southern Alaska are experiencing increased drought conditions (i.e.,
negative PDSI).
Based on the above results, we computed correlations between burned area and RH, cloud amount, SWDR,
and PDSI separately for three key regions showing strong positive trends in burned area (see Figure 1c).
During the last three decades, the WUS has experienced decreasing RH (~0.7% decade−1, Figure 2e),
decreasing cloud amounts (5.9% decade−1, Figure 2f), increasing SWDR (~5.7 W m−2 decade−1) reaching
the surface (Figure 2g), and increasing drought severity (negative trend of 0.4% decade−1 in PDSI,
Figure 2h). Worth noting is that all the aforementioned climate observables show considerable interannual
and interdecadal variabilities, linked to natural modes of climate variability, such as the El Niño‐Southern
Oscillation, the Paciﬁc Decadal Oscillation (similar to IPO), and the Atlantic Multi‐decadal Oscillation that
could inﬂuence ﬁre weather, fuel availability, and ignition (Kitzberger et al., 2007; Pan et al., 2018;
Schoennagel et al., 2005; Wang et al., 2014). Taking into account both trends and natural variability, the
strongest correlations with burned area are, in descending order, reduced RH (−0.65, p < 0.01), cloud
amount (−0.56, p < 0.01), SWDR (+0.49, p < 0.05), and PDSI (−0.45, p < 0.05), supporting RCFW
(Figures 2i–2l). Note that our study period overlaps with a phase change in IPO (Figure S2), switching from
a warm phase (1984–1998) to a cold phase (1999–2014). This IPO phase change likely weakened the
ZHANG ET AL.
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“underlying” warming trend during our study period (Dong & Dai, 2015). An additional analysis of the
co‐variability of the IPO index with RH (detrended) showed mostly weak and insigniﬁcant negative correlations (correlation coefﬁcient, r < 0.3, p > 0.05) over much of NA (see Figure S3). This implies that the surface
humidity deﬁcit trend was likely weakened by the negative phase of the IPO during the latter portion of the
study period. Examination of the IPO‐burned area correlation pattern (Figure S4) shows positive correlations most pronounced over AK, WCC, and the Paciﬁc Northwest. Given the dominance of the cold phase
of the IPO during 1999–2014, these positive correlations imply reductions in burned areas, contrary to the
underlying increasing trend in burned areas in these regions. This may explain, in part, why the positive
trends in burned area are much less pronounced in AK and WCC compared to the WUS (Figures 2d and
2c). In short, the IPO likely confounds the GHG warming signal as represented by the linear trend pattern
in our analysis regionally.
Correlation analyses similar to that done for the WUS were carried out for AK and WCC. Table S2 summarizes the results for all three regions. Robust trends in the burned area and signiﬁcant correlations with
all four climate observables are found only in the WUS. For AK, no signiﬁcant correlations are found in any
of the climate observables. For WCC, signiﬁcant relationships (p < 0.05) are found only in RH and PDSI.
These suggest that RCFW works for the WUS only but not for AK and WCC. The reasons for these regional
differences are explored in the next section.
3.3. Wildﬁres and GHG Warming
Previous observational and modeling studies have identiﬁed features in the large‐scale circulation that are
likely attributable to GHG warming. These include, among others, multi‐decadal trends in strong warming
and moistening of the tropical atmosphere (Fu et al., 2011; Lau et al., 2013; Santer et al., 2008, 2016), a rise in
the tropical tropopause (Lorenz & DeWeaver, 2007; Seidel & Randel, 2007), a widening of the subtropics and
poleward migration of midlatitude storm tracks (Feng & Fu, 2013; Hu & Fu, 2007; Lu et al., 2007; Seidel
et al., 2008; Yin, 2005), and the expansion of the global dry lands including the WUS (Dai, 2011; Huang
