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Abstract

In the last decade, research on atmospheric rivers (ARs) has surged due to their

potential to cause extreme flooding and alleviate drought stress in the Western United

States. Concurrently, wildfires in Southern California have become increasingly costly and

destructive. While the timing of the first fall AR is known to influence wildfire risk in

Southern California, the impact of ARs on spring vegetation growth and subsequent fall

wildfire risk remains poorly understood, especially at the fine scale of Southern California

ecosystems.

To investigate this link, we analyzed forty years of AR-associated Integrated Vapor

Transport (IVT) and winter precipitation data across ten Level IV Ecoregions in Southern

California. We examined the correlations between these metrics and the Enhanced

Vegetation Index (EVI) and the Evaporative Demand Drought Index (EDDI). Our analysis

revealed that productivity during the growing season is linked to the previous winter's total

AR-associated IVT, and even more strongly to winter precipitation totals. We found positive

correlations between AR-associated IVT and precipitation with EVI in early peak fire

season (defined as August through October), particularly in chaparral-dominated areas,

while conifer forests and grassland ecosystems displayed weaker correlations.
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We also found that the 90-day EDDI in early peak fire season was influenced by

winter precipitation in some ecoregions, and that EDDI also had significant correlations

with early peak fire season EVI.

Our findings suggest that wet winters may increase wildfire risk in fuel-limited

ecosystems like grasslands due to higher biomass accumulation, whereas in

chaparral-dominated areas, increased moisture may reduce wildfire risk via maintaining

higher fuel moistures in the fire season. These results underscore the need for further

research to clarify the importance of fuel abundance versus fuel dryness, especially in

conifer forest and sage scrub ecoregions for accurate Southern California wildfire risk

assessment.

Introduction: Atmospheric Rivers (ARs)

Atmospheric rivers (ARs) are long, narrow bands of concentrated water vapor that

play a crucial role in transporting moisture poleward from the tropics (Zhu & Newell 1998).

They account for up to half of California's precipitation (Gershunov et al. 2017), which

arrives primarily during the winter season. From year to year, California experiences the

most highly variable precipitation of any state, primarily due to the presence or absence of

ARs (Dettinger et al. 2011). This variability leads to significant environmental impacts,

including influencing productivity in the growing season (Albano et al. 2017).

ARs predominantly occur from October to April, with stronger and more frequent

occurrences in Northern California compared with Southern California. Despite this, they

still deliver a significant portion of Southern California's precipitation (Albano et al. 2017,
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Gershunov et al. 2017). As these moisture-laden air masses are pushed upward by

mountains, orographic lifting causes them to cool and precipitate, leading to variable

precipitation totals across different altitudes (Albano et al. 2020).

ARs are classified on a scale from 1 (beneficial) to 5 (hazardous), considering both

the duration and Integrated Vapor Transport (IVT) of the AR (Ralph et al. 2019). Weaker

ARs are primarily beneficial because they enhance water supply and snowpack without

associated risks, while stronger ARs can lead to hazards like flooding and landslides (Ralph

et al. 2006; Ralph et al. 2019; Corringham et al. 2019). These “rivers in the sky” provide

essential water during the winter for various Southern California plant communities

(Dettinger et al. 2011), mainly on the west/southwest facing slopes of coastal topography.

This variability in vegetation growth affects wildfire fuel availability during the dry season

when devastating fires can spread rapidly during downslope wind events (e.g. Santa Ana

winds) starting in early fall (Westerling et al. 2004, Moritz et al. 2010, Kolden and

Abatzoglouu 2018, Gershunov et al. 2021).

Fire Relevance

Southern California faces complex fire-management challenges due to expanding

major population centers adjacent to burn-prone ecosystems. While Northern California

has seen most of the state’s recent large wildfires, Southern California has experienced

many of the most structurally destructive fires (Syphard et al. 2019). Notable events include

the Southern California wildfires of 2003, in which from just October 20th to November 3rd,

740,000 acres of land were burned, causing more than $2 billion in property damage

(Keeley et al. 2004). They also include the Fall 2007 California firestorm, where 17 major
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wildfires destroyed over 1,500 homes, and the December 2017 fires, causing over three

billion dollars in damages and forcing nearly a quarter million people to evacuate (Shi et al.

2019). The region's extensive wildland-urban interface (WUI) areas exacerbates the

number of ignitions (Syphard et al 2007).

