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Abstract. The temporal and spatial structure of 332 404 daily fire-start records from the western United States for
the period 1986 through 1996 is illustrated using several complimentary visualisation techniques. We supplement maps
and time series plots with Hovmöller diagrams that reduce the spatial dimensionality of the daily data in order to reveal
the underlying space–time structure. The mapped distributions of all lightning- and human-started fires during the 11year interval show similar first-order patterns that reflect the broad-scale distribution of vegetation across the West and
the annual cycle of climate. Lightning-started fires are concentrated in the summer half-year and occur in widespread
outbreaks that last a few days and reflect coherent weather-related controls. In contrast, fires started by humans occur
throughout the year and tend to be concentrated in regions surrounding large-population centres or intensive-agricultural
areas. Although the primary controls of human-started fires are their location relative to burnable fuel and the level of
human activity, spatially coherent, weather-related variations in their incidence can also be noted.
Additional keywords: annual cycle of fires, fire incidence, Hovmöller diagram, human-caused fires, lightning-caused
fires, time–space plots, time–space variation, US National Fire Occurrence Database, wildfire outbreaks.

Introduction

Data and methods

Wildfires in the western United States are both frequent and
extensive during the summer fire season, and their distribution
has considerable temporal and spatial structure that reflects the
specific controls of fire by climate, weather, vegetation, and
human activities (Westerling et al. 2003). Fires caused by lightning characteristically occur in widespread outbreaks that are
concentrated during the summer half-year (May through October), last a few days at a time, occur across multiple ecoregions
with varying live and dead fuel compositions, and reflect both
antecedent climatic conditions and the specific weather events
that favour ignition and propagation (Hostetler et al. 2006). In
contrast, fires caused by humans occur throughout the year, and
tend to be concentrated in regions surrounding large population
or intensive agricultural centres.
In the present paper, we characterise the temporal and spatial
structure of wildfires in the western USA using a dataset consisting of daily observations of the point locations of the origin of
individual fires between 1986 and 1996 (‘daily fire-start data’;
Hardy et al. 2001; Schmidt et al. 2002). We examine the daily
variations in the fire-start data using standard maps and time
series and also employ time–space plots to visualise the data
along a longitudinal transect across the western USA in order to
reveal the basic spatial and temporal patterns in these data.

We used the daily fire-start data from the 1986–96
National Fire Occurrence Database as described in Hardy
et al. (2001) and Schmidt et al. (2002), available at
http://www.fs.fed.us/fire/fuelman/ (accessed 4 January 2008).
These data consist of records of the locations of individual
fires, the date when each was first reported, and, for most
records, the ultimate size and the date when the fire was
considered to have been controlled (but not necessarily extinguished). A subset of the full dataset was extracted containing
332 404 records, including 116 489 fires caused by lightning
and 197 617 fires caused by humans west of 102◦W (the region
depicted in Fig. 1). Further discussion of the nature of these
daily fire-start records is provided by Hardy et al. (2001), the
review by Westerling et al. (2003), and in an assessment of
the quality of such point-location data by Brown et al. (2002).
There are several problems that exist in these data, including
duplication of fire-start records, records with fire-end dates
without fire-start dates, over-representation of fires through
reporting by multiple agencies, and others. We removed the
obvious duplicated records, and believe that the visualisations
of the data presented here are robust, reflecting real patterns in
nature as opposed to artefacts attributable to data collection or
processing.
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Fig. 1. Map of the study area. Letters in Roman type on the map are
state abbreviations. Letters in italics represent abbreviations for locations
referred to in the text and in Fig. 7. States are: Arizona (AZ), California
(CA), Colorado (CO), Idaho (ID), Montana (MT), Nebraska (NE), Nevada
(NV), New Mexico (NM), North Dakota (ND), Oregon (OR), South Dakota
(SD), Texas (TX), Utah (UT), Washington (WA), and Wyoming (WY). Locations include: Albuquerque (ALB), Basin-and-Range (B&R), Black Hills
(BH), Colorado Plateau (CP), Colorado River corridor (CR), Columbia
Basin (CB), Eastern New Mexico (ENM), Eastern Wyoming (EWY), Las
Vegas (LV), Los Angeles (LA), Mt Rainier (MtR), Phoenix (PH), Puget
Lowland (PL), Rocky Mountain Front (RMF), Sacramento Valley (SV),
Salt Lake Valley (SLV), San Diego (SD), San Joaquin Valley (SJV), Sierra
Nevada (SN), Snake River Plain (SRP), Southern Montana (SM), Southern Rocky Mountains (SRM), Uinta Mountains (UM), Willamette Valley
(WV), Wind River Range (WRR), and Yellowstone National Park (YNP).
Equirectangular projection with a standard parallel of 60◦ N of the region
between 124.8 and 101.5◦ W and 31.3 and 49.0◦ N. Scale varies across
the map, but the distance between the north and south edges of the map
is 1280 km.

