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The consecutive occurrence of three large wildfires in 1 year is rarely seen in northern California including the
deadliest case during 8-25 November 2018 in Butte County. They happened under favorable fuel and meteo-
rological conditions including long-term warming trends, normal summer-autumn warm-dry climate, and
extreme heated air masses with strong offshore wind. The former two meteorological conditions contribute a
background for large wildfires but extreme heated air masses and strong offshore winds are critical potentials for
a fire spread. The relationship between extreme heated/cooled air masses and the three large wildfires was
carefully examined from their starts to extinguishing. An anomaly-based synoptic analysis method is used by
separating atmospheric variables into climatology and anomalies. A 3-dimensional anomalous synoptic pattern
of atmospheric variables is established for the three wildfire cases in 2018. The analysis showed that one
anomalous warm-air mass in the mid-to-low troposphere dynamically associated with a positive center of geo-
potential height (GPH) anomalies at the upper troposphere (150-300 hPa) is an anomalous synoptic pattern
indicating a potential large wildfire spread, and conversely by negative anomalies when the fires were extin-
guished. The ECMWF model seems to be capable of predicting such anomalous temperature-pressure patterns to
indicate possible fire spread and extinguishing.

1. Introduction categorized into three components based on their timescales: the long-

term global warming trend, medium-term annual or seasonal warm-

Wildfires can threaten native ecosystems and human lives (Rager
et al., 2021; Santos et al., 2021; Xiang et al., 2021). There are frequent
and even some large wildfires in the western United States because of
vast flammable chaparral scrub vegetation under warm-dry and strong
offshore wind meteorological conditions. Wildfires often cause serious
socioeconomic destruction and significant loss of life (Abatzoglou and
Williams, 2016; Crockett and Westerling, 2018; Dennison et al., 2014;
Mass and Ovens, 2019; Williams et al., 2019). In northern California,
North Coast and the Sierra Nevada are largely covered by forests, where
fuel condition is favorable for large wildfires under suitable meteoro-
logical conditions. Fires in California are known to be exacerbated by
warm-dry conditions with strong downslope winds (Goss et al., 2020;
Khorshidi et al., 2020). For the temperature variation, it can be

dry cycle, and short-term individual heated/cooled weather extremes.
Thus, the first question is how these temperature variations in different
timescales impact large fire events.

The relationship between long-term increased fires and the warm-
dry trend is widely mentioned (Goss et al., 2020; Swain, 2021). Wil-
liams et al. (2019) found that California wildfires experienced a fivefold
increase in the annual burned area, mainly due to more than an eightfold
increase in summer forest fire extent from 1972 to 2018. They concluded
that the increased summer forest-fire area very likely occurred due to the
increased atmospheric aridity which was caused by the warming trend.
Since the early 1970s the warm-season days have been warmed by
approximately 1.4 °C. Similar trend results are also reported by other
studies. For example, the annual burned area is increased substantially
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in recent decades due to the increased frequency and size of large
wildfires (Abatzoglou and Williams, 2016; Balch et al., 2018; Dennison
et al., 2014). This long-term trend of increasing burned area has reached
a top stage in 2017 and 2018 by particularly extreme wildfire activity
with substantial loss of life and property. In 2017, the largest individual
wildfire was the Thomas Fire, while most structures were destroyed by
the Tubbs Fire. The Tubbs Fire also led to 22 fatalities (Mass and Ovens,
2019). In 2018, the largest individual wildfire is the Mendocino Com-
plex Fire and the deadliest wildfire led to 86 fatalities is the Camp Fire
(Brewer and Clements, 2020; Silveira et al., 2021). Some studies
mentioned that the human-caused warming has already significantly
enhanced the trend of wildfire activity in California, particularly in the
forests of the Sierra Nevada and North Coast (Abatzoglou and Williams,
2016; Keeley and Syphard, 2016; Williams et al., 2015, 2019).

Many studies of large wildfire focused on the summer-autumn warm-
dry climate condition with an abundant fuel condition in the California
region (Balch et al., 2017; Crockett and Westerling, 2018; Jin et al.,
2015; Mao et al., 2015; Marlon et al., 2012; Miller et al., 2012; Robeson,
2015; Rundel, 2018; Syphard et al., 2007; Thorne et al., 2017; West-
erling et al., 2011). Summer-autumn fire extent seasonally depends on
air heat and atmospheric aridity that dries out fuel. As indicated by
previous studies (Miller and Schlegel, 2006), wildfires in the California
coastal region typically occur during the fall season prior to the winter
rains. During this period of the season, an inland high pressure and an
offshore low pressure often form a strong pressure gradient over Cali-
fornia, resulting in heated air mass and high offshore winds with low
humidity. A similar description can also be noted from other studies
(Guzman-Morales et al., 2016; Moritz et al., 2010). This seasonal cycle
of warm-dry climate in summer and dry-wind climate in autumn ex-
plains why wildfire spreads in summer and autumn faster than that in
winter and spring.

Except for the long-term global-warming induced increase trend and
the seasonal cycle of a high frequency of large wildfires occurred in
summer and autumn, large wildfires could also happen in an off-peak
season when short-term individual weather extreme (such as heated
air mass and high offshore winds) occurs. A few of them could even
become severe. For example, the large Thomas Fire was spread in winter
(4 December 2017 to 12 January 2018). In some cases, the intensity of
short-term weather extreme can largely exceed long-term global
warming trend and medium-term summer-autumn warm climate con-
ditions for drying air and forcing fire. As indicated by Minnich and Chou
(1997), the reality is that suppression of very large fires was never
effective, meaning that suppression forces cannot control large fires.
These large fires are directly associated with strong offshore winds (Jin
et al., 2014; Kolden and Abatzoglou, 2018), persistent heat and dry
weather conditions (Bendix and Hartnett, 2018). The strong winds for
fire spread are known locally as Santa Ana winds in southern California
and Diablo winds in northern California., These winds are more gener-
ally referred to as foehns, namely dry-heat offshore winds, or the
meteorological term “downslope winds” (Billmire et al., 2014; Guzman-
Morales et al., 2016; Hughes and Hall, 2010; Moritz et al., 2010). For the
application to real-world fire weather forecasting, the long-term
warming trend can be expected for future several years and the
medium-term dry warm climate is a well-known and repeated seasonal
cycle. Therefore our second question is how to identify the spatiotem-
poral structure of short-term weather extremes for the description of
each large fire length, which will be the main focus of this study.