The region's Mediterranean climate, characterized by hot, dry summers and mild,

wet winters, contributes to its wildfire susceptibility (Dong et al. 2022). While wildfires can

occur year-round, they are most common from June to December. The drying of vegetation

begins to speed up in June due to high temperatures and lack of rain (Chiariello and Field,

2004). Fuel moistures typically reach their lowest in fall and early winter following the

extended dry period, which is exacerbated by the occurrence of Santa Ana winds. These

downslope winds are not only extremely effective at drying fuels but can also lead to the

rapid spread of wildfires due to their high wind speeds (Keeley et al 2021). The risk of large

fires is generally reduced after autumn precipitation onset (Cayan et al. 2022). In this study,

we focus on fuel moisture during August-October when vegetation typically reaches peak

dryness before the onset of the rainy season.

Fuel Loading

Fuel loading refers to the accumulation of biomass, including forbs, grasses, shrubs,

and trees during the peak growing season, which we found occurs as early as March-April

in lower elevation ecoregions in Southern California and as late as June-July at higher

elevations. The relationship between winter precipitation, vegetation growth, and fuel

loading is complex. Some ecosystems, like xeric grasslands, are fuel-limited, meaning they
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generally lack sufficient biomass to host large wildfires (Steel et al. 2015). In such areas,

wet winters can increase fire severity by adding fuel to the landscape (Albano et al. 2017).

Conversely climate-limited regimes are those in which sufficient fuel is usually

present for fires to occur, but fuel moisture or atmospheric moistures are too high for

combustion during normal conditions (Steel et al. 2015). These include ecosystems such as

rainforests, where a dry winter can increase wildfire risk by reducing fuel moisture, while

not limiting the availability of biomass. Southern California ecosystems exhibit features of

both regimes, with California grasslands being the most fuel-limited, Southern California

conifer forests somewhat fuel-limited, and chaparral more climate-limited (Steel et al,

2015). In general, it has been shown that fire activity has a higher likelihood of occurring in

areas where biomass differential between spring and summer values is high, and that the

annual fuel can be closely correlated with annual precipitation (Li et al. 2021).

Floral Biodiversity

Southern California hosts a rich variety of plant species, including many threatened

endemic species such as the critically endangered Torrey Pine (Pinus torreyana), Catalina

Ironwood (Lyonothamnus floribundus), and Santa Rosa Island Manzanita (Arctostaphylos

confertiflora). Development has fragmented biomes, and changes in fire regimes over

recent decades threaten sensitive forest and chaparral habitats. In some conifer plant

communities, fire suppression has led to fuel accumulation, resulting in more intense and

frequent fires (Goforth et al. 2008). Old growth chaparral, adapted to low fire frequencies,
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faces threats from frequent accidental ignitions and controlled burns, which can lead to

type-conversion to non-native weedlands (Guiterman et al. 2022).

Climate change may also enhance wildfire risk by creating favorable conditions for

invasive species, increasing plant water stress, and promoting the spread of nonnative

plants that alter fire regimes. Rising temperatures and drought conditions exacerbate these

issues. Climate change may also affect AR behavior, potentially making them stronger,

wider, and longer-lasting as global temperatures rise (Gershunov et al. 2019), though this

trend has not yet been observed (Williams et al. 2024).

Level IV Ecoregions Background

The ten ecoregions were chosen due to their susceptibility to wildfires and their

diverse plant communities with varying natural fire regimes (Figure 1). Many of these

ecoregions are also located at the wildland-urban interface (WUI), making them critical

areas for developing a better understanding of fire risk to protect lives and property. Even

the selected ecoregions not directly at the WUI can still ignite fires that spread across

ecoregions to major population centers or detrimentally affect the population through

wildfire smoke exposure (Aguilera et a. 2023). This is because the fall Santa Ana winds

blow from the east/northeast, and most of these ecoregions are situated east/northeast

(e.g. upwind) of Metropolitan San Diego and Los Angeles. Historically, many of Southern

California's most structurally damaging fires originated in wilderness areas. For instance,

the Cedar Fire (October-November 2023), which ultimately destroyed hundreds of homes

in the Scripps Ranch community of San Diego, started 30 miles to the east in the Cuyamaca

Mountains (ecoregion 8f, Figure 1).
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Selected Level IV Ecoregions Map and Key

Figure 1a: The ten selected ecoregions and their predominant vegetation types

These ecoregions span from San Diego County’s border with Mexico, north to Santa

Barbara County (Figure 1a). We have sorted them into their primary vegetation types, in

order of relative abundance. Despite their ecological significance, Oak Woodlands were not



Campbell 8

considered due to their relatively small extent within the ecoregions. Additionally, despite

the existing diversity of chaparral types, from chamise chaparral to montane chaparral,

chaparral was consolidated as a single category for simplicity. The same is true for

grasslands, which can encompass both annual and perennial grasslands, but for the

purpose of this study were consolidated. Photographs highlighting vegetation in different

ecoregions are shown in Figure 1b.

