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Abstract: Global warming is associated with an increase in compound drought-heat events (CDHEs),
leading to larger and more extreme fire-weather risk in mesic forests. Wildfire activity in subtropical
China, under the influence of monsoonal rainfall, was historically limited to dry winters and rare in
rainy summers. Here, we seek to test whether this area is on the brink of a major change in its fire
regime characterized by larger fire seasons, extending into the summer, leading to increases in fire
activity (burned area). We analyze fire activity in Chongqing Municipality (46,890 km2), an important
area of subtropical China hosting the Three Gorges Reservoir Area. We observed significant increases
in summer forest fires under anomalous dry-hot summer conditions, where the total burned area
was 3–6 times the historical annual mean (previously confined to the winter season). Vapor pressure
deficit (VPD), an indicator of hot and dry weather conditions (i.e., fire-weather risk), was a strong
predictor of fire activity, with larger wildfires occurring on days where VPD was higher than 3.5 kPa.
Results indicate that a major wildfire activity expansion may occur in the area due to climate change
and the widening time window of fire-weather risk, unless strong fire prevention and local adaptation
policies are implemented.

Keywords: compound drought-heat extremes; fire-weather risk; fire activity; VPD; Three Gorges
Reservoir; China; climate change

1. Introduction

Anthropogenic climate change is actively increasing fire-weather risk, boosting fire
activity in many biomes of the earth [1]. Climate change has already become a significant
driver controlling fire seasonality in forest ecosystems [1]. For instance, the rise in mean
temperatures (i.e., winter, summer, and year-round average temperatures) is causing the
lengthening of the forest fire-weather season [1–3]. However, climate change involves more
than the average trends; more frequent extreme weather events are gaining recognition
among environmental scientists and the public—the phenomena of compound drought-
heat extremes (CDHEs) that nowadays fuel the intense fire-weather days—putting new
pressures on forest ecosystems worldwide [4].

The conjunction of both average/extreme factors is becoming increasingly evident in
subtropical China [5,6], with serious implications for forest adaptation to climate change,
including forest fire prevention. The impact of CDHEs can be especially severe in summer,
disrupting the historical rainy monsoon; therefore, it may reduce precipitation significantly
in China. And summer CDHEs can cause a quick decline in dead fuel moisture content
(DFMC), which responds rapidly (i.e., from hours to 1 day) to vapor pressure deficit
(VPD) [7]. Historical fire season in subtropical China had generally occurred during
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winter months [8], but CDHEs may lengthen fire weather further into the summer. An
anomalous summer fire season might develop on top of the historical winter fire season,
with dramatic consequences for human well-being and ecosystems. This hypothesis needs
to be empirically tested in subtropical China. Empirical research indicates that CDHEs are
increasing their frequencies, duration, and intensity, while model projections expect that
these trends will accentuate in the future, particularly in summer [9,10].

As climate change and its related CDHEs accelerate, the scientific community is devel-
oping fast and efficient tools to adequately estimate drought-heat stress. A straightforward
method consists of measuring VPD, a variable that parsimoniously describes evaporative
demand as a function of temperature and relative humidity [11]: the higher temperature
and lower humidity—the higher VPD—the higher physiological stress that the vegetation
is subjected to [12], which terminates in plant mortality. This intensified eco-physiological
stress, degradation, and mortality directly translate into DFMC and LFMC (live fuel mois-
ture content) decreases [7,13], which—at the forest landscape—equate to higher likelihood
of forest fire. In recent decades, climate change has been and is promoting a steady increase
in VPD throughout the world environments and forest ecosystems [14], posing an imminent
threat to global carbon sinks [15]. These studies have advanced our understanding of the
role of VPD thresholds that—once crossed—play in triggering new states in vegetation
flammability and forest fire activity [16]. In summary, VPD is a straightforward measure of
fire-weather risk.