Many works focused on the study of started fire weather conditions
such as dry-heat offshore wind and surface pressure field but few con-
cerned the ended fire weather condition from spatial synoptic analyses.
To capture short-term weather extreme signals for what a large fire
starts and ends, we will apply an anomaly-based analysis method to fire
weather study. Specifically, we will compare the difference of synoptic
patterns based on total and anomalous synoptic analyses for their spread
and extinguishing of three California wildfires in 2018. The purpose of
this study is not to discover new atmospheric circulations associated
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with fire weather but introduces a new angle (anomaly approach) to
look at those atmospheric conditions differently and more completely.
Although anomaly is used in the meteorology community, the way we
show in this study is different from those traditional approaches. In a
traditional method, 2-dimensional relative increments, e.g., warmer
temperature, drier air, and stronger wind (compared to a reference or
climatology) at a fixed level or levels (e.g., near the surface) are often
used as favorable conditions for fire weather prediction. However, this
study describes a 3-dimensional anomalous structure or pattern
throughout the entire atmosphere, which has not yet been explored in
fire weather research and operations so far. We are hoping that this
study will provide a new insight or thinking for developing innovative
tools for fire weather prediction in the future. Furthermore, the ECMWF
model products are used to demonstrate if current numerical weather
prediction (NWP) models have the ability to predict the 3-dimensional
anomalous atmospheric structure revealed by this study related to
wildfire spread and extinguishing. After this introduction, datasets and
approaches are presented in Section 2. The three large wildfires are
described in Section 3. General evolutions of vertical structures of
anomalous variables are given in Section 4. Anomalous synoptic pat-
terns before fire spread and extinguishing are compared for the first two
cases in Section 5 and confirmed for the third case in Section 6. Sum-
mary and discuusion are given in Section 7.

2. Datasets and anomaly-based analysis approach
2.1. Datasets

To identify anomalous synoptic patterns related to California large
wildfires, four datasets are used in this study. The first dataset is a global
atmospheric reanalysis dataset, the ERA-Interim (Dee et al., 2011), from
the European Centre for Medium-Range Weather Forecasts (ECMWF).
Geopotential height (GPH), air temperature, and horizontal winds at the
pressure levels from 1000 hPa to 50 hPa with the horizontal resolution
of 0.75° x 0.75° are obtained from the ECMWF’s website (https://apps.
ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/). This data is
used to compare the different patterns extracted from total and anom-
alous synoptic analyses.

The second dataset used is the product of the ensemble prediction
systems (EPS) at the ECMWEF, obtained from “The International Grand
Global Ensemble” project (TIGGE, http://apps.ecmwf.int/datasets/
data/tigge/levtype=pl/type=cf/). This study used the 10-day (240 h)
ECMWEF EPS forecasts of GPH and temperature at 8 levels from 1000 hPa
to 200 hPa with the horizontal resolution of 0.75° x 0.75°, based on 51
ensemble members. The ensemble mean of the 51 members is used to
examine whether anomalous synoptic patterns associated with fire
weather condition could be accurately predicted by this medium-range
NWP model.

The third dataset is the daily global historical climatology network
dataset (GHCN-Daily), Version 3.25 (Menne, 2012a, Menne et al.,
2012b), including observed daily maximum/minimum surface air tem-
peratures and precipitations in California from the National Climatic
Data Center of the National Oceanic and Atmospheric Administration
(NOAA). The data of five stations, near where the fires happened, is used
to reflect the information of dry/wet and hot/cold weather.

The fourth dataset is the fire statistics and the data of news releases
about the incident from the California Department of Forestry and Fire
Protection (CAL FIRE) website (http://www.fire.ca.gov/). This study
uses data of the Top 20 largest California wildfires and the incident facts
since 1932 but the CAL FIRE dataset only provided 4 cases of the daily
active fire area and burned area in 2017 and 2018.

2.2. Anomaly-based analysis approach

The anomaly-based analysis approach (Eq. 1) separates climatic
variable V4(4,¢,p,t) and anomalous component V' (qy)(4,¢,p,t) from a
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Fig. 1. Three California wildfires burned: 1) CARR fire, from 23 July to 30 August 2018 in Shasta County and Trinity County (magenta area, north part); 2)
MENDOCINO COMPLEX (or MENDOCINO for simplicity) fire, from 27 July to 18 September 2018 in Mendocino County, Glenn County, Colusa County and Lake
County (red area, south part); and 3) CAMP fire, from 8 to 25 November 2018 in Butte County (blue area, central east part) with daily precipitation (bar chart, mm/
day in the y-axis) at five observational stations from 1 June to 30 November 2018 in the x-axis. Three triangles indicate started dates of the three fires. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (a) The daily climate averaged for the 1989-2018 period of maximum
temperature (Tmax, OC in red line) and minimum temperature (Tmin, oC in
blue line, left y-axis) as well as precipitation (PRCP, mm/day, right y-axis)
based on the data of observational stations same as in Fig. 1 but without the
coastal station of NO. 43161 (FT BRAGG). (b) The temperature series (°C in
color lines, y-axis) of monthly-mean Tmax in July on the stations located in
Fig. 1 and the long-term trend (black dashed line) of Tmax in July from 1989 to
2018. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

total field v(q,)(4,¢,p,t). This approach of decomposition has been
proven to be useful in weather extremes (Qian et al., 2021b), mostly for
tropical cyclones (Qian et al., 2014) and heavy rainfall (Qian et al.,
2021a).

Vidy) (A 0,9, 1) = Va(A, 0,9, 1) + V4, (A, 0, 1) ¢h)

where t represents time (24 h a day) on a calendar date d in a year y,
while 1, ¢ and p denote longitude, latitude, and pressure level
respectively.

