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ABSTRACT

The environmental pollution, property losses and casualties caused by wildfires in California are
getting worse by the year. To minimize the interference of wildfires on economic and social develop-
ment, and formulate targeted mitigation strategies, it is imperative to understand the scale and extent
of previous wildfire occurrences. In this study, we studied the trend of wildfires in different time
scales (monthly, seasonal, and yearly), as well as the distribution of wildfires caused by natural and
anthropogenic factors across different spatial scales (administrative units, land use) in California from
2000 to 2019. Furthermore, a regression analysis of environmental and human-related variables with
the occurrence and frequency of wildfires was carried out, to compare the importance of variables on
the risk of wildfire occurrence. The results show that the frequency distribution of the burned area
conforms to the characteristics of the Pareto distribution in the twenty years of this research. The
spatial distribution of wildfires was closely related to factors such as the causes, population density,
and land-use types. In terms of the variables related to the risk of wildfire occurrence, distance to
human constructions, the elevation of the terrain, grass cover, and the vapor pressure deficit are crucial.
This study reveals the relationship between environmental and social background conditions and the
spatial-temporal distribution of wildfires, which can provide a reference for wildfire management,
the formulation of future targeted wildfire emergency plans, and the planning of future land use in

California.
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1 Introduction

As one of the most frequent natural disasters in California, wildfires have caused great damage to the environment,
economy and society in recent years (Duffield et al.,[2013};|Shvidenko et al.|[2011). Especially in the past two decades,
changes in climate and land utilization caused by human activities have not only extended the wildfire season, but also
significantly increased the severity and burned areas of wildland fires (Nauman, [2020). At the same time, the expansion
of the wildland-urban interface (WUI) areas caused by rapid social development and sustained population growth has
greatly increased the number of residents and buildings affected by wildfires, which has further aggravated the damage
imparted to the human society from wildfires (Miranda et al., 2020; Radeloff et al.| 2018)). According to the data from
the wildfire Redbooks published by CAL FIRE, despite significant administrative investments in wildfire suppression
and management in recent years, the property loss caused by wildfires has not been significantly reduced in California

(Evarts, 2019).

The development and implementation of proactive fire prevention policies can effectively reduce the probability of
wildfire ignition, the risk of extreme fires, and the social and economic losses caused by wildfires. The formulation
of effective policies entails a full understanding of the spatial and temporal distribution of different types of wildfires
(natural and human-caused), the differences in their impact on human communities, and their various influential factors.
To this end, the dominant causes and drivers of California wildfires in different periods and regions have already
been analyzed by several researchers. [Faivre et al.|(2014) used the logistic and Poisson regression models to analyze
fires in Southern California National Forests from 1980 to 2009. The results indicated that the distance from wildfire
ignition points to houses and highways, and the terrain slope were the leading factors that explain ignition frequency.

Nevertheless, the study was limited to Southern California and focused only on the spatial distribution of wildfires.

Keeley and Syphard|(2018)’s analysis of the spatial distribution of wildfires over the past 100 years in California found
that the frequency of wildfires declined greatly after 1980, but there has been no corresponding significant change in
the total annual burned area. Prior to 1980, the main cause of wildfires in most parts of California was human activity.
However, in recent decades, most man-made ignition sources other than power lines have become less frequent, and the
positive correlation between wildfire frequency and population distribution has been less pronounced in recent years
than it was in the last century. Therefore, the relative importance of relevant variables in influencing wildfire occurrence
varies over time. However, this study only focused on the spatial distribution of wildfires with different causes, and did

not analyze other factors affecting the spatial distribution of wildfires in detail.

Williams et al.| (2019) demonstrated that from 1972 to 2018, the drying of forest fuels due to human-induced climate
warming has greatly increased the area of California’s forest-fires, especially in the summer months. Thus, wildfire
management not only needs to reduce and prevent direct anthropogenic fire sources, but also needs to deal with
changes in environmental risks such as human-induced climate change. Effective fire management therefore requires
a comprehensive and near-real-time analysis of fire risks in the local natural environment, the scope and intensity of

human activities, and the distribution of combustible fuels (Jazebi et al.| [2019).