In this article, our aim is to gauge the effects of CDHEs on fire-weather risk (daily
VPD) and fire activity (actual burned area) in Chongqing Administrative Region, sub-
tropical China, for the last 22 years (2001–2022). This region is home to the Three Gorges
Reservoir, where remnant patches of the native forests are present (see next section) [17].
Local forest ecosystems in Chongqing play a critical role in controlling soil erosion and
preventing siltation in China’s long-term strategic energy project, i.e., the Three Gorges
Hydropower plant.

We first proceed to identify the summer CDHEs and assess their effects on forest
burned area by comparing summer burned areas with those recorded during the winter
seasons for the period 2001–2022. Second, we compare fire-weather variables between
the regular humid summer seasons (i.e., rainy and without fire), and the anomalous dry
(CDHE) summer seasons (i.e., extremely dry and hot conditions), to identify critical weather
thresholds, and analyze their relationship with forest burned area. Finally, we discuss the
implications of increasing extreme CDHEs for forest burned area, fire-weather risk, and
local ecosystem management in the context of climate change.

2. Study Region, Materials and Methods
2.1. Study Region and Ecological Significance

Chongqing administrative region is in South Central China, containing most of the
area of the Three Gorges Reservoir (Figure 1). Chongqing presents a subtropical vegetation
with a historical subtropical summer monsoon humid climate, that includes the following
three forest ecoregions:

(a) Sichuan Basin evergreen broadleaf forests;
(b) Daba Mountains evergreen forests;
(c) Guizhou Plateau broadleaf and evergreen forests [17].

Most areas in Chongqing present 1000–1300 mm of annual rainfall, 70% of which
falls normally between May and September. The evergreen broadleaf formations, highly
representative of the vegetation in subtropical China, mainly include the Cyclobalanopsis
spp. and Lithocarpus spp. (Fagaceae), Machilus spp. (Lauraceae), Schima spp. and Gordonia
spp. (Theaceae) in the semi-natural forests of Chongqing [18]. According to recent local
studies, forest vegetation in Chongqing has been recovering fast, with an average NDVI
4.4% increment per decade during the period 2000–2019 [19].

Chongqing administrative region holds the title of being the Key Ecological Protection
Zone of the Upper Reaches of the Yangtze River Basin [20]. The local forest ecosystems
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prevent soil erosion, which is paramount to controlling water quality and avoiding down-
stream siltation, to guarantee the long-term viability of the Three Gorges Hydropower
Station, with an important role in the sustainable development of the whole nation.

Regarding climate change, Chongqing has steadily become drier and hotter since the
late 1990s onwards [21]. CDHEs are nowadays more frequent, intense, and long-lasting
in the region [5,22–24]. In the years 2006 and 2022, Chongqing underwent two CDHEs,
respectively, as stated by China’s meteorological agencies [25–27], with 2006 having an
intense fire weather only second to the 2022, which has been the most serious CDHE
since 1961.

In the next sections, we evaluate fire activity (burned area) and fire-weather risk (VPD)
trends over the region, analyzing the summer CDHEs of 2006 and 2022, in addition to
other meteorologically unusual years, 2011 and 2013, throughout the whole period of
2001–2022 [28]. We seek to test the general hypothesis that recent increasing frequencies in
summer CDHEs are leading to a longer summer fire-weather season, with summer burned
area surpassing in CDHE years that of the winter season, which contrasts with the historical
fire season, with low fire activity in both winter and summer seasons.
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2.2. Burned Area (2001–2022)

Chongqing region’s burned area data were retrieved from the forest fire statistics
contained in the GLOBFIRE database (2001–2020) and downloaded raw satellite images
from MODIS product MCD64A1 (2021–2022) (Table 1) [29]. In fact, forest fire records con-
tained in GLOBFIRE are calculated from MCD64A1—the same data source—allowing for
direct data comparability. We first analyzed annual (January–December) historical burned
area trends between 2001 and 2022, with ArcGIS 10.7 and RStudio software (2023.03.0
Build 386).