Daily extreme weather events such as heat waves and cold surges are
seen as results of anomalous synoptic-scale systems relative to clima-
tology (Qian, 2017). The climatology of a certain location and a certain
time is considered as a static state under the thermodynamic equilibrium
of the earth-atmosphere system, which is only forced by the solar radi-
ation (solar declination) and surface conditions rather than daily
weather disturbances. The climatology is estimated by averaging the
reanalysis data at time t on calendar date d over M years,

M
Va(4, @.p,1) = ZV<d,y>(/1,w7p7t)/M 2

y=1

where y runs for M years (M > 30 years). It is assumed that the positive
and negative anomalies of meteorological variables at a specific grid
point and a given calendar time cancel each other during the M years. In
the previous study (Qian et al., 2014), y runs from 1981 to 2010 for M =
30 years. The ERA-Interim data of 4 times per day with 6-h intervals
have been used to obtain the climatology globally. For anomalous syn-
optic analysis, both relative and normalized anomalies are used to study
extreme weather events. For example, the synoptic analysis of normal-
ized anomalies was initially used by Grumm and Hart (2001) and has
now become a common tool in daily operation for short-range weather
forecasts (Du et al., 2013; Graham and Grumm, 2010; Grumm, 2011;
Hart and Grumm, 2001; Junker et al., 2009; Junker et al., 2008). Jiang
et al. (2016) have a comparative study between the two forms of
anomalies. Relative or raw anomaly will mainly be used in this study.
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Fig. 3. Active fire area (color bar, Acresx10°) and burned area (grey bar, Acresx10°) in (a) the MENDOCINO COMPLEX Fire from 27 July to 18 September, (b) the
CARR Fire from 23 July to 30 August, and (c) the CAMP Fire from 8 November to 25 November 2018.
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3. Three large wildfires in 2018
Table 1

Central values of positive (>160gpm inclusive) and negative (<—160gpm, in-
clusive) LGA, in which the negative values are shown in bold-italics.

No. Date (Month-day-hour) Intensity (gpm)
1 Jul-18-12 178.4

2 Aug-08-18 160.7

3 Aug-18-18 204.9

4 Sep-07-18 164.9

5 Sep-13-06 —179.6
6 Sep-27-06 205.5

7 Sep-30-06 —207.4
8 Oct-26-18 221.9

9 Nov-02-00 288.3
10 Nov-04-12 258.6
11 Nov-13-06 242.1
12 Nov-22-12 —247.6
13 Nov-26-18 203.9
14 Nov-29-18 -362.7

The top 20 largest wildfires listed on the CAL FIRE website are
numbered from different decades. The decadal numbers of them are 7, 8,
1,1, 2, and 1 respectively in the 2010s, 2000s, 1990s, 1980s, 1970s, and
1932. Fifteen large fire cases happened in the most recent two decades.
During the 1970s, 1980s, and 1990s, only 4 large fire cases occurred
while there was no large fire case from the 1940s to 1960s. This
increasing trend of large wildfire numbers may be associated with long-
term fuel conditions, human activity, and climate warming (Goss et al.,
2020; Mass and Ovens, 2019; Swain, 2021; Williams et al., 2019).
Among these 20 large cases, 7 were caused by lightning, 6 were linked to
human related activity, 2 were associated with power lines, 3 were
under investigation and 1 was undetermined.

In 2018, the burned area of wildfires was the largest since 1932, and
three of them were listed at the Top 20 table of the California large
wildfires. The first one is the CARR Fire, which is the 7th largest fire in
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Table 2

Central values of positive (>6 °C) and negative (<—6 °C, included) ATA aver-
aged vertically from 1000 hPa and 500 hPa, in which the negative values are
shown in bold-italics.

No. Date (Month-day-hour) Intensity (°C)
1 Jul-01-06 10.19
2 Jul-19-06 7.22

3 Jul-26-18 6.32
4 Jul-29-12 6.56

5 Aug-18-12 6.19
6 Sep-13-06 -8.51
7 Sep-27-12 9.24

8 Sep-30-12 -8.32
9 Oct-13-12 6.75
10 Oct-20-12 7.41
11 Nov-05-00 8.62
12 Nov-09-12 7.29
13 Nov-15-12 6.27
14 Nov-17-00 6.09
15 Nov-22-12 -7.15
16 Nov-29-18 —6.54

ranking, happened in Shasta County and Trinity County from 23 July to
30 August 2018. The burned area reaches 229,651 acres within 39 days.
It took seven lives and destroyed 1604 structures. The second one is the
Mendocino Complex Fire, which is the largest case on record, burned in
Mendocino, Glenn, Lake, and Colusa Counties. The burned area was 459,
123 acres in 54 days from 27 July to 18 September 2018. One person
died in the wildfire and 280 structures were ruined. The third one is the
Camp Fire in Butte County, which is ranked 16th by area. In the burned
area of 153,336 acres, 86 people and 18,804 structures were engulfed in
the fire within 18 days from 8 to 25 November 2018, which is the
deadliest and most destructive wildfire in the history of California (Sil-
veira et al., 2021).

In this study, we will analyze these three large wildfires. Fig. 1 shows
the affected counties of the three cases, which all occurred near moun-
tain regions. In the summer (June-July-August) of 2018, precipitation in
northern California was much less than its climatology (Figs. 1 and 2a),
which increases the risk of wildfires. The area burned by the deadliest
case during 8-25 November 2018 in Butte County is the smallest among
the three cases. Although it had been aggravated and extended rapidly
by the downslope flows at first, the fire came under control after the help
of heavy rain on 21-24 November 2018 (color bar in Fig. 1).

Two large wildfires, the CARR Fire and the MENDOCINO COMPLEX
Fire started from 23 and 27 July 2018 (Fig. 1), when the climate of
maximum surface air temperature (Tmax) reaches the seasonal peak
35 °C (red line in Fig. 2a). For the coastal station (No. 49699), its sea-
sonal temperature is peaked at 20 °C in the middle of August. These two
fires occurred in the period of seasonal warm-dry climate (high Tmax
and low precipitation) from July to August in the inland stations (red
line and green bar in Fig. 2a). However, the third wildfire was started
from 8 November and persisted to 25 November 2018 when seasonal
maximum temperature is lower than 20 °C and daily-mean precipitation
is climatologically more than 2 mm/day. Therefore, the seasonal warm-
dry climate is not the sole determining factor for every large fire.