Nevertheless, most of the current literature has been found to be focused on the historical distribution of wildfires, with
the study periods ranging from 1910 to 2019. However, in the last two decades, the climate and the distribution of

human communities in CA have changed greatly, which should have a significant impact on the ignition, spread and
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distribution of wildfires. The behavior and patterns of wildfires in California over the past two decades have not been
adequately explored. Also, the current studies lack a detailed analysis of wildfires across California and their seasonality.
From the perspective of wildfire management, the statistical analysis procedures, classification techniques, and analyses
criteria are not consistent among different fire management agencies, administrative units, and relevant government
departments, which makes it difficult to coordinate firefighting and prevention. Moreover, due to the complexity of the

anthropogenic ignition causes, human-caused wildfires need to be further classified to formulate more targeted policies.

Considering the causalities, economic losses and environmental pollution caused by the combustion and spread of
wildfires, it can be more cost-effective to pay more attention to preventing human-caused wildfires than putting them
out (Martinez et al.|[2009) (it is also worth noting that managed prescribed fires and low intensity natural wildfires are
actually beneficial from an ecological perspective for particular landscapes). To develop proactive wildfire prevention
measures, it is necessary to conduct a detailed analysis of the current spatiotemporal distribution of wildfires with
different causes, especially for the large wildfires. Furthermore, preventing human-caused wildfires at source requires
more detailed classification of how, where and why these wildfires start, and identifying the the social factors behind
them (Short, 2017). Aiming at this gap, the research scope was expanded to the entire State of California in this
study, and CAL FIRE’s multi-agency integrated wildfire records were selected as the original data to conduct a unified
temporal and spatial distribution analysis. For the sake of eliminating the inconvenience caused by the differences in
the classification of wildfires between various agencies, the administrative units covering the whole of California and

the wildfire causes classification records provided by CAL FIRE were used as the basis of spatial analysis.

The aforementioned publications have established the close relationships among some environmental and social factors
and the probability of wildfires occurrence, which are critical in the formulation of wildfire prevention and management
policies. However, the contribution of these external factors to the risk of wildfires is not entirely consistent across time,
region, and cause of wildfires. In order to achieve a better understanding of California’s current wildfire situation, it is
necessary to investigate the distribution of different causes of wildfires in the past two decades in detail. The importance

of various external factors in explaining California’s wildfire occurrences needs to be analyzed as well.

In light of this context, this study mainly answers the following questions: 1) what is the temporal distribution trend of
wildfire frequency and burned area between different time scale within the last two decades? 2) What is the spatial
distribution characteristics of wildfires with different causes in the last two decades, and whether the wildfire distribution
is related to the distribution of population, housing, and land cover? 3) The correlation and importance of the explanatory

natural and social variables with the risk of wildfire occurrence.

2 Methods

2.1 Study Area

California (CA) is located in the western United States and has a Mediterranean climate. Summers in CA are hot and
dry, and rainfall is concentrated in winter. The vegetation coverage in CA is about one-third of the total area, and
according to the United States National Land Cover Database (NLCD), the main vegetation types are shrubs, evergreen
forest and herbaceous (39.03%, 18.59%, and 13.47%) (Jin et al.,[2019). In addition, over 147 million trees have died
since 2010 across the state (USFS| [2019). Dead vegetation accumulated in forests could be easily ignited by lightning,
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thunderstorms or sparks left by human activities. In addition, each year from September to May, the dry Santa Ana
wind, with high desiccating potential and high wind speed, arrives from the Great Basin and the Mojave Desert in the
southwestern inland crossing the mountains. This addition of strong wind forces means that even small ignition sources
have the risk of developing into extreme wildfires. The natural environmental conditions of CA make it a high-risk area

for wildfires.