In addition to standard time series plots and maps, we also
used time–space plots, known to climatologists as Hovmöller
diagrams (Hovmöller 1949), to analyse the fire data. In their
application here, the Hovmöller diagrams take the form of scatter
diagrams with space (longitude) plotted along the x-axis and time
(in days during the 11-year interval 1986–96) plotted along the
y-axis, and with individual fires plotted as points. The details of
the patterns that appear on the Hovmöller diagrams of fire-start
data were interpreted using brushing and labelling techniques
(not shown, see Cleveland 1993) to identify the specific timing or
location of the fires that make up the patterns that are evident on
those displays. In particular, in the diagrams shown here, points
are labelled by fire size, but they could also be labelled by state,
ecoregion type, reporting agency, or a different coordinate (e.g.
elevation, or latitude in the case of the longitudinal Hovmöller
diagrams shown here).
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Results and discussion
Broad-scale spatial patterns of fire causes
The overall spatial pattern of both lightning- and human-caused
fires is broadly similar, and reflects the distribution of forested
vegetation in the region (Fig. 2). Fires of both kinds are less
frequent in four distinct biogeographic environments: (1) lowelevation valleys, such as the Puget Lowlands (PL in Fig. 1),
the Willamette Valley (WV), the Columbia Basin (CB), and the
Sacramento (SV) and San Joaquin (SJV) valleys; (2) arid steppe
and grassland areas of the Basin-and-Range physiographic
province (B&R), the Colorado Plateau (CP), and the intermountain basins of Utah, Wyoming and New Mexico; (3) desert and
grassland portions of southern California, Arizona, and New
Mexico; and (4) mountainous regions that are snow-covered over
much of the year, such as the Uinta Mountains (UM) and Wind
River Range (WRR) (Fig. 2). A particular example of such a
high-elevation environment is the crest of the Sierra Nevada (SN
in Fig. 1), which stands out clearly on both maps in Fig. 2.
Lightning-caused fires are most prevalent in forested upland
areas, and are less frequent in both lower-elevation and the
highest-elevation areas. This distribution is explained by the
pattern of fuel type and fuel moisture, and in the frequency
and location of convective storms. Human-caused fires are more
frequent in the coastal forests of Washington, Oregon and California, and less frequent in the more-remote portions of the
forested Rocky Mountains. Human-caused fires ‘fill in’ the
midslopes of the larger valleys (e.g. WV, PL, SV and SJV on
Fig. 1), and are concentrated on the fringes of large urban areas
such as Los Angeles (LA), San Diego (SD), Las Vegas (LV),
Phoenix (PH), and Albuquerque (ALB). Human-caused fires
also are frequent along the interstate highways that run through
the arid basins in the region between southern California and
New Mexico, and in a corridor along the Colorado River (CR), as
illustrated by the linear strips of fire between southern California
and Arizona in Fig. 2.
Intra- and interannual variations
The daily total number of fires caused by lightning and by
humans displays a regular, seasonal rise and fall (Fig. 3). Both
intra- and interannual variability are superimposed on the basic
annual cycle (Fig. 4), but individual years show more variability
in the overall number of fires than in the seasonal distribution of fires. Lightning-caused fires reach an annual peak in
July or August (depending on the particular year), and are very
few in number during the winter (November through February).
Human-caused fires display a broadly similar seasonal pattern,
and, although never reaching the peak incidence of lightningcaused fires during the summer (over 500 day−1 most years),
are greater in number during the winter season and thus over the
year as a whole. Both kinds of fires reach their peak incidence
in late July and early August, reflecting the common control of
soil-moisture deficit on flammability. The daily human-caused
fire data show the prominent Independence Day (4 July) singularity discussed by Bartlein et al. (2003). Inspection of the
individual records that make up the peak suggests that it is not a
reporting artefact. Only 1 day (16 October 1991, Fig. 4) eclipses
the frequency of human-caused fires on 4 July of any year. On
that day, an unusual outbreak of human-caused fires occurred in
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Fig. 2. Maps of total fire-starts in the western USA for 1986–96. Left, lightning-caused fires; right, human-caused fires. Fire starts for Texas, Oklahoma,
Kansas, Nebraska, South Dakota, and North Dakota are incomplete (see Schmidt et al. 2002).