A B

C D

Figure 1b. Photographs of vegetation in selected ecoregions. (A) The sparsely vegetated eastern edge of the
Morena/Mountain Boundary Chaparral. (Source: Hipcamp). (B) The relatively lush Santa Monica Mountains, of the
Venturan-Angelino Coastal Hills ecoregion. (Source: Western National Parks Association). (C) The Northern
Channel Islands is home to coastal sage scrub, which “dries out” by mid-summer. (Source: National Park Service).
(D) Mount Laguna, in The Southern California Montane Conifer Forest, retains most of its greenness through the
fall (Source: Cool San Diego Sights).
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Selected Level IV Ecoregions Flora

The following descriptions provide greater detail on the vegetation found across the

ten selected Level IV Ecoregions (Griffith et al. 2016).

85c- Venturan-Angeleno Coastal Hills- Annual grassland, California sagebrush,

California buckwheat, mixed sage, chamise chaparral, mixed chaparral, and coast live oak.

85e- Diegan Coastal Terraces- Coastal sage scrub, with maritime succulent, Diegan

coastal sage scrub, and chaparral communities. California sagebrush, California buckwheat,

black sage, ceanothus, coast live oak, and annual grasslands occur. A few vernal pools

remain, as well as a small coastal stand of rare Torrey pines.

85f- Diegan Coastal Hills and Valleys- Vegetation includes coastal scrub and

chaparral, annual and perennial grasslands, and some small pockets of coastal oak

woodlands.

85g- DieganWestern Granitic Foothills- Typical vegetation includes foothill

needlegrass, coast live oak, chamise, mixed chaparral, and California sagebrush.

85h-Morena/Boundary Mountain Chaparral- Vegetation is predominantly mixed

chaparral and some chamise.
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85i- Northern Channel Islands- Annual grassland, coastal sage scrub, and

chaparral are typical, with some scattered mixed broadleaf woodland, island oak and

coastal live oak woodlands, and a few Bishop or Torrey pine stands on sheltered slopes and

canyons, or on ridges exposed to frequent fogs.

85m- Santa Ana Mountains- Mixed and chamise chaparral, coastal sage scrub, coast

live oak, and areas of annual grassland. Some canyon live oak occurs, bigcone Douglas-fir is

found at the heads of some canyons, and sparse stands of Coulter pine are at high

elevations. In the southeast, the Santa Rosa Plateau supports areas of vernal pools, native

grasslands, and some Engelmann oak woodlands.

8a-Western Transverse Range Lower Montane Shrub andWoodland- The

climate has more marine influence than Southern California Mountain regions farther

inland. Elevations range from about 1,000 to more than 6,000 feet. Some coastal sage scrub

occurs at low elevations. Scattered patches of coast live oak, canyon oak, Coulter pine,

California bay, or bigcone Douglas-fir occur in a mostly chaparral-dominated landscape of

chamise, ceanothus, manzanita, and scrub oaks, with smaller populations of other species

such as cherry and birchleaf mountain-mahogany.

8e- The Southern California Lower Montane Shrub andWoodland ecoregion-

Chaparral-dominated landscape also containing patches of mixed evergreen woodland

consisting mostly of bigcone Douglas-fir and canyon live oak. These fragmented, compact

groves typically occur in deep canyons and on steep north-facing slopes. Some minor areas
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of coastal sage scrub occur near the lower margins. The mosaic of land cover and

vegetation communities is complex. Certain chaparral shrubs in the Peninsular Ranges,

such as mission manzanita and red shank, have limited ranges in southern California and

Baja California. Other shrubs, such as California buckwheat, are ubiquitous.

8f- Southern California Montane Conifer Forest- Mixed coniferous forest with

ponderosa pine, Jeffrey pine, sugar pine, white fir, incense cedar, hardwoods such as canyon

live oak and black oak, and areas of montane chaparral. Ponderosa pine tends to be limited

to moist areas with deeper soils, with extensive stands occurring in the western San

Bernardino Mountains and on the western slope of San Jacinto Mountain.

Data Collection

● Level IV ecoregions were defined using the California Level IV Ecoregion shapefile

from the US EPA database.

● AR associated IVT data from October 1983 to April 2023 was collected from an AR

catalog (Gershunov et al 2017)

The following data was downloaded from ClimateEngine.org

● Temperature data were taken using NCLIM monthly data, and the annual mean was

calculated for each ecoregion (Vose et al. 2024).

● Precipitation data were taken from Climate Hazards Group InfraRed Precipitation

(CHIRPS) Pentad 4.8km from October 1983 to April 2023 (Funk et al. 2015).
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● Enhanced Vegetation Index (EVI) measurements were taken from Landsat 5/7/8/9

measurements from January 1984 to December 2023. EVI measurements are

sporadic but generally available biweekly to pentad (courtesy of the U.S. Geological

Survey)

● 30 and 180 day Evaporative Demand Drought Index (EDDI) data were taken from

the GridMET Drought 4km Pentad database from January 1984 to December 2023

(Abatzoglou 2011).