2.2 Data

The historical wildfire records along with start time, burned area, fire perimeter and the causes of ignition from 2000 to
2019 were extracted from the CAL FIRE database (https://frap.fire.ca.gov/mapping/gis-data). Their latest fire dataset
was updated in May 2020. There is a minimum burned area requirement for wildfires to be included in this database,
which is 10 acres for timber fires, 30 acres for brush fires, and 300 acres for grass fires. Using the burned area of 500
acres as a criterion (Holmes et al.,[2008)), this study divided the wildfires into large and small fires, and counted their
frequency and burned area by year according to the occurrence time. The Spearman Rank correlations were utilized to
quantify temporal trends in the annual number of wildfires and mean fire size. In terms of the spatial analysis, all the

wildfires were grouped by their burned area and ignition causes, and were analyzed separately.

To explore the relationships among different environmental conditions, human activities and the wildfires, a series of
explanatory variables were selected to implement a univariate analysis. In terms of the environmental conditions, two to
three representative variables were selected from each aspect in the wildfire behavior triangle (topography, fuels and
weather) (Werth et al.,2016). The human-related variables were selected according to [Faivre et al.|(2014)’s and |Ruffault
and Mouillot| (2017)’s research. The list of variables and their sources were shown in Table E} In order to quantify the
variation of each variable over a 20-year period to assess its importance, this study calculated the rate of change of the
average of all variables in California from 2000 to 2019, and conducted a univariate analysis in conjunction with the

frequency of wildfires.

2.3 Statistical Analysis

Several statistical methods were used to obtain the distribution of wildfires and the relationship between environmental
variables and wildfire occurrences. For the sake of indicating the role of each variable in describing the distribution of
wildfires, the logistic regression and Poisson regression methods were implemented referring to |[Faivre et al.| (2014))’s
study. The logistic regression method was used to analyze the occurrence, which is the presence or absence of ignitions
in each administrative unit while the Poisson model was used to analyze the number of ignitions in each unit. To
correlate the occurrence of the wildfires with the explanatory variables, California was divided into 3 km x 3 km cells,
with a total number of 73,455, and 5,177 cells were marked as having been on fire during the past 20 years. Then the

variable data in each cell were collected and integrated.

As a generalized linear regression model, logistic regression can dichotomize the dependent variables through the
attributes of multiple independent variables (Rodrigues et al.||2014). The equation of the logistic regression is shown in

equation (1):
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where P represents the probability of the wildfire occurrence, x represents various characteristics of the samples and w

represents the weight of the x.

In Poisson’s regression model, the number of wildfires in each cell was taken as the dependent variable, and the
regression analysis was carried out for all variables to obtain the contribution of each variable to the results (Rodrigues

et al.,[2016)). The equation of the Poisson regression is shown below:

k

P(X:k):%e—%kzm,... )

Where ) is the wildfire frequency.

After the training of the logistic regression and the Poisson regression, the weight of each variable in the determination

process, that is, the influence of various natural or human factors on the occurrence of wildfires, was obtained.

Moreover, Kernel density estimation (KDE) was implemented on the fire occurrence points in ArcGIS to indicate the
hot spot of wildfires. KDE calculated the density of ignition points in a neighborhood around those points, and assigned
the density values to cells to make up an intensity map. Conceptually, a smoothly curved surface is fitted over each
point. The surface value is highest at the location of the point and diminishes with increasing distance from the point,

reaching zero at the Search radius distance from the point (Silverman| |1986)). The equation of KDE is shown below:

f@%=ﬁ;§jkﬁ%@—xa} (3)

where f(x) represents the density, K is the kernel, h is the bandwidth (Silverman, |1986). The kernel density estimation
makes full use of the input data itself and avoids the subjective introduction of prior knowledge, so as to achieve the

maximum approximation of the sample data.

3 Results and Discussions

3.1 Temporal distribution of wildfires in CA from 2000 to 2019

Based on the wildfire history records provided by CAL FIRE, the frequency and burned area of wildfires in CA from
2000 to 2019 were extracted, and their Z-score were calculated to reflect their relative standard distance from the mean.