Fig. 2b shows the four inland station time series of monthly-mean
maximum temperatures in July in northern California from 1989 to
2018. The long-term temperature trend is 0.35 °C/decade for the four
inland stations and their interannual variability is similar. But the long-
term reducing trend (—0.87 °C/decade) is seen at the coastal station (FT
BRAGG 43161). The spatial trends agree that anthropogenic global
warming will warm the interior more than the coastal zone (Hughes
et al., 2009). Their long-term warming trend averaged from the four
inland stations has an increased maximum temperature about 1.044 °C
during the last 30 years. The monthly-mean departure of maximum
temperature during 2017 and 2018 relative to its climate in July is only
about 0.6 °C, which is much smaller than the inter-annual variation from
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their standard deviation (1.64 °C) and also smaller than the long-term
inland warming trend. The other 4 large wildfires started in July are
found in 1977, 2002, 2007, and 2015. Only except for 2002, July
maximum temperature in 2007 and 2015 was also close to the long-term
climatology, similar to in 2017 and 2018 (Fig. 2b). We also examined the
long-term trends of monthly-mean maximum temperature in June and
August in northern California with the increased value of 3.153 °C and
decreased value —0.747 °C respectively for the last 30 years (figures not
shown). These showed that the long-term temperature trends are
different and even opposite from month to month in northern California.
Although the long-term warming trend could be responsible for the in-
crease in area burned (Williams et al., 2019), we need to find other
possible critical conditions for the explanation of the three large wildfire
spreads in 2018.

The progress of the three large wildfires is shown in Fig. 3. The active
fire area is represented by the color bar whereas the burned area is
indicated by the grey bar. Running total burned area in the MENDO-
CINO COMPLEX Fire increased from 5000 to 9000 and 16,500 acres per
day in the first 3 days (Fig. 3a). The burned area in the CARR Fire
increased from 1500 to 1600 and 3600 acres per day in the first 3 days
(Fig. 3b). However, the CAMP Fire burned rapidly in the first 3 days with
an increase of area from 20,000 to 70,000 and 15,000 acres per day
(Fig. 3c), which is a rare situation. These varying burned speeds and fire
propagation may be affected by different fuel and meteorological con-
ditions including strong northerly winds in the mountain regions.

4. General evolutions of vertical anomalous variables

In previous studies, favorable weather conditions for forming Cali-
fornia wildfires were considered at a certain level or several levels in the
lower troposphere by commonly using conventional or total synoptic
analysis methods. For example, Miller and Schlegel (2006) used the
surface pressure fields to study the 19-22 December 1999 Santa Ana
fires, Abatzoglou et al. (2013) used the mean sea level pressure, mean
temperature advection, and mean winds at 850 hPa to study the most
notorious fire-weather conditions in southern California, Cao and Fovell
(2016) used the 700 hPa winds to study the wildfires at San Diego
County, and Peterson et al. (2015) studied the 500 hPa cut-off low
system in the 2013 Rim Fire case. Recently, Mass and Ovens (2019) used
the low-tropospheric multilevel (surface, 950, 850, 700, and 500 hPa)
variables to analyze the northern California wildfire case of 8-9 October
2017. It is understandable that certain synoptic patterns in the lower
troposphere should exhibit a suitable condition for fire spread. In this
study, we would like to compare the different patterns in the whole
atmosphere, indicating California’s large wildfires, between using con-
ventional and anomaly-based synoptic analyses. We draw the hovmoller
diagram of total GPH and temperature averaged over the burned area of
wildfires (i.e., the box: 39-41°N and 122-124°W) in northern California
from 1 July to 30 November 2018 (not shown). From the troposphere to
the stratosphere between 1000 hPa to 50 hPa, there were many fluctu-
ations of temperature with some large amplitudes between the upper
troposphere (150-300 hPa) and the stratosphere (above 150 hPa) but no
intuitional signals indicating the three fires can be observed from the
total GPH during this five-month period. However, Fig. 4 shows the
hovmoller diagram of GPH and temperature anomalies averaged over
the same box area from 1 July to 30 November 2018. From the entire
atmosphere between 1000 hPa to 50 hPa, it is clear that the largest
signals are GPH anomalies located at the upper troposphere. The CARR
and MENDOCINO wildfires started on 23 July and 27 July respectively
and are indicated by the letter S in Fig. 4. Before the ignitions, two
positive centers (H1 and H2) of GPH anomalies occurred in the upper
troposphere. Beneath each positive center of GPH anomalies, there was
a warm-air column of temperature anomalies extending in the middle
troposphere to the surface. The warm-air mass anomalies (W1 and W2),
indicated by red shading columns in the mid-to-low troposphere (below
300 hPa), provide favorable conditions for drying air and fire spread
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Fig. 5. The vertical cross-sections of (a) total height (black contour, 200 x 10gpm interval) and total temperature (red contour, 10 °C interval), (b) geopotential
height anomaly (contour, 2 x 10gpm interval) and temperature anomaly (shading, 2 °C interval) along 39.75°N and between 1000 and 50 hPa at 0600 UTC on 19
July 2018 (4 days prior to the start of CARR fire and 8 days prior to the start of MENDOCINO fire), and (c) and (d) are same as in (a) and (b) only except along 123°W.
The letters H and L indicate the high (positive) and low (negative) centers of GPH anomalies or the LGA centers while the letters W and C indicate warm (positive)
and cool (negative) centers of temperature anomalies or the ATA centers. The black triangles indicate the longitude (latitude) of the general area of both CARR and
MENDOCINO wildfires. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

prior to the fire events. Due to the hydrostatic balance, the GPH and
temperature anomalies always appear in a pair and form a deep verti-
cally coupled anomalously temperature pattern to indicate potential fire
spread. The two warm-air mass centers of temperature anomalies in
middle July became even clearer in the normalized anomalies (figure
not shown).