Methodology

We use records of precipitation during AR-season (October - April) from 1983 to

2023, defined as winter precipitation (WP), along with cumulative AR associated IVT, to

quantify the relative wetness of a winter.

We use EVI to quantify vegetation greenness throughout the year, focusing on the

growing season and the early peak fire season (August-October). Many previous studies

have used the Normalized Difference Vegetation Index (NDVI) to measure vegetation

greenness, but EVI is better suited to dense vegetation, and corrects for atmospheric

conditions (Huete et al. 2002). In this study, we take the mean of the five highest EVI values

from each March-July to quantify vegetation growth. Additionally, we take into account the

possibility for erroneous measurements by removing all EVI values above 0.5 or below 0

before analysis. An EVI below zero would indicate no detectable vegetation or the

abundance of snow. All ecoregions were vegetated, and snow should not have been

abundant during the peak growing season at any of the ecoregions. An EVI above 0.5 would
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be more than three standard deviations away from the mean in all ecoregions, and would

be more expected in lush forests or agricultural regions (Huete et al 2006).

While other studies have used a single peak NDVI value to quantify vegetation

growth, we found that taking a larger sample size helps to reduce the high-frequency noise

arising from daily variability and does a better job of capturing the seasonal growing

season more comprehensively. Additionally, this approach minimizes the possibility of data

error, and accounts for the fact that different plant types within the same ecoregion can

reach peak greenness at different times of the year. By not defining a growing season,

rather taking the five highest values from March-July, we allow for flexibility for the growing

season to occur at different times of the year, both between ecoregions and from year to

year. For instance, lower elevation ecoregions may experience peak productivity in March

one year and April the next year, while higher elevation ecoregions may experience peak

productivity in June one year and then July the next year.

To measure greenness during the fire season, the average EVI from August-October

was quantified. Though early winter months (November and December) are also high

wildfire risk months in Southern California, they were not considered because the

relationship between EVI in these months and the previous rainy season (the focus of this

study) is complicated by the onset of the next AR season..

To understand how the influence of summer atmospheric conditions on fire season

EVI compared to the influence of the previous winter’s precipitation, we also considered

EDDI. EDDI is calculated using four variables- temperature, wind, humidity, and solar

radiation, and estimates the anomalous evaporative demand, or “thirst”, from the

atmosphere (Hobbins et al. 2016). The 180-day and 90-day EDDI data represent
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anomalous evaporative demand from the last six months and three months respectively.

These EDDI measurements from August to October of each year were isolated, and their

mean was taken. Thus, the 180-day EDDI represents the anomalous evaporative demand

from February to October, while the 90-day EDDI considers June to October.

To understand the link between WP, IVT, EDDI, and EVI, Spearman Rank

Correlations Coefficients were calculated.

Results

Climatology

Figure 2: Mean Annual Temperature

Despite their relatively close geographic distribution, these ten ecoregions

experience distinct climates. The calculated mean annual temperature from 1984-2023
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amongst the ecoregions ranged from just 12.6 C in the Southern California Montane Conifer

Forest to 18.0 C in the Venturan-Angeleno Coastal Hills. Though there is variability within

each ecoregion, this map shows their average.

Figure 3: Mean Winter Precipitation

The mean winter precipitation (WP) ranged from 283 mm in the Inland Hills to 541

mm in the Western Transverse Range Lower Montane Shrub and Woodland. Overall, there

is a negative correlation between mean temperature and precipitation of -0.48 when

considering all of the ecoregions, meaning the warmer ecoregions also tend to experience

less winter precipitation than the cooler mountainous ecoregions. This can partially be

attributed to the orographic lifting of ARs leading to higher precipitation in cooler
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mountainous areas. Adding to this relationship is the fact that ecoregions to the north,

which are typically cooler, experience more precipitation from ARs (Gershunov et al. 2017).

This can be partially attributed to their closer proximity to the typical prevailing westerly

jet stream which steers ARs, as well as the greater prevalence of frontal cycles which are

associated with 82% of ARs (Zhang et al. 2019).