The equation for calculating the Z-score is as follows:

z=2"F @)
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Variables Source
Distance to major roads Census Bureau
Distance to coast Census Bureau
Distace to powerline California Energy Commission
Population density Census Bureau
Housing density Microsoft Building Footprint
Elevation USGS (National Elevation Database)
Slope USGS (National Elevation Database)
Aspect USGS (National Elevation Database)
Tree LANDFIRE (Fuel Vegetation cover)
Shrub LANDFIRE (Fuel Vegetation cover)
Herb LANDFIRE (Fuel Vegetation cover)
Max Temperature PRISM
Max vapor pressure deficit PRISM

Table 1: List of wildfire-related variables

where x is the fire frequency or burned area each year,  is the mean and o is the standard deviation. California has seen
an average of 317 wildfires a year over the past 20 years, burning an average of 674,410 acres. As shown in Figure/I] (a)
and (b), there were spikes of annual fire frequency and burned area occurring every few years. The significant peaks of
wildfire occurrence were in 2008 and 2017 both in terms of large and small wildfires. At the same time, after peak years,
the frequency of wildfires and especially the burned area, decreased significantly. According to the National Wildland
Coordinating Group’s (NWCG) definition of the large fire and Holmes et al.|(2008)’s research, fires measuring more
than 500 acre (higher than class E) were simply classified as large fires in this study. Based on the historical record
from CAL FIRE, the frequency of large wildfires accounted for 19.68 % of the total (1247 out of 6336 wildfires), while
the burned area of large wildfires accounted for 97.04 % of the total burned area (13,089.68 out of 13,488.19 thousand

acre) in the past two decades.

Figure [1] (c)-(f) shows the annual frequency and total burned area of large and small wildfires in California in the
last 20 years. The Z-score reflects the relative position and relative variation trend of fire frequency and burned area
after the normalization. As shown in the figure, the peak frequency of the large wildfires appeared in 2008 and 2017
as well, which was consistent with the total wildfire frequency, but the annual frequency of small wildfires only had
one obvious peak value which appeared in 2017. However, from the overall trend distribution, the annual frequency
distribution of small wildfires was more similar to that of total wildfires (Pearson R = 0.9763), while the correlation
between the annual frequency of large wildfires and total wildfires was relatively weak (Pearson R = 0.6811). In terms
of the temporal distribution of burned areas, the trend of large wildfires and total wildfires’ burned areas was basically
the same (Pearson R = 0.9999), while the correlation between the small and the total wildfires’ burned areas was very
weak (Pearson R = 0.5310). It can be inferred that the occurrence of small wildfires accounts for the majority of the
annual frequency of wildfires, and the annual total wildfire burned areas mainly come from the contribution of large

wildfire burned area.

The histogram of wildfire burned area (Figurd2)) shows that the distribution is heavy tailed, which effectively follows
the Pareto distribution. Also, the cumulative fire frequency proportion in the figure shows obvious Pareto distribution
characteristics: the area limit of large and small wildfires, 500 acre, is a clear turning point of this distribution; the

number of small wildfires accounts for 80%; and according to the results above, the burned area of large wildfires

6



PREPRINT - SPATIAL AND TEMPORAL PATTERNS OF WILDFIRES IN CALIFORNIA - SEPTEMBER

25,2020
mmm  # of wildfires —— Z-Score " BN burned area of wildfires —— Z-Score
0] (]
2 600 3 = 2.0
5 (a) S 1500 (b) 1s
= 500 2, 31250 10 o
400 , & 51000 05 ©
5300 5 g 10 00
£ 200 0 N & 500 Zos™N
- .
%102 1 g 25(; 1.0
o
= 2000 2004 2008 2012 2016 2019 a 2000 2004 2008 2012 2016 2019
Year Year
8140 3 o
1201 (o) 5 15007 (d) 20
Z 100 2 2 1250 15
2 E Y= 10 o
G 80 . § 51000 g
v} © 05 ¢
> 60 w3 750 I
N5 0.0 J
$ 40 0 T 500 Zos™
g 20 T 250 0
o -1
o -1 £ :
0 0
. 2000 2008 2016 2019 a 2000 2004 2008 2012 2016 2019
Year Year
7)) "
2 500 3 L30
= (e) 5 (f)
o e
2 400 2 52 !
= g Z20 o
5 300 <] 5] 5
1 O © 15 0 O
g 200 o o @
s o N © 10 N
%100 T s -1
] -1 c
e 0 = 0 —
= 2000 2004 2008 2012 2016 2019 a 2000 2004 2008 2012 2016 2019
Year Year