Fire 2023, 6, 346 4 of 16

Table 1. Summary of datasets employed to estimate burned area, fire-weather variables, and VPD.

Item MODIS
GLOBFIRE Database ERA5-Land (ECMWF *) Kriging Model

Method MCD64A1 product ** Reanalysis: combined model data
with satellite observations.

Spatial interpolation based on data
collected from 35 weather stations.

Spatial
resolution 500 m 0.1◦ pixel: equivalent to 9.8 km

longitude and 11.2 km latitude.
0.201◦ pixel: equivalent to 19.5 km
longitude and 22.4 km longitude.

Spatial
reference WGS84 datum, UTM Zone 48N. WGS84 datum, UTM Zone 48N. WGS84 datum, UTM Zone 48N.

Temporal
resolution Daily extraction Daily reanalysis Daily interpolation

Variables Burned area (date)
Precipitation, maximum temperature,
3 pm relative humidity.
Vapor pressure deficit (VPD).

Precipitation
Temperature
Relative humidity
Vapor pressure deficit (VPD)

References

Giglio, L., Justice, C., Boschetti, L.,
Roy, D. (2021) [30]
Giglio et al. (2016) [31]
Giglio et al. (2003) [32]

Muñoz-Sabater et al. (2021) [33]

Graeler B. and Pebesma E. (2014) [34]
R libraries (gstat, sf, sp, raster, rgdal,
rasterVis)
RStudio (2023.03.0 Build 386)

* European Centre for Medium-Range Weather Forecasts. ** MCD64A1: 1, 2, 7 bands (0.65, 0.86, and 2.1 µm,
respectively) for sunlight and brightness; 21, 22 bands (4.0 and 4.0 µm) for active fire detection; 31 bands (11.0 µm)
for fire detection, cloud masking and forest clearing rejection, and 32 bands (12.0 µm) for cloud masking [31–33].

For each year’s winter and summer, we measured fire activity based on actual burned
area, including fire activity detected in both forest ecosystems and agricultural land. We
compared total cumulative burned area (ha) between the historical winter and the summer
fire seasons for the period 2001–2022.

2.3. Fire-Weather Variables (2001–2022)

We obtained the 2001–2022 meteorological data series from 35 local weather stations in
Chongqing (between 1 July and 30 September), for the following variables: daily precipita-
tion, daily maximum temperature, and daily mean relative humidity. We carried out kriging
spatial interpolation, with data from the 35 weather stations, using the krige function of
the gstat package developed by Pebesma and Graeler [34] and other R libraries (sf, sp.,
raster, rgdal, rasterVis) within the RStudio programming environment (RStudio 2023.03.0
Build 386). The spatial pixel resolution is longitude 0.201◦ (WGS84 geographic coordinates),
i.e., equivalent to longitude 19.5 km and latitude 22.4 km (UTM Zone 48N) (Table 1). We
decided to use this lower resolution, considering the spatial density of the 35 weather
stations in our study area. The RMSE (Root Mean Square Error) of the kriging model was
0.342392, reaching an adequate goodness of fit (for details, see Supplementary Materials).

To complement the analysis of the previous interpolation, we also collected daily re-
analysis meteorological data for the brunt of the summer period (July–August, 2001–2022)
from the Copernicus ERA5 satellite collections (https://cds.climate.copernicus.eu/cdsapp#
!/dataset/reanalysis-era5-single-levels?tab=overview; accessed on 27 October 2022). These
data consisted of daily precipitation, maximum temperature (2 m above terrain surface),
relative humidity at 3 pm (2 m above surface), and our own estimation of daily VPD (see
Supplementary Information and Figures A1–A4). The spatial resolution of these data was
0.1◦, which in the study area are equivalent to 9.84 km longitude × 11.25 km latitude (UTM
Zone 48N).