Plant Productivity

Figure 4: Maximum Growing Season Greeness

The mean of the five maximumMarch-July EVI values also varied greatly across

ecosystems from 0.21 in the Inland Hills to 0.36 in the Southern California Montane Conifer

Forest (EVI scale range from brown (-1) to green (1)). These values represent the relative

greenness and vegetation density at the peak of the growing season. Higher EVI values are



Campbell 17

associated with greater productivity. The Inland Hills is a relatively hot and dry ecoregion,

dominated by grasses. The low EVI value signifies relatively low biomass, as expected in a

grassland. Conversely, the high EVI value in the conifer forests represents the relative

abundance of biomass. We also see high EVI growing season values in the Santa Ana

Mountains and the Venturan-Angeleno Coastal Hills. Both of these ecoregions are incredibly

biodiverse and host three of the four main vegetation types (grassland, chaparral, and sage

scrub). Additionally, both have small pockets of conifer forest. All of these vegetation types

may experience peak productivity at different times within the same ecoregion. Because the

methodology for quantifying growing season productivity uses a sample of the five highest

EVI values, the mixed vegetation within some ecoregions results in an extended period of

peak productivity. Therefore, these highly diverse ecoregions yield large EVI values when

averaged over March-July because the productivity of each vegetation type is adding to the

overall productivity. For instance, an ecoregion may display high productivity if it contains

grasses which may reach peak productivity in March, and Chaparral and Sage Scrub which

may reach peak productivity in April.

Chaparral dominated ecoregions, such as the Diegan Western Granitic Foothills

(ecoregion 85g, Figure 1), experience moderate vegetation productivity during their

growing seasons, which generally peaks from April to mid-May. Mixed vegetation regions

that are Chaparral dominated (e.g., ecoregions 8e, 8a, 85m) experience moderate to high

productivity. The exception for chaparral ecoregions is the Morena/Boundary Mountain

Chaparral (85h), which generally displays low growing season productivity. This is because

the chaparral community in this ecoregion is less dense, and the ecoregion experiences

relatively low precipitation (Figure 3).
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Figure 5: August Through October Average Greenness

The mean EVI from August-October, represents the greenness/density of vegetation

at the beginning of fire season (Figure 5). The average EVI values for the Northern Channel

Islands (85i) and the Inland Hills (85l) are both extremely low, at 0.11 and 0.12

respectively. These values reflect the abundance of grasses in these ecoregions, which adapt

to the dry Mediterranean summers by reducing their metabolic activity, leading them to

turn from green to brown (dos Santos et al. 2022). By contrast, the Southern California

Montane Conifer Forest (85f) remains the greenest ecoregion at 0.26. Compared to grasses,

conifer forests have deep and extensive root systems that can access water stored deep in
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the soil, allowing them to sustain themselves during dry periods (Barbeta et al. 2014).

Additionally, conifers store water in their sapwood and other tissues, which they can use

during times of drought, helping them stay green (Waring and Running, 1978). Finally, the

needles of conifers have a waxy coating that reduces water loss through transpiration

(Provost et al 2013). Most chaparral ecoregions also maintained greenness relatively

similar to their growing season peak. California chaparral is constituted largely of woody

shrubs and herbaceous annuals, which unlike perennials develop complex root systems

which allow them to retain much of their greenness year round (Rundel 2018).

Figure 6: Change in EVI from Growing Season to August-October

It has been shown that fire activity can have a higher likelihood of occurring in areas

where the NDVI differential between spring and summer values was especially high (Li et

al. 2020). Therefore, we investigate this spring-to-fall differential in different ecoregions to
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gain a better understanding of this contribution to wildfire hazard in Southern California.

The mean difference between the peak EVI during March-July and the EVI during

August-October represents the drying of vegetation from the growing season to fire season.

It has been shown that fire activity can have a higher likelihood of occurring in areas where

the NDVI differential between spring and summer values was especially high (Li et al.

2020). For the purpose of this study, we assume the same concept generally applies for EVI

thanks to its similarity with NDVI.

As expected, all ecoregions experience statistically significant “browning” from the growing

season to the fire season as indicated by the overall decrease in EVI (Figure 5). However,

there is variation across the ecoregions in the quantity of this browning. In the

Morena/Boundary Mountain Chaparral (85h), there was a relatively small average change

of 0.05. By contrast, the Venturan-Angeleno Coastal Hills (85c), which is a grassland and

sage scrub dominated ecoregion, exhibited a much larger mean difference in EVI of 0.18.

This relationship is also seen for other grassland and sage scrub dominated hot ecoregions

such as the Inland Hills (85l) and the Northern Channel Islands (85i), which also saw large

average changes in EVI from their growing season to fire season.

The smallest changes tend to occur in the cooler ecoregions with greater portions of

forest such as the Southern California Montane Conifer Forest ecoregion (8f). In part, this

may represent the later growing seasons in these mountainous ecoregions, leaving less

time to dry out before August-October. Additionally, it likely reflects the adaptation of

conifer forests to maintain their green needles throughout the year, whereas grasslands and

sage scrub typically “dry out” by mid-summer. In chaparral dominated ecoregions, the

change in EVI was on average low to moderate, signifying less average annual drying than
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ecoregions with an abundance of grasses and sage scrub, but more drying than in the

heavily forested ecoregions.