Figure 1: Temporal distribution of wildfire occurrence (blue bars) and their Z-score (red lines) in CA from 2000 to 2019. (a) Wildfire
frequency; (b) Wildfire burned area; (c) Large wildfire frequency; (d) Large wildfire burned area; (¢) Small wildfire frequency; (f)
Small wildfire burned area

accounts for more than 80%. Therefore, the generalized Pareto distribution was applied to fit the burned area distribution,

and the probability density function is shown below:

y= tahiny= (1) (1+:220) .

a

where k represents the shape, o represents the scale and 6 represents the threshold (Embrechts et al., 2013}, [Kotz and|
2000). The fitting parameters are shown in Table[2] The shape parameter is larger than 1, which means the
distribution has a heavy tail with ‘infinite mean and variance’. According to[Holmes et al.|(2008)’s study, the infinite

mean and variance indicate that fires burning well over 500 acres within the 20 years are certainly possible. This result

confirms the great uncertainty of large wildfires and the challenges of predicting and managing them.

Parameter  Value  Std.Error Log likelihood
Shape 1.999  0.0391
Scale 0.0346  0.0011 2320.06

Table 2: Parameter estimates of the Generalized Pareto distribution
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Figure 3: Relationship between the frequency and burned area of wildfires from 2000 to 2019. (a)All the wildfires; (b) Large
wildfires; (c) Small wildfires

In addition, the correlation analysis of the frequency and burned area of wildfires in the last 20 years are shown in
Figure 3] The Pearson correlation coefficient between total wildfire frequency and burned area is 0.75 (P < 0.001),
which indicates that they are significantly positively correlated. In addition, the Pearson correlation coefficient between
the large wildfire frequency and the burned area of all wildfires is 0.68 (P < 0.001). Therefore, even though the burned
area is mainly related to large fires, the argument that the more the fire occurred, the greater the burned area is still valid

in this study.
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The frequency and burned area of wildfires in each month from 2000 to 2019 are shown in Figure d] It can be observed
that wildfires mainly occurred in the second half of the year in California. The peak period was from June to September
each year. The number of wildfires in the remaining eight months essentially remains at 20%-30% of the total annual
number of wildfires. There is no apparent trend in the distribution of burned areas from June to December, and the peak
of the burned area was mainly related to the month in which the extreme fires occurred, which were distributed in all
seven months. However, from January to May, there have never been extreme wildfires that reached 20% of the total
annual wildfire burned area. The total wildfire areas during these five months were generally less than 10% and have

never exceeded 20% of the annual wildfire burned areas in the recent 20 years.

California’s Mediterranean climate is characterized by hot and dry summers, which leads to a high wildfire ignition
risk (Bryant and Westerling, [2014; |[Fried et al.| 2004). Also, the hot and dry Santa Ana wind accelerated the spread
of wildfires each fall (Westerling et al.,[2004)). The precipitation in California was concentrated in the winter, and the
temperature was moderate (Westerling et al.l 2003}, allowing wildland vegetation to grow fast and storing fuel for next
year. These climate factors have maintained a steady trend in the frequency of wildfires in different months over the
past two decades, with autumn being the riskiest season for wildfires ignitions, which was consistent with the monthly
distribution of wildfire frequency. The temporal distribution of fire frequency and burned area reveals that although they
are similar in the general trend, there is no consistency between them. For example, the fire frequency in June and July
in 2018 was comparable, but the total burned area in July is about six times that of June. The conclusion that small
wildfires contribute more to the total wildfire frequency and large fires contribute more to the total wildfire burned area
is valid in the annual and monthly distributions of wildfires. From the perspective of wildfire management, the number
of potential wildfires and the probability of extreme fires is relatively high from summer to early autumn in California,

which requires closer wildfire monitoring and additional human and material resources investment.