eastern Washington and Idaho accompanying the passage of an
extratropical cyclone that generated strong surface winds but little precipitation. The map pattern of Independence Day fires (not
shown) indicates that this peak represents fires that originate in
suburban and rural areas frequented by outdoor recreationalists,
as opposed to in urban areas.
Lightning-caused fires show greater variability in the number
of fires per day than do human-caused fires, both within individual years and among years. This pattern reflects the dependence
of lightning both on particular meteorological conditions that
lead to convection, which occurs frequently but not continuously during the summer (Schroeder and Buck 1970; Nash and
Johnson 1996; Rorig and Ferguson 1999; Hostetler et al. 2003),
and on larger-scale synoptic and regional scale climatological
conditions that vary from year to year (Skinner et al. 1999). In
contrast, human-caused fires occur regularly both within and
among years and, as we will show, are weakly, but still noticeably, modulated by climatic conditions and day-to-day variations
in weather.
The spatial variation of both lightning- and human-caused
fires within the year is also broadly similar, again reflecting the
role of soil moisture deficit in shaping the fire season. Both
types of fires show large increases in both incidence and area
from April to May to June (Fig. 5), with the location of frequent
and large fires moving from the south-western states (Arizona
and New Mexico) to northern California and the Pacific Northwest, and from grassland- and woodland-dominated to forested
ecoregions. These changes reflect both the gradual poleward
retreat of the jet stream with a consequent reduction of precipitation and soil moisture over the region and, in the case

of lightning-caused fires, the onset of the onshore flow of
subtropical moisture that supports atmospheric instability, particularly in the south-western states. In July and August (Fig. 5),
the location of frequent and large fires spreads towards the northern Rocky Mountains, reflecting the further reduction of soil
moisture there, whereas the incidence of fires in the southwestern states falls as precipitation from the south-western
monsoon increases, and the soil-moisture deficit is reduced.
In September and October, the location of frequent and large
fires shifts towards the west coast, reflecting the late-summer
persistence of drought there.
Year-to-year variations in the distribution and size of fires
(Fig. 6) reflect the patterns evident in the fire time series data
(Fig. 4). The distribution of lightning-caused fires in individual years (Fig. 6) resembles that for the entire 11-year total
(Fig. 2), reflecting the recurring climate and meteorological conditions and the characteristics of the ecosystems that determine
the first-order pattern of natural fire. However, year-to-year variations are clearly evident, particularly in the distribution of the
largest size-class of fires. Those variations are expressed mainly
as differences in the total numbers of fires as opposed to differences in the spatial pattern of fires. For example, the total
number of lightning-caused fires during 1993 was much lower
than that for 1994 or 1996, but the basic spatial patterns in
all 3 years were similar (Fig. 6). The locations of the largest
lightning-caused fires change considerably from one year to
the next, reflecting interannual climatic variations. The largest
lightning-caused fires tend to occur in distinct clusters, reflecting
their strong control by climate as opposed to failure of firesuppression efforts. Lightning-caused fires of all sizes display a
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Fig. 3. Total fire-starts in the western USA for 1986–96, plotted by day
of the year. Top, lightning-caused fires; middle, human-caused fires; bottom, all fires in the record including all types of ignition sources. Note the
Independence Day (4 July) singularity in both the middle and bottom plots.