Figure 7: Average seasonal cycles of vegetation greenness across four ecoregions

The selected mean seasonal cycles represent the average EVI from the years 1984 to

2023 across four selected ecoregions. The four ecoregions range from relatively dry and hot

to relatively wet and cool in the following order: the Inland Hills (85l), the Diegan Coastal

Hills and Valleys (85f), the Santa Ana Mountains (85m), to the Southern California Montane

Conifer Forest (8f). Their vegetation types range from primarily grassland, to coastal

sage/chaparral, to chaparral/mixed forest, to montane conifer forest. There is a clear
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pattern of cooler and wetter ecoregions exhibiting greater overall and peak EVI across the

40 years, and experiencing later growing seasons on average. This graph also illustrates

why we see less change between growing season EVI and August-October EVI in cooler

ecoregions, as there is less time after the growing season for the vegetation to dry out.

Key Findings

Winter Precipitation and EVI

Figure 8: Correlations between winter precipitation and annual maximum 5 EVI values

The strength of the correlation between WP and the “interannual” growing season

productivity ranged from a low of 0.52 in the Southern California Montane Conifer Forest to

a high of 0.77 in the Diegan Western Granitic Foothills. There are generally frequent enough
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EVI measurements that the highest values during March-July correspond to the true

growing season (for instance, March-April in the hot Inland Hills). In general, the growing

season EVI in ecoregions at moderate altitudes with greater chaparral dominance exhibited

a strong correlation to the previous winter’s precipitation. By contrast, both the

driest/lowest (primarily sage scrub and grassland) and the highest/coolest (primarily

conifer forest) ecoregions displayed relatively weak, but still statistically significant (at

1%), correlations between WP and growing season EVI.

This may indicate that chaparral is highly sensitive to anomalously dry winters, and

grows relatively little, while after wet winters chaparral responds with high growth rates.

For grasslands, sage scrub, and forest, these results may be interpreted as an indication that

anomalously wet and dry years have less of an impact on growing season productivity.

These results are surprising for the lower and drier grassland and sage scrub ecosystems,

where one may expect a higher correlation between precipitation and growing season

productivity. The lower correlation may be explained by the relatively short growing

seasons in these ecoregions, which may be captured by one or two EVI measurements, but

when the average of the top five EVI measurements is taken, the relationship is less

apparent.
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Figure 9: Correlations between winter precipitation and August through October EVI

The correlation between annual WP and mean August-October EVI values ranged

from 0.61 in the Northern Channel Islands to 0.82 in the Diegan Western Granitic Foothills.

In most ecoregions, the correlation between August-October EVI and WP was stronger than

the correlation with the growing season EVI and WP. This suggests that the greenness of

plant communities becomes more sensitive to the previous winter’s precipitation several

months after the end of the end of the rainy season. The results suggest that chaparral

dominated ecosystems remain the most sensitive to the quantity of the previous winter’s

precipitation going into the fire-season. After wet winters, chaparral is especially green

during the fire season, while after dry winters it is especially brown.
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Figure 10: Correlation between the change in EVI (Aug-Oct minus Mar-July) and the previous winter’s

precipitation

The correlation between meanWYP and ∆ EVI from the growing season to

August-October ranged from insignificant in the more mountainous ecoregions to

significant in the lower elevation, more grassland dominated ecoregions. Again, the

growing season EVI was measured as the mean of the five highest EVI values that occurred

from March to July, so the timing of these values is flexible and later in the mountainous

ecoregions. Therefore, the lower correlations in the higher elevation ecoregions (figure 10)

may be influenced by the shorter drying period between the growing season and

August-October.
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These results signify that in wetter years in grassland dominated ecoregions, there is

greater relative fuel availability for more severe wildfires. This reflects earlier findings that

wetter winters often lead to greater wildfire risk in more arid regions such as the great

basin (Albano et al. 2017), where ecosystems are generally more fuel limited. By contrast,

in the mountainous ecoregions, more climate limited ecoregions, there is no obvious

parallel between fuel loading and precipitation in the same year. This result reflects earlier

findings that there is no correlation between winter precipitation and wildfire risk in

montane Southern California (Albano et al. 2017).

EVI and EDDI

Figure 11: Correlations between August through October EVI and 180-day EDDI
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The correlation between mean August-October EVI values and mean August-October

180-day EDDI and 90-day EDDI values represents the relationship between the

atmospheric conditions aggregated over the prior six months and three months

respectively, and the fire-season vegetation greenness measured across an ecoregion.

When considering the correlations between 180-day EDDI and fire season EVI, this

relationship between is the strongest in the Southern California Lower Montane Shrub and

Woodland (8e), with an R-value of -0.66, and was also relatively strong in the Diegan

Western Granitic Foothills (85g), with an R-value of -0.59. This indicates plant health in

these ecosystems are sensitive to spring and summer evaporative demand.