3.2 Spatial distribution of wildfires in CA from 2000 to 2019

CAL FIRE has 21 operational units throughout the state that are designated to address fire suppression over a certain
geographic area and six ‘Contract Counties’ (Kern, Los Angeles, Marin, Orange, Santa Barbara and Ventura) for fire

protection services. The fire frequency and the burned area in each unit from 2000 to 2019 are shown in Figure[3]

It is obvious that the three administrative units in northern California, Lassen-Modoc Unit (LMU), Siskiyou Unit
(SKU), and Shasta-Trinity Unit (SHU), had high frequency and burned areas of wildfires. Although wildfires occurred
frequently in central and southern California as well, the total burned area was relatively small. This distribution is
related to land use in California. In northern California, the evergreen and deciduous forests are the dominant vegetation,
the forests are dense and less developed by human, and the population density is relatively low. Wildfires are difficult
to be detected early-on in these remote areas and there is enough fuel to keep them burning and spreading. On the
other hand shrubs are the dominant vegetation in southern California. Also, most of the area in southern CA have
been developed and associated with higher degree of human activity, making it easier for wildfires to be detected and
controlled at an early stage. Correspondingly, wildfires in southern CA, though smaller in size, have had a greater social

and economic impact on human lives and society.

Due to the complex environmental and terrain conditions in California, the risk of wildfires varies significantly from

region to region, and the causes of extreme wildfires are also completely different. In order to provide fire managers
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Figure 4: Seasonal variation of wildfire frequency and burned area in CA from 2000 to 2019: (a) Percentage of wildfire frequency
each month; (b) Percentage of burned area each month.

with more effective fire suppression measures, this study combined human geographic information such as population
density in CAL FIRE administration units and land use types in California, and used KDE to analyze hot spot regions
of all the wildfires from 2000 to 2019. The resolution of KDE analyses was 3km. The results are shown in Figure 6]

This study also indicates the hot spots of wildfires with different causes through KDE analysis. The results are shown in

[Mand Bl

A comprehensive analysis of all types of wildfires in Figure[6]shows that the concentrated regions of fires ignition points
were near Los Angeles County and along the Sierra Nevada Mountain ranges. The ignition points were most sparse in
the east of Riverside Unit (RRU) and San Diego Unit (MVU), the San Bernardino Unit (BDU) in southern California,
as well as the western region of the Sierra Nevada Mountains. The land cover in southeastern California is of shrub and
wasteland type, and the dominant vegetation type is consistent with that in southwestern California. Yet ignition points

are concentrated in Southwestern California and not in Southeastern California. The main differences between these
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Figure 6: Population, land cover and wildfire records in CA from 2000 to 2019: (a) Population and building density; (b)
Land cover; (c) KDE analysis of all the wildfires in CA
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Figure 7: KDE Analysis of wildfires in CA by causes from 2000 to 2019 : (a) Lightning; (b) Human caused; (c)
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two regions are the area of the developed region and population density. This result proves the importance of human
activities on the ignition of wildfires. On the other hand, the land cover in the western region of the Sierra Nevada
mountain is mainly cultivated crop. Surrounding by herbaceous vegetation, the area of cultivated crop is separated from

deciduous forests and evergreen forests on the mountains, which reduce the risk of wildfire spreading to here.

The causes and risks of wildfires vary widely across CA, therefore, Figure[7] separated wildfires in CA by ignition causes:
natural (lightning) and human caused. Wildfires with multiple causes were classified as miscellaneous. The statistical
results of wildfire ignition causes are shown in Table [3] Lightning-caused wildfires occurred mostly in northern
California, with hot spots in the central Sierra Nevada Mountains. Anthropogenic ignition points were distributed from
north to south throughout California and were relatively uniform in density. The anthropogenic causes were subdivided
by CAL FIRE into 15 types. The spatial distribution of wildfires with different causes are shown in the appendix. In this
study, human-caused wildfires were classified into three categories: transportation (railroad, vehicle, aircraft), human
activity (equipment use, smoking, campfire, debris, arson, playing with fire, firefighter training, non-firefighter training,
escaped prescribed fire, illegal alien campfire) and construction (powerline, structure). The results are depicted in Figure
[} The map shows that these three broad types of human-caused wildfires have a similar general distribution throughout
California, with hot spots in the Sierra Nevada Mountains and southern California. It is worth noting that there are a
few hot spots in the SKU unit, northernmost of the state, where wildfires have been triggered by human activity, while
the population density and area of the developed region were not significantly different from other administrative units
in northern California. The main cause of wildfires was equipment use, accounting for 40.88% of the total (717 out
of 1,754). The distributions of human-caused wildfires in other units were closely related to the density of the traffic