Before the CAMP Fire on 8 November 2018, three positive centers of
GPH anomalies (H3 on 26 October, H4 on 2 November, and H5 on 4
November) occurred at the upper troposphere together with three
warm-air mass centers (W3, W4 and W5) of temperature anomalies at
the mid-to-low troposphere (Fig. 4). These anomalous warm-air masses
added a seasonal warm-dry cycle in the mid-to-low troposphere could
consecutively accumulate the dry static energy and dried vegetation,
which are stronger than the long-term warming trend for the fires. The
centers of anomalous warm-air mass higher than 6-10 °C are the critical
signal from the anomalous synoptic component which is suitable for fire

spread. After the CAMP Fire event started, two additional anomalous
warm-air mass centers followed. These anomalous weather conditions,
combined with a heavy fuel loading, can explain why the wildfire
rapidly spread particularly during the first 2 days. This wildfire extin-
guished on 25 November 2018 when an anomalous cold-air mass center
with rain passed from 21 to 24 November 2018, as indicated by the letter
P in Fig. 4 and the color bar in Fig. 1. The analysis of normalized
anomalies (relative to climatological standard deviation SD) is even
clearer to indicate the intensities of warm-air and cold-air masses (not
shown). Several anomalous warm-air masses (with exceedance of 2 SD)
appeared before the starts of the large wildfires, while the negative
center of GPH anomaly (with their values less than —1.2 to —1.6 SD) and
the negative center of temperature anomaly (with their values lower
than —2 SD) occurred before their extinguishing.

Jiang et al. (2016) did a comparison study between the two forms of
anomalies, i.e., relative and normalized anomalies. They both have pros
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Fig. 6. (a) The horizontal distributions of LGA (contour, 4 x 10gpm interval) extracted from 500 to 200 hPa and temperature anomalies (shading, 2 °C interval) at
850 hPa at 0600 UTC on 19 July 2018 (4 days prior to the start of CARR fire and 8 days prior to the start of MENDOCINO fire). The letters H and L indicate the high
(positive) and low (negative) maximum LGA centers of GPH anomalies while the letters W and C indicate warm (positive) and cool (negative) centers of temperature
anomalies at 850 hPa. The red line in (a) covers the state of California. (b) The horizontal distributions (10 m/s) of total wind (black vector) and climatic wind (blue
vector) at 850 hPa at 0600 UTC on 19 July 2018. (c) Same as in (b) except for anomalous wind. (d) Same as (c) but at 1000 hPa level. The red area in (b), (c) and (d)
are the counties affected by the wildfire. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

and cons. Since hydrostatic relation is valid in relative anomaly but not
in normalized anomaly, the relative anomaly will be used in the rest of
this study. In Fig. 4, the largest geopotential anomaly (LGA) with only a
positive or negative value at the box or any grid can be vertically ob-
tained from the entire atmosphere between 1000 and 50 hPa. Table 1
lists the positive and negative LGA centers with their central values
larger than 160 gpm or less than —160 gpm. Among the 14 LGA centers
identified from July to November of 2018, only 4 of them are negative
centers and others are positive centers. It indicates that positive LGA
centers occurred more frequently than negative ones in the region of
northern California during this period. All these centers of GPH anom-
alies were located at the upper troposphere rather than at 500 hPa or in
the lower troposphere which was commonly selected by many previous
studies (Abatzoglou et al., 2013; Cao and Fovell, 2016; Peterson et al.,
2015).

Fig. 4 also shows that beneath each of the positive LGA centers there
exists a warm-air mass of positive air temperature anomaly (ATA) at the
mid-to-low troposphere. These ATA centers are warm-air mass anoma-
lies in the mid-to-low troposphere which hit the surface and increase the
risk of fire. Table 2 lists the positive central value (>6 °C) and negative
central value (<—6 °C) of ATA averaged vertically from 1000 hPa and
500 hPa. Among the 16 ATA centers identified, 12 of them are anoma-
lous warm-air mass centers but only 4 are anomalous cold-air mass
centers. The higher frequency of anomalous warm-air mass centers in
the mid-to-low troposphere provides an anomalous weather condition
favorable for wildfire spread. Before the two fire ignitions on 23 (CARR)
and 27 (MENDOCINO) July 2018 (marked by a magenta and a red letter
S, respectively), there were two anomalous warm-air mass centers (W1
and W2) on 11 July and 19 July 2018. The three anomalous warm-air

mass centers on 29 July, 9 August and 18 August 2018 should be
anomalous weather conditions further enhancing these two wildfire
spreads. The extinguishing of the CARR fire on August 30 was appar-
ently associated with the weak but lasting (25 August — 1 September)
negative temperature anomaly. The cold-air mass center of negative
temperature anomaly centered on 13 September 2018 is a weather
condition for the extinguishing (marked by a red letter E) of the MEN-
DOCINO wildfire on 18 September 2018. The third large CAMP wildfire,
which started on 8 and persisted to 25 November 2018 (from the blue
letters S to E), was preceded by three anomalous warm-air mass centers
(i.e., W3, W4, and W5 in Fig. 4) before its ignition and was accompanied
by other three positive ATA centers during the burned period (Table 2).
An anomalous cold-air mass center with rain centered on 22 November
2018 was a weather condition for the CAMP fire extinguishing. Fig. 4
reveals that mid-to-low troposphere anomalous warm-air and cold-air
mass centers induced by upper-troposphere GPH anomalies are critical
atmospheric patterns potentially affecting the fire spread and extin-
guishing in northern California.

5. Anomalous synoptic patterns for the first two wildfires (CARR
and MENDOCINO)

Anomalous warm-air masses are “warm anomalies” in the mid-to-
low troposphere as an indicating factor favoring wildfire spread in a
future time as shown in Fig. 4. The aloft warm-air mass anomaly can
cause surface pressure anomaly and surface wind anomaly (downslope
wind), which is commonly observed for severe wildfires (Mass and
Ovens, 2019). In Table 2, we list the date and time when large positive or
negative ATA central values occurred during July through November of
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Fig. 7. Same as in Fig. 5 except at 0600 UTC on 13 September 2018 (5 days prior to the extinguishing of MENDOCINO fire).