In our analyses, we calculated central -estimation statistics (mean and median) over
the whole territory of Chongqing: cumulative mean daily precipitation, median daily max
temperature, median relative humidity, median VPD. VPD provides robust estimations of
environmental drought-heat stress and environmental fire risk [35], being closely related
with DFMC. For details, see the semi-mechanistic approach to the issue in Resco de Dios

https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview
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et al. [7]. Furthermore, the severity of fire weather was calculated by accumulating the num-
ber of days with VPD above 3.5 kPa within the summer season, since in our research region
this is the threshold above which most large fires (>100 ha) tended to occur (Figure A5).
This threshold is consistent with sensitive fire weather for subtropical forest ecosystems
(2.7–3.6 kPa) at the global level [14,15].

2.4. Spatiotemporal Analyses

We represented the summer fire centroids of each year; 2006, 2011, 2013, and 2022
had the most relevant summer fire seasons in Chongqing (shown below). After analysis,
we found no fires in the summers of the remaining group of years. For each year of the
period 2001–2022, we estimated the daily VPD 85th percentile across the whole territory of
Chongqing Municipality, to reveal the most extreme fire-weather risk. We then calculated,
at each pixel of Chongqing Municipality, the total number of days under VPD > 3.5 kPa
within the summer period for each year. Using the statistical base function density in
RStudio, we calculated the Probability Density Function of the total number of days under
VPD > 3.5 kPa. This method allowed us to estimate the likelihood and extent in ha affected
by heat-drought stress, i.e., the percentage of the territory affected by different durations
(number of days) under VPD > 3.5 kPa.

3. Results
3.1. Cumulative Burned Area

We first analyzed the seasonal pattern of forest fires for the 2001–2022 historical period
in the Chongqing Administrative Region (Figure 2), and we observed that: (1) There
were two relevant fire seasons that could be clearly identified, i.e., a winter fire season
(February-March, with 5360 ha burned during the whole period) and a summer fire season
(July-September, with 17,915 ha burned also during the years 2001–2022). (2) The summer
fire season was only active in a few years (2006, 2011, 2013, and 2022). The years 2006 and
2022 contained the summer seasons with the highest fire activity (with 8535 ha and 6480 ha
burned, respectively), thereby affecting roughly 3–4 times the burned area of the winter
season with highest fire activity: 2015, with 2360 ha burned. In addition, in the summer of
2011, 2595 ha were burned. Annual burned area ranged from 0% to 0.17% of the forested
area in Chongqing Municipality (46,890 km2).
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3.2. Fire-Weather Variables

The kriging interpolation from the 35 weather stations in Chongqing indicated that
the hot-dry summers (July–August–September) of 2006, 2011, 2013, and 2022 were the
most extreme, especially in the case of 2022 with the highest temperatures, lowest precipi-
tation, and highest VPD (Figure 3). This pattern was also observed when analyzing the
Copernicus ERA5 satellite image analysis of the same weather variables (See Appendix A,
Figures A1–A4).
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2001–2022. The years 2006 (in purple), 2011 (blue), 2013 (green), and 2022 (red) had the summer
seasons with (a) lowest mean precipitation, (b) highest median temperature, and (c) highest VPD. The
statistics (medians and mean) were calculated across the whole territory contained within Chongqing
Municipality.

The month of August in 2022 was the driest in China for the last 61 years [28]. As
expected, it was also the driest in Chongqing for the 22 years covered in our study: between
the 28th of July and the 28th of August, precipitation levels were the lowest in Chongqing
according to both ERA5 satellite products (Figure A1) and the kriging interpolation from
35 weather stations (Figure 3). The maximum cumulative precipitation recorded at locations
of Chongqing during the 2 months of July and August of 2022 were below 300 mm, while
most places only recorded between 160 and 200 mm. In an average year, precipitation
levels are around 300 mm in these 2 months (Figure 3).