network and the human community.
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Causes Lightning Human-caused Miscellaneous  Unknown
Transportation Human Activity Construction
Frequency 1530 419 1754 302 746 1585
Percentage 24.15 6.61 27.68 4.77 11.77 25.02
Table 3: Statistical results of wildfire ignition causes in CA from 2000 to 2019
Human
Construction

Density
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Figure 8: KDE Analysis of human-caused wildfires in CA from 2000 to 2019. (a) Transportation (railroad, vehicle,
aircraft); (b) Human Activity (equipment use, smoking, campfire, debris, arson, playing with fire, firefighter training,
non-firefighter training, escaped prescribed fire, illegal alien campfire); (c) Human Construction (power line, structure).

3.3 Univariate analysis in California wildfires

As mentioned before, Faivre et al.| (2014) analyzed how the 15 explanatory variables affect the occurrence and the
frequency of wildfires. Similarly, the relationship between 13 selected variables and the fire occurrence and frequency
from 2000 to 2019 recorded in the CAL FIRE database were analyzed by logistic and Poisson regression in this study.
The relationships are shown in Table[d] and the Logistic regression and Poisson regression have very similar results.
The significance, P-value, indicates whether the variable is correlated with the occurrence of wildfires. The sign of the
coefficient indicates the direction of the correlation between variables and the occurrence of wildfires, and the value of
the coefficient represents the contribution. Logistic regression was used to fit the occurrence of the fires, while Poisson
regression was used to analyze the number of wildfires or the probability of future wildfire occurrence. In general,
if the number of samples is large enough, the binomial distribution tends to become a Poisson’s distribution. On the
other hand, Poisson distribution can fit rare events more easily. Therefore, the table shows the fitting results of the two

distributions for mutual comparison and verification.

The results show that all human factors are significantly correlated with the occurrence of wildfire with negative
correlation. On a statewide scale, one of the wildfire hot spot - the Sierra Nevada mountain ranges have low population
density, while the other hot spot, Great Los Angeles Region, has high population density; therefore the regression

analysis cannot accurately describe the contribution of population density. In addition, the probability of wildfire
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occurrence increases with the distance from major roads and coastlines. When it comes to power lines, even though
studies have shown that ‘wires in wildland’ have become the main cause of destructive human-caused wildfires in
recent years (Nauslar et al.l 2018), for California as a whole, wildfire risk is greater in places farther from the wires.
This is because the effects of variables on wildfires are different at different spatial scales. The area with the highest
density of power lines and roads are the human community, but wildlands are where the wildfire start. Although the
density of human-constructions and wildfires are consistent in terms of the spatial scale of administrative units, the
distances between the ignition points of wildfires and the developed area are evident when the spatial scale is zoomed in
to the human community and surrounding wildland. Of the three terrain variables, elevation has the greatest impact
on wildfire with an obvious negative correlation, followed by aspect and slope. From the fitting results of vegetation
distribution, it is clear that the risk of wildfires is higher in areas dominated by grass, while area with higher cover of
trees are less likely to ignite wildfires. As for the last two climate-related variables, there was no significant correlation
between temperature and the occurrence of wildfires, while the higher the VPD, which means the dryer the air, the
greater the risk of wildfire occurrence. This may be because the impact of temperature on wildfires is indirect, the

increase in temperature will increase the VPD and thus increase the risk of wildfires.