et al., 2016; Seager & Vecchi, 2010). More recently, Coupled Model Intercomparison Project 5 model results
have demonstrated that the aforementioned changes are underpinned by the DTS, that is, a structural
change in the HC under GHG warming, featuring a narrowing ITCZ core with increased precipitation,
linked to increased subsidence and reduced RH in a widening subtropics and poleward shift of the storm
tracks (Fu, 2015; Lau & Kim, 2015).
In the following, we examine changes in the large‐scale circulation affecting the northeastern Paciﬁc and NA
climate using reanalyses data to shed new light on the possible relationship between wildﬁres in NA and
GHG warming. To increase the robustness of the results, we have computed the long‐term trend patterns
of tropospheric temperature, RH, sea‐level pressure (SLP), winds, vertical motion, and precipitation for
1984–2014, based on the ensemble mean of ﬁve independent reanalyses. As mentioned previously, the trend
signals could be contributed by both GHG effects and multi‐decadal natural variability. Here, we only focus
on the detection of possible impact on WUS wildﬁre from a relatively short climate record that could be consistent with changes in the HC attributable to GHG warming, as projected by climate models.
As revealed by the latitude‐height cross section of the zonal annual mean temperature trend pattern
(Figure 3a), during 1984–2014, a strong warming of the entire troposphere and cooling in the lower stratosphere (above 150 hPa) occurred, a well‐recognized signature of global GHG warming (Fu et al., 2011; Santer
et al., 2008, 2016). Associated with the tropospheric warming, the annual mean RH trend (Figure 3b) displays a pattern characteristic of increased RH in the deep tropics but strong RH reductions in the tropical
upper troposphere. We can see that the descending arms of regions with RH deﬁcits are over the subtropics
and midlatitudes of both hemispheres. The RH trend pattern is similar to model projections attributable to
global warming (Sherwood et al., 2010). The pattern can be understood in terms of the faster rate of
increased saturated vapor pressure with temperature, as governed by the Clausius‐Clapeyron law of thermodynamics, compared to the actual increase in ambient vapor pressure due to transport processes (Lau &
Kim, 2015; Sherwood et al., 2010). Increased dry advection from above by enhanced anomalous descent in
the subtropics and midlatitudes can lead to a further RH deﬁcit in the lower troposphere and near the surface due to the expansion of the HC under GHG warming (Hu & Fu, 2007; Lau & Kim, 2015). In association
with the trend in reduced zonal mean RH, an east‐west dipole anomalous SLP pattern, with high SLP centers
over the North and East Paciﬁc and WUS coupled to low SLP centers over the rest of NA, is established
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Figure 3. Left panels: Latitude‐height cross sections of the linear trends (1984–2014, annual mean) in (a) temperature (unit: °C decade ) and (b) RH (unit:
−1
−1
% decade ). Spatial patterns of mean linear trends (1984–2014, May–September) in (c) sea‐level pressure (unit: hPa decade ) and 700‐hPa winds (arrows,
−1
−1
−1
−1
−1
−1
m s decade ), and (d) precipitation (mm day decade ) and 500‐hPa vertical motion (Pa s decade ). Trends are shown by color shading, and the
contours are the 1984–2014 climatology. Areas with anomalous descending motions are indicated by black dots in (d). Right panels: Vertical proﬁles of the linear
−1
−1
−1
−1
trend (1984–2014, May–September) in temperature (red curve, °C decade ), RH (black curve, % decade ), and vertical p velocity (blue curve, Pa s decade ),
with positive values denoting sinking motion for (e) the western United States, (f) Alaska, and (g) western‐central Canada, based on the ensemble mean of ﬁve
reanalysis data sets. Standard errors of the mean are shown as horizontal error bars.