The highest VPD recorded in Chongqing—highest temperature and lowest relative
humidity values—occurred in the summers of 2022 and 2006 (Figures 3, A2 and A3),
followed by the summers of 2011 and 2013 (Figure 4), which was consistent with both
the 35 weather stations-based interpolation and ERA5 data (Figure A4). In addition, the
difference in VPD between dry summer and winter fire seasons (See Appendix A, Figure A5)
is a key factor that explains why the largest burned area occurs in these recent anomalous
summers with CDHEs (most fire VPD values > 3.5 kPa), and why winter burned area is
much smaller (most fire VPD values well below 1 kPa) (see below the relation between
VPD and burned area).
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above 3.5 kPa, and (b) the probability density function of the area affected by VPD > 3.5 kPa.

3.3. Spatiotemporal Patterns of Fire Weather (VPD) and Fire Activity (Burned Area)

A clear fire-weather pattern emerges (Figure 4): in the average humid summers, less
than 10 days with VPD > 3.5 kPa occurred in 98% of the territory (i.e., only 2% of the
total area [% of forested pixels] was affected by more than 10 days with VPD > 3.5 kPa).
Conversely, in the summers of 2006, 2011, and 2022, we observed that 38%, 31%, and
77% of the total area were respectively affected by more than 10 days with VPD > 3.5 kPa
(Figure 4). In the summer of 2013, 8% of the total territory of Chongqing was affected by
more than 10 days with VPD > 3.5 kPa, which also indicates that 2013 was not among the
extreme years in Chongqing. In summary, we can distinguish between three groups of
years: (a) Drought-heat summers (2006 and 2022) with more than 10 days (across 100% of
the forested region) with VPD > 3.5 kPa and more than 6000 ha burned. (b) An intermediate
group with between 5 and 10 days (VPD > 3.5 kPa) and around 2500 ha burned. (c) A
final group of summers with less than 5 days (VPD > 3.5 kPa) with negligible burned area
(including the summer of 2013).

Finally, we observed a strong relationship between fire weather and burned area
(Figure 5), where larger fires tended to occur at locations with highest VPD. Regarding the
period of fire activity, the summer of 2006 shows a fire progression that escalates between
the 3rd week of July and the 1st of September, i.e., more than 1 month of fire activity. In
contrast, the summer of 2022 concentrates most fires during only 1 week (Figure 5). The
summers of 2011 and 2013 had less burned area relative to the most extreme years of 2006
and 2022 (Figure 5). In terms of fire-weather risk, the years 2006 and 2022 both showed the
summers with the largest area and the highest number of days with VPD above 3.5 kPa.
The year 2022 had the most extreme fire weather in terms of drought-heat intensity (VPD
maximum value), time duration, and area affected, e.g., with 30 days of VPD > 3.5 kPa
at a considerable number of locations. Meanwhile, 2006 also registered a high number
of peak locations, although the extension of the phenomenon was spatially/temporarily
more constrained.
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activity (burned area); the continuous (colored) lines represent daily dynamics of VPD 85th percentile
plotted against each forest fire (black points); the position of each fire in the figure is determined by
its specific VPD and specific day when each fire occurred; the size of each fire point is determined by
each fire’s burned area.

4. Discussion
4.1. Summer CDHEs Have Serious Implications for Fire Activity (Burned Area) and Fire-Weather
(Risk); What Alters the Balance between Winter and Summer Burned Area

Historically, Chongqing had few forest fires—less than five fires per month in the
fire-weather season—a bimodal fire season with April (four fires per year) and August (five
fires per year) as peak months [36]. But the effects of climate change, especially after the
increase in CDHEs since the late 1990s, are changing fire behavior in the region. According
to local research, fire frequency has doubled in summer (August): from nearly five average
fires per year between 1970 and 1998 to nearly ten average fires per year during the period
2000–2010 [37]. This average number obscures the fact that most summer fires between
2000 and 2010 occurred in the CDHE year of 2006, as shown in our analysis of the data
provided by the MCD64A1 sensor.