The relationship was insignificant in the more grassland-dominated ecoregions of

the Northern Channel Islands (85i) and the Inland Hills (85l), signifying that by August,

grasslands return to a similar level of brownness regardless of spring and summer

evaporative demand.
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Figure 12: Correlations between August through October EVI and 90-day EDDI

Similar patterns were observed when using the 90-day EDDI metric, though with

overall weaker relationships between August-October EVI and the 90-day EDDI. This

indicates that the greenness of most vegetation communities in Southern California is

impacted by the spring evaporative demand in addition to summer evaporative demand.

Interestingly, in the Inland Hills (85l), one of the ecoregions where there was no significant

relationship between EVI and 180-day EDDI, there was a significant relationship when

using the 90-day EDDI. This suggests that this hot grassland ecoregion is more impacted by

short term evaporative demand conditions than long term drought conditions. This may

reflect the inability of grasslands to store water for longer periods of time.

Winter Precipitation and EDDI

Figure 13: Correlations between Winter Precipitation and August-October 180 day EDDI
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Figure 14: Correlations between Winter Precipitation and August-October 90 day EDDI

The relationship between winter precipitation and the EDDI is complex due to the

complementary nature of their relationship (Bouchet 1963). The more significant the

correlation between the two, the more significant the complementary relationship (CR)

between vegetation communities and the atmospheric boundary layer (the part of the

atmosphere that is directly impacted by conditions on the earth's surface). It is established

that the CR is usually most apparent in water limited regions, where drought increases air

temperature and lowers humidity levels due to the lack of precipitation and subsequent

lack of evapotranspiration. This further lowers humidity at the boundary layer, enhancing

drought conditions (Hobbins et al. 2016). Conversely, if vegetation communities have

adequate available moisture to evapotranspire, evaporative demand remains relatively low

because higher humidity is maintained by the evapotranspiration process. The low

correlation between WP and EDDI observed in the Northern Channel Islands could be due
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to the influence of fog and coastal low clouds, which can play a significant role in delivering

moisture to Coastal California vegetation particularly in the summer months (Rastogi et al.

2016, Clemesha et al. 2021).
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Application to Recent ObservedWildfires

Figure 15a and c: Growing Season Productivity has been the highest on record for the last two years

Figure 15b: Growing Season Productivity has increased every year for the last three years

The Post Fire ignited on June 15, 2024, in Los Angeles and Ventura counties,

California, and was fully contained by June 28, 2024. The wildfire scorched 15,563 acres

and led to the evacuation of 1,200 residents. It was notable for occurring early in the

summer, well before peak fire season. It spread rapidly due to hot and dry wind conditions,

but may have also been fueled by high vegetation productivity due to the recent wet winter

(Cowen 2024)

To measure growing season productivity at the Post Fire burn area, we again

calculated the mean of the annual maximum five EVI values. Our results show that

anomalously high vegetation productivity occurred in the three growing seasons leading up
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to 2024, which has never before occurred in the area since the beginning of the EVI dataset

(Figure 15 a-b). Furthermore, the growing season EVI in 2024 was the highest on record

(Figure 15c). This exceptional growing season productivity was likely fueled by two

back-to-back anomalously wet winters in 2023 and 2024 (Figure 16).

The Post Fire occurred in a dry, hot, low elevation area, dominated by grasses. This

may explain why high vegetation productivity preceded the fire, as grasslands are

fuel-limited fire regimes. As the 2024 fire season continues, there are concerns that more

grassland fires in California will occur owing to the two wet consecutive winters and

dramatic vegetation growth (Cowen 2024), which is especially worrisome if summer EDDI

conditions are anomalously high.

Figure 16: Anomalously high winter precipitation was recorded the last two years at the Post Fire Site
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Figure 17: EVI in the Diegan Coastal Hills and Valleys (the site of the 2003 Cedar Fire) in 2003 (red) vs

1984-2023 (blue)

In the Diegan Coastal Hills and Valleys, the ecoregion in which the 2003 Cedar Fire

occurred, we found that EVI measurements in 2003 indicated an anomalously productive

growing season (Figure 17, shown in red) which was followed by rapid drying in the

months leading up to the fire’s ignition in October compared to the average EVI cycle

(shown in blue). Strong Santa Ana winds combined with this abundance of ready to burn

live fuels led to what was at the time the largest wildfire in recorded California history since

the Santiago Canyon Fire of 1889 (CAL FIRE 2024).



Campbell 34

Summary and Implications

California exhibits a wide range of ecosystems, each with its unique characteristics,

vegetation types, growing seasons, and fire behavior. Understanding fire dynamics across

these ecosystems allows for tailored fire management strategies that account for

ecosystem-specific factors.