2018. Before the first two wildfires started on 23 (CARR) and 27
(MENDOCINO) July 2018, there was a moment at 0600 UTC on 19 July
2018 when the intensity of positive warm-air anomaly reached 7.22 °C.
At that precursor moment, we compare in Fig. 5 with the total and
anomalous variables in the vertical cross-section along 39.75°N and
123°W. The total height and total temperature shown in Fig. 5a and c do
not give an obvious pattern potentially for coming wildfire spread. In
contrast, Fig. 5b and d clearly reveal positive and negative centers of
GPH anomalies as well as vertically coupled warm-air and cold-air mass
centers of temperature anomalies. These anomalous centers are collo-
cated with the location where the two fires occurred 4 and 8 days later.
The warm-air mass anomaly in the mid-to-low troposphere with a sur-
face shallow low and the positive center of GPH anomalies or the posi-
tive LGA center (H1) at the upper troposphere constructs a vertical
pattern for potential large wildfire in northern California. The surface
shallow low over inland and high pressure near the coast form an
anomalous horizontal pressure gradient which results in anomalous
northerly wind (Fig. 5b). This anomalous synoptic pattern is a specific
condition for the ground anomalous downslope wind (Fig. 6¢ and d) that
actually drives wildfire and that fire fighters need to respond to.

Fig. 6a shows the horizontal distributions of LGA extracted from 500
to 200 hPa and the temperature anomalies at 850 hPa on 0600 UTC on
19 July 2018. There were many LGA centers as well as warm-air and
cold-air mass centers of temperature anomalies at 850 hPa, which move
eastward slowly (not shown). Over the wildfire areas, there was a pos-
itive LGA center (H1) and an anomalous warm-air mass center (W1) at
850 hPa. This anomalous synoptic pattern, superposed to the long-term
warming trend and seasonal warm-dry cycle, greatly enhanced the
anomalous weather condition that drove the fire spread.

Strong downslope winds can foster a rapid spread of wildfires with
hot and dry weather conditions leading up to large-scale fire events
(Westerling et al., 2004). In mountain regions, downslope flows during
dry and hot periods can either directly cause or rapidly spread wildfires
(Cao and Fovell, 2016; Mass and Ovens, 2019; Nauslar et al., 2018). The
anomalous flow influenced the wildfire area was indeed northeasterly
winds at 850 hPa and 1000 hPa, blowing from the continent to the
Pacific (Fig. 6¢ and d). This anomalous offshore flow from the inland
mountain region to the Pacific is usually accelerated due to the down-
slope terrain and becomes hot and dry, all of which contribute to the
spread of wildfire. At 0600 UTC on 19 July the climatic flow is very weak
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of the general area of the CAMP fire.

showing a northerly wind and, therefore, the total northeasterly wind
indicated by the black vector in Fig. 6b is mainly contributed by an
anomalous one in Fig. 6¢. Wildfire spread is an extreme happened under
favorable anomalous weather conditions including the anomalous
warm-air mass and the downslope flow in the lower troposphere.

Table 2 also shows an anomalous cold-air mass with a central value
of —8.51 °C (exceeding 2 SD of climate variation) at 0600 UTC on 13
September 2018, which is 5 days before the second fire (MENDOCINO)
extinguished on 18 September 2018. We compare in Fig. 7 the total and
anomalous variables in the vertical cross-sections along 39.75°N and
123°W at 0600 UTC on 13 September 2018. Again, the total GPH and
temperature (Fig. 7a and c) do not give clear signals of the fire extin-
guishing. In contrast, the GPH and temperature anomalies (Fig. 7b and
d) reveal an opposite pattern against the fire spread (Fig. 5). Along the
zonal direction, a negative LGA center occurred in the upper tropo-
sphere right over the fire. An anomalous cold-air mass and an anomalous
warm-air mass can be found below and above the negative LGA center,
respectively. The anomalous cold-air mass in the mid-to-low tropo-
sphere is a potential weather condition for extinguishing the fire. Along
the meridional direction, there were two negative LGA centers located in
the upper troposphere from 40°N to 60°N. Above and below the two
negative LGA centers were two anomalous warm-air masses in the
stratosphere and two anomalous cold-air masses in the mid-to-low
troposphere. This 3-dimensional GPH-temperature anomalous pattern
is vertically coupled to each other in the whole atmosphere and cannot
be separated from the stratosphere to the troposphere.

Fig. 8 depicts the horizontal distributions of LGA extracted from 500
hPa to 200 hPa superimposed on the temperature anomalies at 850 hPa
at 0600 UTC on 13 September 2018 (5 days prior to the extinguishing of
the MENDOCINO fire). The two anomalous cold-air masses in Fig. 7d (i.
e., Cl and C2) can be clearly seen in Fig. 8a. The wildfire area was
particularly influenced by the negative LGA center L1 and the cold-air
mass anomaly C1 in northern California. Another negative LGA center
L2 with cold-air mass anomaly C2 was located in mid-west Canada.
These anomalous synoptic systems move eastward slowly (not shown).
In the meantime, anomalous onshore flows at 850 hPa and 1000 hPa
blow from the northeast Pacific toward California (Fig. 8b and c). The
anomalous onshore flows bring a cold-wet air mass to the continent with
a shear extending southward along the central part of northern

California. This deep low system of GPH anomalies with anomalous
cold-air mass in the mid-to-low troposphere provides an anomalous
weather condition inhibiting wildfires, which leads to the MENDOCINO
fire extinguishing in northern California. Spatial distribution of all
anomalous variables from Figs. 5-8 indicated that an important signal
directly linked to fire weather conditions is situated in the whole at-
mosphere from the troposphere to the stratosphere. Thus, a wildfire is
associated with a spatial pattern of temperature-height anomalies.