The difference in burned area between CDHE summers and standard (historical) rainy
summers is highly significant: the 2006 summer season recorded a burned area of 8535 ha
and 2022 had 6480 ha, respectively, whereas in normal rainy summers there were practically
no fires during the period 2001–2022. On the other hand, we identified a sharp contrast
between the CDHE summer fire seasons and the historical winter fire seasons (Figure 2):
summer seasons with CDHEs (2006 and 2022) were about six times the burned area of
historical winter fire seasons (Figure 2). A potential consequence of climate change and
its associated CDHEs in subtropical China—where summers had been historically rainy
(i.e., burned area close to 0 ha)—is that, a longer, increasingly frequent, and more severe
summer fire season might be added on top of the historical winter fire season.

In fact, these two temporally differentiated fire seasons in Chongqing are essentially
represented by: (a) The historical dry winter season, when fires are generally featured
by both low forest cover and lowest VPD values (Figures A5 and A6), as they are most
likely represented by agricultural fires related to human land management activities in the
countryside. (b) The widening fire summer season (CDHE-driven), which affects a higher
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forest cover and poses the highest fire-weather risk (VPD values). Notwithstanding that
both winter and summer fire seasons tend to appear quite time spaced (Figure A6), we
cannot rule out the possibility that soon fires spread all year round (both in winter and
summer), as fire season lengthening is being widely observed across different biomes of the
world. This is consistent with the projections provided by climate change and ecological
modeling, although that possibility is also co-dependent on available biomass fuel.

More importantly, the core of the issue lies in the increase in CDHEs as part of the on-
going process of climate change, which is widening further the time window of fire-weather
risk (in the summer season), posing new challenges to fire prevention, terrestrial ecosystem
managers, and the broad society. Compound drought and heat events (CDHEs) are becom-
ing more exacerbated and persistent in Southern Australia, Western North America [38],
and in China [5], threatening natural ecosystems and agriculture sustainability, having
important socioeconomic impacts, and facilitating the spread of forest fires. The recent
climate effects found in Chongqing are representative of the increase in global fire-weather
risk, which poses a serious challenge to ecosystem sustainability and climate conditions
across forest biomes of the world.

In our study area, summer fire-weather extremes in 2006 and 2022 were in many
locations associated with more than 25 days above 3.5 kPa (VPD) (Figure 4), leading to
the spread of forest fires. At this point, a clear distinction needs to be made between fire
weather (i.e., VPD in this study) and fire activity (burned area). For example, the year
of 2022 was potentially more dangerous (fire-weather risk)—with more area affected by
weather with more than 20 days with VPD > 3.5 kPa (Figure 4)—than 2006. However, total
burned area (fire activity) showed the opposite trend, with 2006 having the highest burned
area in the environmentally sensitive region of the Three Gorges Reservoir for the whole
period 2001–2022. As Figure 5 indicates, the 3.5 kPa VPD discontinuous line marks the
division between high and moderate fire-weather risk, the summer 2022 with a wider and
more continuous period above this line relative to 2006, 2011, and 2013; however, in terms
of fire activity, forest fires in 2006 lasted for a maximum of 1.5 months (2006), whereas they
were only concentrated in roughly 1 week in the summer of 2022 (Figure 5).

How can we interpret these two facts? A tentative explanation might be that the recent
technical progress attained in fire prevention made 2022 less dramatic in terms of the total
burned area (with about 2000 ha below that of 2006), avoiding fires during the most part
of the summer (fire weather) season. Currently, fire prevention employs a wide range of
technologies, such as remote sensing, drones, multiple early-detection techniques, and
permanent ecological stations in forest ecosystems, etc. [39]. From another perspective, the
higher fire-weather risk of 2022 made only 1 week enough to reach the highest toll in a very
short time (burned area per week).