Our findings suggest that wet winters may lead to increased wildfire risk in

fuel-limited ecosystems like grasslands. This is because anomalously high rainfall can lead

to higher biomass accumulation in the growing season. Many shallow-rooted grasses and

forbs are unable to access water several months after the end of the rainy season as soils

nearer to the surface dry. Additionally, many inland grasslands in California grow on soils

that are relatively heavy in clay, which is not porous and can lead to heavy runoff, leading to

lower water availability. Furthermore, soils with low organic matter content generally have

lower water retention, which further limits the water availability for grasses in the fall.

By contrast, our results indicate that in chaparral-dominated areas, increased winter

precipitation leads to conditions that may decrease wildfire risk. Like grasses, we found

growing season productivity in chaparral dominant ecosystems to be correlated with

winter precipitation. Unlike in grasslands, however, after wet winters chaparral was able to

retain most of that relative greenness into the fire season (August-October).. This may

indicate that after wet winters, the chaparral is healthier and each plant has more available

water in the fire season, which may ultimately reduce wildfire risk despite the greater

abundance of biomass. By contrast, after dry winters, the chaparral experienced significant

browning, indicating the potential abundance of dry fuel for wildfires.
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These results underscore the need for further research to clarify the importance of

fuel abundance versus fuel dryness, especially in conifer forest and sage scrub ecoregions

for accurate Southern California wildfire risk assessment.

These results have implications for wildfire management and long-lead decision

support, which is increasingly important as climate change is expected to enhance drying of

vegetation between rain events. This knowledge can guide land-use planning, wildfire

prevention efforts, and ecosystem restoration initiatives aimed at fostering resilience in the

face of escalating wildfire threats in the region.

While the primary focus of this study is on vegetation communities throughout

Southern California, its results could pave the way for broader applications in other

wildfire-prone regions that receive substantial winter precipitation from atmospheric

rivers. These areas may encompass Northern California, the Pacific Northwest, as well as

international regions like Chile, Portugal and Australia, where similar climatic conditions

and wildfire challenges are prevalent.

Challenges and Notes for Future Research

This study did not explore the correlations between wildfire area burned (WFAB)

and preceding factors such as WP and EDDI due to time constraints. Future studies could

incorporate observed WFAB data to better understand this influence.

The US EPA level IV ecoregion shapefile splits ecoregions apart when they are not

contiguous. Therefore data had to be combined frommultiple regions to create an
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ecoregion. In some instances, such as the Northern Channel Islands, this led to the majority,

but not the entirety, of the ecoregion being considered. Instead, data was collected

considering the two major islands in the chain- Santa Cruz and Santa Rosa Islands.

The tool used to download the data- Climate Engine, uses the Google Earth Engine.

Some of the larger ecoregions, for instance 8a, exceeded the computational limits for the

engine when considering variables like EVI. Therefore, the time series had to be broken into

smaller pieces when downloading the data- for instance, 1984-1998, 2000-2012, and

2012-2023. The Climate Engine API may provide a smoother experience for future studies.

The Level IV Ecoregions themselves contain an abundance of variability. In other

words, some are not specific enough to provide an accurate portrayal of the response of

specific plant communities to ARs and EDDI. This is both because of variable land cover and

plant compositions, variable precipitation across ecoregions, and variable atmospheric

conditions. This is especially true in the more mountainous ecoregions, such as the Western

Transverse Lower Montane Shrub and Woodland, where the plant communities living at the

northern border of the ecoregion are adapted to more desert like conditions, the plant

communities at the southern border are adapted to more mediterranean conditions, and

the high elevation center of the ecoregion is more akin to a sub-alpine climate. Though it

does not yet exist, a level V ecosystem classification system which better separates the

variability that exists within level IV ecoregions would be more useful to understand the

response of plant communities to precipitation and drought conditions.

While October-April precipitation does consist of majority AR precipitation, some

precipitation in this time period comes from other events, such as traditional cold winter
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storms out of the north Pacific. Additionally, it is possible to get some AR precipitation

outside of this time window.

Furthermore, this study did not examine the cumulative impacts of precipitation. In

other words, we did not look at whether two winters of anomalous precipitation led to

anomalous EVI measurements. Nor did this study examine atmospheric conditions greater

than 180 days into the past. Future studies could factor in longer term EDDI values such as

2 year EDDI.

EVI measures both plant density and greenness but does not distinguish between

the two. While anomalously high plant density can indicate high wildfire risk in fuel-limited

ecosystems, vegetation greenness can indicate the opposite in climate limited ecosystems.

If a metric was created that could distinguish density from greenness, these values would

help scientists and land managers better understand fuel loading. If, for instance, plant

density was high and plant greenness was low, regardless of whether an ecosystem was fuel

or climate limited, this would probably indicate high wildfire risk.
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