6. Anomalous synoptic patterns for the third wildfire (CAMP)

The third large wildfire (CAMP fire) occurred in a non-wildfire sea-
son (8-25 November 2018) and behaved differently from the previous
two cases given its rapid spread during the first 2 days. In spite of its
uniqueness, the large-scale anomalous pressure-temperature pattern
that we saw in the previous two wildfires still fits the third case. As
mentioned in Fig. 4, there were three positive LGA centers and three
anomalous warm-air masses passed over the wildfire area from 26
October to 4 November 2018. The nearest LGA center occurred over
northern California on 4 November 2018, which was 4 days before the
fire started. The LGA-induced anomalous warm-air mass can be seen as a
potential anomalous weather condition to the rapid spread of wildfire
through the ground wind (Fig. 10b and c). The positive ATA peaked at
0000 UTC on 5 November 2018 (+8.65 °C, Table 2) prior to the dead-
liest fire ignition only for 3 days.

Fig. 9 shows the anomalous variables in the vertical cross-sections
along 39.75°N and 123°W at 0000 UTC on 5 November 2018 (3 days
before the CAMP fire starts). It reveals that an anomalous warm-air mass
was located northwest of the wildfire area beneath a very strong positive
LGA center. A deep system of positive GPH anomalies extended from the
surface to the upper stratosphere with the positive LGA center at 150
hPa is located to the west of the CAMP fire area. The anomalous warm-
air mass extending deeply from the surface to 200 hPa implies that there
was a potential anomalous weather condition for wildfire over the area.
This large anomalous warm-air mass in the troposphere sits beneath a
large anomalous cold-air mass in the stratosphere. This anomalous un-
stable thermal structure could enhance anomalous energy release and
cause strong northerly winds (dry-hot foehns) in northern California,
which favors a rapid fire spread.
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Fig. 10. Same as in Fig. 8 except at 0000 UTC on 5 November 2018 (3 days prior to the start of CAMP fire). The heavy dotted line is the ridge of positive LGA in (a).
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Fig. 11. Same as in Fig. 5b and d except at 1200 UTC on 22 November 2018 (3 days prior to the extinguishing of CAMP fire).

The relative location of LGA centers and anomalous warm-air mass
can be seen in Fig. 10a. The positive LGA center H1 and the anomalous
warm-air mass center W1 were collocated in the northeast Pacific near
the west coast of the North American continent. The wildfire area was
potentially influenced by the ridge of the positive LGA and the warm-air
mass anomaly at 850 hPa. This LGA center moved eastward slowly (not
shown). Under this deep system of anomalous anticyclone, the anoma-
lous offshore northerly flows at 850 hPa and 1000 hPa prevailed over
the entire California (Fig. 10b and c). This anomalous offshore flow
associated with a stronger gradient of horizontal GPH anomalies had a
deep structure in the troposphere over the fire area (see Fig. 9a). Over
the wildfire area, northerly wind anomalies can persist when the LGA
center moved eastward slowly from west to east crossing California. The
situation became worse in the coming days due to anomalous warm-air
mass and high offshore flow (dry-hot foehns), which explains why the
fire area increased rapidly soon after the fire broke.

Most short and weak wildfire events that lasted for only several days
can be extinguished by suppression or human forces under weak
weather conditions. But large wildfires which occur with favorable
weather conditions as those shown in Figs. 6 and 10 can persist for more
than 10 days. These large wildfires cannot be extinguished timely by
human forces. Its extinguishing must wait until unfavorable weather
conditions such as those identified as in Fig. 8 appear. Therefore,
anomalous cold-air mass with rainy weather acts as a damping factor for
wildfire control although it is not the only reason since fuels and
topography also play important roles.

What were the unfavorable weather conditions that had happened
before the large CAMP wildfire extinguished? As listed in Table 2, an
anomalous cold-air mass with its central value of —7.15 °C occurred at
1200 UTC on 22 November 2018 (3 days prior to the extinguishing of
the CAMP fire). Fig. 11 displays the vertical cross-sections of anomalous
variables at this moment. A negative center of GPH anomalies centered
around 200-250 hPa was located over the wildfire area with an anom-
alous cold-air mass below and an anomalous warm-air mass above. For
this case, the coolest center was situated at 400 hPa rather than at 850
hPa but the negative temperature anomalies persisted in the coming
days and extended their influence to the surface. Fig. 12a shows the
horizontal distributions of LGA and temperature anomalies at 850 hPa at
1200 UTC on 22 November 2018. A wave-train pattern is clearly
observed in the middle latitudes along the 50°N. The region of northern
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California was influenced by the negative LGA center with an anomalous
cold-air mass at the northeast Pacific. This wave-train pattern horizon-
tally shows that the west coast and east coast of the North American
continent were cooler than normal while the central continent was
largely warmer than normal.

Since large-scale atmospheric flow can be approximated as adhering
to hydrostatic and geostrophic balances, the GPH anomalies centered at
the upper troposphere will be accompanied by temperature and wind
anomalies in the lower troposphere. In Fig. 11, the maximum anomalous
wind should locate at the region of large gradient place of GPH anom-
alies in the mid-to-high troposphere. This anomalous wind can extend to
the lower troposphere. Fig. 12a shows the distribution of LGA and the
850 hPa temperature anomalies while Fig. 12b and c are the horizontal
distribution of wind anomalies at 850 hPa and 1000 hPa at 1200 UTC on
22 November 2018. The onshore wind anomalies are observed over
California with flows coming from the Pacific. The cold and wet flows
bring more precipitation to the wildfire region during 21-24 November
2018 (color bar in Fig. 1). The daily precipitation is 21 mm at Oroville
(station No. 46521), which is a station nearby the CAMP wildfire. Under
this anomalous cold and wet condition, the deadliest and most
destructive CAMP wildfire finally distinguished on 25 November 2018.