during the peak wildﬁre season (May–September). This signals an intensiﬁcation and expansion of the
North Paciﬁc Subtropical High (NPSH, Figure 3c). The eastward extension of the NPSH, signaled by the
development of an anomalous high SLP center over the WUS, is likely strongly affected by regional
topographic effects. Speciﬁcally, an anomalous anticyclonic circulation center is anchored over the
elevated arid region of the Great Basin, east of the Rocky Mountains (Figure 3c). As the cold and dry air
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masses descend in a clockwise rotation from high elevations to lower valley regions of the coastal mountain
ranges, they are heated by adiabatic compression. This would cause a further rapid drop in RH, leading to
gusty winds due to air density differences. These hot and dry offshore winds, combined with dry vegetation
during summer and fall, would fan more large wildﬁres. The anomalous SLP center likely intensiﬁes the
Santa Ana and Diablo winds (in the fall season), affecting wildﬁres and prolonging the ﬁre season.
Long‐term changes in wind gusts affecting wildﬁres and their relationships with GHG warming are currently subjects of numerous studies and debate (Guzman‐Morales & Gershunov, 2019; Hughes et al., 2011;
Jin et al., 2015; Miller & Schlegel, 2006; Yue et al., 2014).
Strong trends in suppressed precipitation and widespread anomalous sinking motions at 500 hPa are found
over much of the subtropical and midlatitude regions of the Northeast Paciﬁc and NA (Figure 3d). Analysis
of time series of vertical motion at 500 hPa over the climatological NPSH region (30–45oN, 140–90oW) and
burned area over WUS (Figure S5) shows signiﬁcant correlation (r = 0.45, p value = 0.011), indicating a close
relationship between WUS wildﬁre and enhanced subsidence in the descending branch of the HC. Also
found is a strong reduction in precipitation along the northern edge of the ITCZ near 10–15oN and increased
precipitation near the equator. These features mirror those associated with the DTS under global warming
(Lau & Kim, 2015). Note that the WUS is geographically located in a semiarid zone at the eastern edge of
the NPSH. It is thus possible that changes in RH, cloudiness, SWDR, precipitation, and circulation arising
from the tropical inﬂuence due to global warming may affect wildﬁres in the WUS more strongly than in
other regions in NA. This may explain, in part, the lack of strong and coherent signals in burned areas in
AC and WCC to our chosen climate control variables. Inﬂuences from phase change of IPO could be another
important factor that may confound the GHG signal, since the warm phase of IPO tends to cool these two
regions and suppress the ﬁre weather condition (Dong & Dai, 2015).
To further explore RCFW's inﬂuence on the WUS, we next examine the trend patterns of vertical proﬁles of
RH, vertical p velocity (omega), and temperature from multi‐reanalysis data averaged over the WUS
(Figure 3e) during the wildﬁre season (May–September). Most noteworthy is the robust warming trend
(0.3–0.5°C decade−1) in the atmospheric column from the surface to 200 hPa. A strong trend in sinking
motion (positive omega) is found from 800 to 150 hPa, with a maximum trend (up to
1.5 × 10−3 Pa s−1 decade−1) near 400 hPa. As discussed previously, both increased temperature and subsidence can lead to a large RH deﬁcit. The RH proﬁle shows a reduction over the entire atmospheric column,
with a maximum decreasing trend (~2% decade−1) at 300 hPa and a secondary maximum (~1% decade−1)
near 850–900 hPa. This secondary low‐level maximum RH reduction is likely related to the dry advection
effect of the enhanced offshore low‐level ﬂow, as well as the increased intensity of warmer and drier winds
by adiabatic compression, descending from higher elevations inland to coastal areas across the central and
southern WUS region (see the discussion for Figure 3c). As shown in Figure 2, the RH deﬁcit is associated
with reduced cloud cover and precipitation and increased surface solar radiation, likely enhancing the
warming of the Earth's surface. Adiabatic warming of the descending air would also enhance the warming
of the atmospheric column, further reducing RH. These feedback processes would thus amplify the GHG
warming and the drying of the WUS atmosphere‐land system. At the same time, reduced RH leads to
increased VPD and enhanced evapotranspiration from leaves, thus accelerating the drying of vegetation
and the land surface, promoting more wildﬁres. Over AK and WCC (Figures 3f and 3g), while the tropospheric warming signal is strong, RH and vertical motion do not show coherent signals in the vertical,
indicating a lack of RCFW.