Despite the fact that we have more advanced technical means to control fire, climate
change and its associated CDHEs are pushing fire weather far beyond the historical thresh-
olds (i.e., VPD > 3.5 kPa in this study), which makes the landscape ecosystem potentially
(and more rapidly) flammable. One of the lessons to be drawn is that firefighting and fire
prevention are going to require new strategies and techniques to adapt to rapidly accelerat-
ing climate change. Even though 6480 ha (2022 summer) and 8535 ha (2006 summer) are
relatively small areas when compared with the extent of forest fires in other biomes [40],
this is important as it could indicate that fires in humid subtropical forests, where fire
activity was putatively limited by high moisture, may be increasing due to climate change.

4.2. Ecological Considerations in the Era of Anthropogenic Global Warming

The pervasive influence of regional climate change in subtropical China (here un-
derstood as mean temperature increases in addition to CDHEs) can be tracked through
the four-switches model [41] of forest fire activity. The extent of forest burned area essen-
tially depends on the following four factors: (1) Fire weather, (2) fuel moisture content,
(3) fuel-stock spatial continuity, (4) ignition [42]. According to several studies conducted
in Chongqing forests, 80% of fires in Chongqing Municipality are originated in human
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factors [43,44]. In fact, this number is very similar to the national average in China, nearly
90% due to human factors (China Forest Statistics Yearbook, 2004–2016).

Firstly, climate change generally affects factors (1) and (2) (see four-switches model,
above), and promotes (3)—via growing season extension, rising CO2 fertilization—resulting
in higher biomass production (provided that minimum water requirements are met). Fi-
nally, climate change might even affect ignition via intensifying lighting frequencies [1].
Moreover, not only does forest fire activity (burned area) depend on biophysical factors;
however, given the concurrent impacts of human demography and socioeconomic dynam-
ics, forest fires can be best understood under the interaction of both bioclimatic (i.e., the
interplay between climate and forest primary production) and human factors (including
the technical advance in fire prevention/control and strong fire suppression policy). The
latter human behavioral factors in fact exert a key influence on the local division between
winter (agricultural) and summer (forest) fires.

Secondly, ecological landscape factors play a role whereby forest landscapes tend to
be sparse, young (biomass limited), and fragmented stands in subtropical China—still
undergoing a steady recovery process via forest community succession—hindering the
occurrence of extensive and continuous area fires (factor 3).

Thirdly, forest fire prevention and extinction measures are promptly implemented
at the county level in China—a strong fire suppression policy (factors 3 and 4), which is
related to the fact that China still has an important population living in the countryside
and the high security priorities prevalent in Chinese society. The strong fire suppression
policy might also act as a cautionary warning preventing fires from occurring on successive
seasons. In fact, these two latter ecological landscape and strong fire suppression factors
may explain why subtropical forest fires in Chongqing Municipality are relatively small
when compared with other world biomes.

Another key message to be taken from the 2022 extreme fire season is the importance of
incorporating extreme weather events and their return period into forest fire early-detection
systems, also in regional planning for ecological restoration programs. Attribution methods
provide robust evidence linking climate change with an increasing frequency in extreme
weather events [45], and new-generation climatic models predict this trend is going to
accentuate under near-future higher emission scenarios [1]. More intense and longer heat
waves, especially when combined with low precipitation, facilitate the spread of forest
fires such as the devastating 2022 summer fire season in Southwestern Europe [35]. The
extension and severity of forest fires in Australia [40,46–49], the Western USA [2,50,51],
and the Mediterranean Region [13,52] have attracted the attention of both scientists and
broader society. Forest fires may imply soil erosion impacts that need to be considered and
thoroughly quantified to avoid siltation in the Three Gorges Reservoir.

4.3. Limitations and Future Work

In this study, we have based our analysis on two types of data: (a) China Meteoro-
logical Network’s weather stations with kriging interpolation, and Copernicus ERA5 for
meteorological variables (precipitation, temperature, relative humidity, calculated VPD),
and (b) MODIS product MCD64A1 for fire burned area (either from direct satellite images
or extracting the data contained in the GLOBFIRE database).