Logistic Regression  Poisson Regression

Variables Coef. P Coef. P
Distance to roads (km) -0.0020 <0.0001 -0.0023 <0.0001
Distance to coast (km) -0.0341 <0.0001 -0.0398 <0.0001

Distance to power line (km) -0.0161 <0.0001 -0.0163 <0.0001
Population (persons/km2) 0.0001 0.0018 0.0002  <0.0001
Housing Density (houses/km2) -0.0025 <0.0001 -0.0025 <0.0001

Elevation (km) -0.4965 <0.0001 -0.4462 <0.0001
Slope (°) 0.0057 <0.0001  0.0056 <0.0001
Aspect (°) 0.0164 <0.0001 0.0178 <0.0001
Tree (%) -0.0113  <0.0001 -0.0126 <0.0001
Shrub (%) 0.0005 <0.0001 -0.0014 <0.0001
Grass (%) 0.0205 <0.0001  0.0206 <0.0001
Max Temperature 0.1833 <0.1830 0.1715 <0.1870

Max vapor pressure deficit 0.0512 <0.0001  0.0504 <0.0001

Table 4: Logistic and Poisson regression results for all the explanatory variables in California wildfires (2000-2019)

The variation of each variable over the 20 years was also calculated to assess the variation trend of each variable and its
potential impact on the occurrence of wildfires. The topography did not change significantly, while all other variables
increased during the 20 years. The results in Table [5|shows that the number of power lines and buildings in California
increased rapidly, and the average maximum temperature in California in 2019 has increased by nearly 1°C compared
with that in 2000. Combined with the results above, it can be inferred that variables related to the development of human
society, such as housing or population density, did not have a direct correlation with the occurrence of wildfires, even
though they changed significantly over the 20-year period. However, due to the increase of exposure, the destructive
intensification of wildfires to the adjacent residential communities is predictable. Similarly, the increase in maximum
temperature does not directly trigger a wildfire, but it does affect the behavior of the fires, such as the intensity and

duration, making it more destructive.
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Variables | Variations

Major roads density 0.114
Powerline density 0.193
Housing density 0.153
Population density 0.157
Shrub 0.013
Grass 0.070
Max Temperature 0.216
Max vapor pressure deficit 0.182

Table 5: Variation of wildfire-related variables in California from 2000 to 2019

4 Conclusion

This study investigated the temporal distribution of the frequency and burned area of large and small wildfires, the
spatial distribution of wildfires with different causes in California from 2000 to 2019, as well as the factors influencing
the occurrence of wildfires. In terms of the temporal distribution, the total number of wildfires in California varied
little from year to year. However, the total burned area peaked every few years and then decreased significantly over
the next two to three years. The distribution and contribution of wildfires frequency and burned area conformed to the
Pareto distribution. Regarding the seasonal variation of California wildfires, summer to early autumn has been the
most frequent time for wildfire occurrence and the most likely time for extreme wildfires. In the spatial distribution,
the frequency of wildfires was not consistent with the area of wildfires. Although the total burned area was relatively
small in southern California, the frequency of wildfires was high. Therefore, with the high population and housing
density, the wildfires in southern California were still destructive. In the aspect of ignition sources, the primary cause of
natural wildfires in California was lightning, which was concentrated in the central Sierra Nevada mountain and the far
north of California. Human-caused wildfires were widespread in California, with the hot spots being the Sierra Nevada
Mountain range and the developed and densely populated areas along the west coast. Surprisingly, among the variables
that affect the occurrence of wildfires, the risk of wildfires is significantly negatively correlated with the distance to
the construction sites, but their overall density distribution is consistent. These differences are mainly caused by the
different spatial scales selected in the analysis. Terrain elevation, fuel type, and coverage, and VPD were significantly
correlated with the risk of wildfire occurrence, while the effect of temperature was not significant. This may be due to
the fact that the impact of temperature on the wildfires is indirect. Therefore, to inform targeted wildfire management
strategies, geographical analysis in smaller spatial scale and units are necessary. The case studies of representative

extreme wildfire events are also necessary to improve the understanding of fire risks.
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Figure Al: KDE results for wildfires with different causes
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