characteristic contrast in occurrence between the north-west (i.e.
Oregon, Washington, Idaho, Montana and northern California)
and south-west (i.e. southern California, Arizona and New Mexico). This contrast has been previously noted by others (Swetnam
and Betancourt 1998), and can be seen by comparing the maps
for 1992 (high frequency in the north-west, low in the south-west)
and 1993 (high in the south-west, low in the north-west).
Human-caused fires show much less year-to-year variability
than lightning-caused fires (Fig. 6), implying a more persistent,
less weather-dependent source of ignitions than for lightningcaused fires (see next section). Some regions show clusters of
large, human-caused fires every year, as in southern California
(the areas around LA and SD in Fig. 1), the Sacramento and San
Joaquin valleys (SV and SJV), and southern Arizona, whereas
other regions display widespread, but generally small, fires such
as in the accessible regions of the southern Rocky Mountains
(SRM).
Other clusters of large, human-caused fires appear to be
related to the same set of meteorological and climatological controls as the lightning-caused fires, inasmuch as those clusters

1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996

Fig. 4. Time-series plots of the total fire starts in the western USA. Top,
lightning-caused fires; middle, human-caused fires; bottom, all fires in the
record including all types of ignition sources. Note that the Independence
Day (4 July) singularity is visible in every year of the human-caused fires
data.

occur in the same locations as large lightning-caused fires. In
1988, for example, both large lightning- and human-caused fires
were frequent in the Yellowstone National Park region (YNP
in Fig. 1); this was also the case for fires in the Snake River
Plain (SRP)–southern Idaho region in 1986 and 1996 (Fig. 6).
In these instances, the same climatological controls that created
the conditions for lightning-caused fires to spread (such as dry
fuel conditions and strong winds) also promoted the spread of
human-caused fires.
Temporal and spatial structure of fire incidence
The time-series plots and maps used above represent standard
approaches for characterising data like the fire-start data, which
are distributed in space (latitude and longitude) and time. However, some compromises must be made that necessarily limit the
amount of information conveyed by such diagrams. Time series
plots (e.g. Figs 3 and 4) allow the details of the day-to-day variations in the incidence of fire to be viewed, but explicitly require a
choice to be made of the region over which to summarise the data.
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Fig. 5. Maps of the annual cycle of fire over years 1986–96 for lightning-caused fires (top) and human-caused fires
(bottom). Each circle represents the location where a fire started, and the size of the circle represents the final size of the
fire in hectares.
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Fig. 6. Maps showing the year-to-year variations of fire for the years 1986–96 for lightning-caused fires (top) and humancaused fires (bottom). Each circle represents the location where the fire started, and the size of the circle represents the
final size of the fire in hectares.
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The spatial specificity of a time series plot can be increased by
selecting a smaller area, but achieving greater specificity comes
at the expense of increasing the number of diagrams that must be
examined. Maps, on the other hand, reveal the spatial details in
the distribution of fires (e.g. Figs 5 and 6), but require an explicit
choice of time interval.
An alternative display is a time–space plot, known conventionally as a Hovmöller diagram (Hovmöller 1949). Such a plot
can be constructed using the fire-start data by plotting individual fires as points in a diagram with time (day number in the
record) running down the y-axis, and space (longitude, here, but
other spatial dimensions could be used) along the x-axis. Fig. 7
includes Hovmöller diagrams for lightning- and human-caused
fires, with longitude as the locational variable. The maps of the
western USA included at the bottom of each column can be used
to register the spatial location of each point, and specific regions
or locations that appear on Fig. 1 have been added to the map at
the bottom of the human-caused fires diagram. The thin black
horizontal lines in each diagram are drawn to mark 1 January
of each year for reference, while the short tick marks represent
1 July.
In addition to the overall number and density of points on the
Hovmöller diagrams, three features stand out on each: (1) the
clouds of points representing the fires for each individual year;
(2) the horizontal streaks of points within each year representing widespread outbreaks of fires; and (3) the vertical stacks
of points representing recurring or persistent localised ignitions. The shapes and degree of dispersion of the clouds of
points reflect general aspects of the distribution of fire such as
the amplitude and spatial progression of the annual cycle (see
Bartlein et al. 2003), whereas the streaks describe particular
temporal and spatial clusters of fire.
The Hovmöller diagram in Fig. 7 illustrates the greater number of human-caused fires relative to lightning-caused ones in
the western USA. The annual cycles of each ignition source are
also apparent. By noting the location of the lines demarcating
1 January for each year, it is clear that lightning-caused fires
occur primarily in spring and summer, with fewer fires occurring
during the fall and winter (Fig. 7, left). In contrast, the humancaused fires plot as much broader clouds of points indicating
more continuous fire occurrence throughout the year (Fig. 7,
right). The overall shape of the annual clouds of lightning-caused
fires decline slightly from right to left on the diagrams and reflect
the earlier beginning of the lightning-caused fire season in the
south-eastern part of the region.
Several other patterns can be seen in the Hovmöller diagrams, in particular through examination of the detailed patterns
of points in the diagrams. Lightning-caused fires occur in
prominent horizontal streaks of points (separated by clear gaps
between the streaks) that illustrate widespread fire outbreaks
across the region (and intervening periods with few lightningcaused fires). In contrast, the prominent vertical stacks in the
human-caused fires diagram represent multiple ignitions that
occurred at specific locations over the course of the year.
The primary controls underlying the patterns evident in the
lightning-caused fires diagram are therefore clearly weatherand climate-related, whereas the underlying control of humancaused fires is location, i.e. the intensity of human activity in a
particular area.