We have used VPD as a proxy of dead fuel moisture content (DFMC), as abundant
research evidence confirms the tight correlation between the two variables. Ideally, we
would have also conducted field work to collect data on both DFMC and LFMC (live fuel
moisture content); however, due to time limitations to conduct field work in Chongqing,
we would rather use VPD as a proxy of DFMC.

We are aware of some technical limitations of MCD64A1 to detect small fires (below
30 ha); therefore, our analysis was mostly based on burned area. Despite developments
in the more recent VIIRS sensor, whose products were available 2014 onwards [REF],
MCD64A1 still provides the most adequate solution allowing for data consistency through-
out the entire time frame of our study (2001–2022). In addition, we would have—ideally—
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used historical burned area (essentially, the periods 1970–1998, 2000–2010), although there
were only fire frequency data available, recorded by Chongqing fire prevention administra-
tion (Discussion section). Nonetheless, the upward trend detected in the number of fires
since the late 1990s demonstrates that climate change and its associated CDHEs are already
acting on fire weather and fire activity.

With regard to the biomass limitation factor, the undergoing process of forest biomass
recovery due to China’s forest conservation policy needs to be considered in fire prevention
and prediction modeling: What kinds of forest community succession trajectories and
ecosystem carbon balance dynamics are going to emerge in the context of global warming?
What forest species will perform better under new warmer and likely drier conditions
in terms of ecosystem functionality (e.g., soil erosion control, water provision, carbon
storage, biodiversity protection)? These are relevant research questions, which need to be
simultaneous and iteratively addressed in connection with forest fire dynamics. As mean
temperature rises and weather extremes become the new normal, regional planning for
ecological restoration programs needs to factor in these newly emergent conditions in the
future community succession trajectories.

5. Conclusions

In this study, we have a strong indication that summer CDHEs are triggering an
abrupt increase in fire-weather risk associated with higher likelihood of expanding fire
activity (burned area) in Chongqing, subtropical China via increases in summer VPD
(highly correlated with DFMC). Moreover, summer CDHE-driven VPD (most fires above
3.5 kPa) is much higher than the historical winter fire season VPD baselines (most winter
fires below 1 kPa), resulting in larger burned areas in dry-hot summers than in the historical
dry winters.

Nowadays, we are witnessing an amplification of the time window of high fire-
weather risk in Chongqing—far beyond the historical summer thresholds—mainly driven
by CDHEs, i.e., an important component of climate change. Higher fire-weather risk
entails a higher likelihood of fire activity (burned area), although in a probability function
fashion: the year of 2022 presented the highest risk and, despite it did not surpass the
numbers of 2006, whereas high losses were accounted for in only 1 week time. The technical
improvement in fire prevention, early detection, and firefighting—Chongqing and other
regions are adopting the most advanced technologies to cope with climate change and
weather extremes—is an important issue. Fire burned area in our study region is relatively
low to other biomes such as the Mediterranean forests, which may be explained by both
a strong fire suppression policy and ecological landscape (biomass limitation) factors.
While CDHEs keep on pushing the fire weather forward toward unknown biophysical
frontiers, more mitigation efforts need to contain climate change within secure thresholds.
Meanwhile, local adaptation measures and environmental planning are going to play even
a more important role in the coming years. The emerging trajectories of change need to be
factored in regional ecosystem management and restoration.

As climate change unfolds, scenarios predict that more frequent and intense heat
waves will follow, posing direct implications for fire weather in subtropical China and
other locations of the country. It is important to continue research in the field of forest fire
prediction, ecological modeling, and fire detection, which minimize the impacts of forest
fires on human lives, wealth assets, and ecosystems.
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Appendix A

Figures A1–A4 are based on the analysis of Copernicus ERA5 satellite images.
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