4. Conclusions and Discussion
A comprehensive analysis of long‐term wildﬁre data sets in NA revealed the most signiﬁcant increasing
trend in wildﬁres in the WUS. A plausible mechanism is put forth, involving regional climate feedbacks
enhancing recent wildﬁre trends as follows. An RH deﬁcit associated with the drying of the subtropics under
global warming inhibits convection, suppresses cloudiness and precipitation, and minimizes the SW
cloud‐shielding effect, resulting in enhanced net downward surface SW radiation. The increased SW radiation at the surface accentuates an already warming land‐atmosphere system and, through RCFW, ampliﬁes
the RH deﬁcit, increasing the VPD and drying of vegetation and potentially spurring on more severe wildﬁres. The response in the WUS is likely a regional manifestation of a global drying trend associated with
ZHANG ET AL.

8 of 11

Geophysical Research Letters

10.1029/2020GL087911

the expansion of the subsidence branch of the HC, coupled to increased precipitation in the ITCZ in the deep
tropics, consistent with model projections of GHG induced (Hu & Fu, 2007; Lau & Kim, 2015). Our results
also show that the development of an anomalous high surface pressure center over the Great Basin, associated with the global drying trend and HC changes, may be instrumental in enhancing offshore winds,
fanning more large wildﬁres in the WUS.
The WUS, geographically located in a subtropical semiarid zone along the eastern edge of the NPSH, is more
likely subjected to the strong inﬂuences of the HC expansion and RCFW. In Alaska and western‐central
Canada, the other two regions in NA with signiﬁcant but weaker long‐term trends in large wildﬁre burned
areas, RCFW is either weak or absent. We suggest that this may be due to the high‐latitude locations of these
regions, where tropical inﬂuences on wildﬁres, such as the “Deep Tropical Squeeze,” are diminished. The
wildﬁre burned area in these regions may be more impacted by other climate controls, such as storm tracks
and jet‐stream dynamics, as well as possibly increased lightning ignition and the northward migration of the
boreal forest associated with arctic warming (Box et al., 2019; Veraverbeke et al., 2017). It is important to
note that the contribution of IPO may have confounded the climate and wildﬁre trends in our study.
The positive correlation with burned area and IPO could be yet another reason for the less robust positive trends in large burned areas in Alaska and Canada compared to the WUS, given the positive‐to‐
negative phase change of the IPO, that is, a cooling tendency of the North Paciﬁc during latter part
of our study period. However, separating the inﬂuence of GHG warming and multi‐decadal internal
variability requires a longer data period for burned areas and warrants future investigations. Finally,
it remains to be investigated whether RCFW is operative over other continental vegetated land regions
(East Asia, Europe, South Africa, Australia, and South America) affected by global warming and atmospheric drying. If so, more wildﬁres on a global scale are likely to increase emissions of GHG and
light‐absorbing aerosols, such as black carbon and organic carbon. These can further warm the
atmosphere‐land surface by absorption of solar radiation and reduction in snow albedo, exacerbating
greenhouse warming, thus completing the climate‐wildﬁre feedback loop (Liu et al., 2010, 2014).
These are important subjects for future studies.

Data Availability Statement
All data used in this work are available online: Burned area data are available from MTBS (https://www.
mtbs.gov/direct‐download) and the Canada National Fire Database (https://cwﬁs.cfs.nrcan.gc.ca/datamart); surface RH observations (https://www.metofﬁce.gov.uk/hadobs/hadisdh/download420.html);
ISCCP cloud data (https://www.ncei.noaa.gov/data/international‐satellite‐cloud‐climate‐project‐isccp‐h‐
series‐data/access/isccp/); surface radiation product from the NASA/GEWEX Surface Radiation Budget
project (https://eosweb.larc.nasa.gov/project/srb/srb_table/); PDSI data from NCAR (https://climatedataguide.ucar.edu/climate‐data/palmer‐drought‐severity‐index‐pdsi); surface temperature data from CRU
TS v4 (https://catalogue.ceda.ac.uk/uuid/89e1e34ec3554dc98594a5732622bce9); ﬁve reanalysis data sets,
including MERRA2 (https://gmao.gsfc.nasa.gov/reanalysis/MERRA‐2/data_access/), JRA55 (https://climatedataguide.ucar.edu/climate‐data/jra‐55), the 20th Century Reanalysis (https://www.psl.noaa.gov/
data/20thC_Rean/), NCEP/DOE Reanalysis 2 (R2) Project data sets (https://climatedataguide.ucar.edu/
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