The CAMP fire case from Figs. 9-12 re-confirmed the general spatial
patterns of fire spread and extinguishing which are derived from
Figs. 5-8. Therefore, the vertical pattern of GPH and temperature
anomalies can be used as a necessary weather condition for potential fire
spread and extinguishing in northern California. Currently, some studies
focus on the forecasting and simulation of wildfires (Coen et al., 2020;
Giannaros et al., 2020; Worsnop et al., 2020). If we apply this method to
a model forecast product, we might obtain a clearer early warning signal
for a possible wildfire when the model is capable of predicting the
anomalous synoptic pattern. Does a current operational NWP model
have such ability? We use the ECMWF ensemble model data to
demonstrate this for the CAMP fire. Fig. 13 shows the vertical distri-
bution of GPH and temperature anomalies predicted by the ensemble
mean forecast of the ECMWF EPS. Fig. 13a is the 7.5-day prediction
initiated at 1200 UTC on 28 October and projected to 0000 UTC on 5
November 2018 (3 days prior to the start of the CAMP fire). This pre-
dicted anomalous synoptic pattern is fairly well compared with the
observed anomaly as shown in Fig. 9b. Fig. 13b is the 7-day prediction
initiated at 1200 UTC on 15 November and projected to 1200 UTC on 22
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Fig. 12. Same as in Fig. 8 except at 1200 UTC on 22 November 2018 (3 days prior to the extinguishing of CAMP fire).
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November 2018 (3 days prior to the extinguishing of the CAMP fire).
Again, this predicted anomalous synoptic pattern is fairly well compared
with the observed anomaly as shown in Fig. 11b. This result shows that
two opposite synoptic patterns from the analysis of GHP and tempera-
ture anomalies for forming and distinguishing the CAMP fire are well
predicted by the model with lead times of about 7 days. Therefore,
current state-of-the-art operational NWP models could be used in fire-
weather prediction by using the anomaly-based approach.

7. Summary and discussions

Wildfire spread needs several conditions. The first condition is fire
fuel which is accumulated with time by drought that killed many trees.
The second is the thermal condition from the long-term warming trend,
summer-autumn warm-dry climate, and individual extreme synoptic
anomalies. The third is strong winds near the surface, which can be seen
as the dynamical condition. The last two are meteorological conditions.
However, the fact shows that large wildfires can ignite and spread in any
season, relying on antecedent extreme weather conditions associated
with anomalous synoptic patterns. Thus, the answer to our first question
is that short-term individual temperature anomalies and wind anomalies
near the surface, associated with extreme LGA/ATA centers, are most
critical factors for a fire spread and extinguishing and are more impor-
tant than long-term climate warming trend and seasonal temperature
cycle. Major precipitation events play a critical role too in extinguishing
wildfire as we showed in this study. Although moisture content in the
atmosphere could play a role, we suspect that it will not be a major
factor for the following two reasons. One is that California is climato-
logically a desert-like dry state most of the time (especially from spring
to autumn) and its moisture condition in the atmosphere is generally dry
enough for wildfires to occur. Another is that atmospheric moisture is a
passive variable, which is largely driven by individual weather systems.
In other words, its effect should be indirectly accounted for when we
describe a pressure-temperature pattern. Therefore, as a first-order
factor study for large-scale wildfires, moisture is not included in this
study. It will be helpful to be investigated in future studies for small-
scale and out-of-season wildfires.

We have identified a 3-dimensional anomalous synoptic pattern of
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GPH, temperature, and wind which was associated with three major
wildfires in 2018 for both fire initiation and extinguishing. A similar
result was also found from the analysis of the Thomas Fire occurred in
the winter crossing from late 2017 to early 2018 (not reported in this
study). These large wildfires occurred in conjunction with a nearby high
geopotential height anomaly centered in the upper troposphere, with
anomalous warmth in the atmospheric column below this geopotential
height maximum. Offshore winds were also seen to occur in association
with these fires, associated with higher pressures inland and lower
pressures located to the southwest. Two important factors, the anoma-
lous downslope wind and anomalous warm-air column over the ground,
are directly linked to the spatial pattern of GPH and temperature
anomalies in the atmosphere aloft.

For wildfire extinguishing, the anomalous synoptic pattern is just the
opposite against to that of the fire initiation, i.e., anomalous cold-air
mass and anomalous onshore winds flowing from ocean to continent
in the mid-to-low troposphere. The cold-air mass anomaly in the mid-to-
low troposphere is directly associated with a negative center of GPH
anomalies or a negative LGA center at the upper troposphere, which
appears in the northeast Pacific near the west coast of North America.
Under this anomalous cold-low system, onshore winds bring anomalous
cold-wet flows from the Pacific to the North American continent to
combat the land wildfires.

Frequent synoptic anomalies move eastward along the middle lati-
tude slowly like a wave train and affect northern California from time to
time. For those strong anomalous systems, we determined their intensity
thresholds of the LGA central value £160 gpm and the anomalous ATA
central value +6 °C departed from their daily climatology. During 5
months from July to November 2018, a ratio of positive to negative
maximum LGA centers is 10:4 and a ratio of positive to negative
maximum ATA centers is 12:4. Therefore, consecutive and positive
LGA/ATA centers are meteorological conditions before the fire spread.
On the other hand, if a large fire has been spreading it will be possibly
extinguished soon after a negative LGA/ATA center with a major pre-
cipitation event. Thus, how long a large fire could last, as raised in our
second question, depends on the time period from fire ignition to
negative LGA/ATA occurrence.

The CAMP fire case showed that the anomalous synoptic patterns
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have been well predicted before the fire spread and fire extinguishing by
the ECMWF ensemble mean forecast at least a week in advance. As
shown by Mass and Ovens (2019), they also give the excellent opera-
tional forecasts issued for one of the cases in 2017 by leading 36 h. Both
works suggest that current operational NWP models could be used for
fire weather prediction. Based on this study, if model output products
are decomposed into temporal anomalies, strong signals of anomalous
synoptic patterns could be revealed. When central LGA/ATA values in
an anomalous pattern reach their thresholds, they can be used as an
indicator to predict potential large wildfires. A large number of fire cases
will be needed to establish a well-constructed and robust threshold-
based precondition or fire-weather index for forecasting wildfire to
keep both higher accuracy and lower false-alarm rate.
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