P. J. Bartlein et al.

Closer inspection of the streaks on the lightning-caused fires
diagram suggests that most of these widespread fire outbreaks
are time-transgressive or diachronous, inasmuch as they occur
first in the western part of the region, and progress within a few
days to the eastern part, reflecting the eastward migration of the
controlling weather systems. This progression is illustrated in
the diagram by the slight declination of the streaks from upper
left (i.e. earlier in the record) to lower right (i.e. later in the
record). This pattern can be seen in Fig. 8, which shows the
data for a single year (1994). Many of the horizontal streaks in
these data span a relatively large longitudinal distance, as do the
gaps between the outbreaks, which together imply region-wide
coherence in fire-related meteorological conditions.
The prominent vertical stacks in the human-caused fires
diagram can be related to specific locations or subregions, in
particular the interior valleys of California (SV and SJV), southern California, and the more heavily populated areas of the West.
Although the main patterns on the human-caused fires diagram
are the vertical (locational) stacks, horizontal streaking is also
present, particularly in spring and autumn in the western part of
the transect (Fig. 7, right). This pattern of streaking suggests that
transient, and fairly widespread, meteorological conditions also
play a role in promoting or suppressing human-caused fires, but
the sheer number of human-caused fires probably diminishes the
prominence of those temporal clusters of fire.
The vertical stacks and horizontal streaks on Fig. 7 are defined
as much by the absence of fires as by their presence. Both
lightning- and human-caused fires are less frequent during the
winter than during spring, summer, and fall in all regions. In
addition, there are several gaps in the distribution of humancaused fires corresponding to the longitudes of eastern Nevada
and western Utah, and the region east of the Rocky Mountains, all relatively lightly populated regions of predominantly
non-forested vegetation. Although much fainter, these vertical
patterns of less-frequent fires are also evident in the Hovmöller
diagram for lightning-caused fires.
When the distribution of fires is portrayed along a latitudinal transect (not shown), similar patterns emerge. The overall
patterns of the annual clouds of points resemble those for the
longitudinal transect, and the tendency for lightning-caused fires
to begin earlier in the year in the south-eastern part of the study
region, and later in the year in the north-western part (see Bartlein
et al. 2003) is again visible in the shapes of the clouds. A similar
temporal pattern is evident for the human-caused fires, and both
patterns reflect the earlier development of summer soil-moisture
deficits in the southern part of the region.
Conclusions
The 332 404 daily fire-start records can be visualised by time
series plots, maps, and Hovmöller diagrams. Together, this suite
of plots reveals the underlying spatial and temporal structure
of fire in the West. Lightning-caused fires display a very welldefined annual cycle of maximum incidence that occurs first in
the south-west and progresses northward in July and August.
Human-caused fires, on the other hand, display a less welldefined annual cycle and tend to lengthen the overall fire season.
Both ignition types display the influence of biogeographic controls (e.g. elevation, vegetation); human-caused fires also display
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along the x-axis, and day of the year along the y-axis. Horizontal lines are plotted on the first of each month. The west-to-east progression of individual
lightning-producing weather systems is particularly evident in the pattern of fire-starts around 1 August.

a close association with population centres, highways, and
outdoor recreation areas.
Lightning-caused fires display greater intra- and interannual
variability than do human-caused fires, reflecting the dependence of lightning-caused fires on prevailing climate and weather
conditions. Lightning-caused fires display time-transgressive
behaviour in that most substantial fire outbreaks occur first in the
western part of the region, and progress within a few days to the
eastern part, reflecting the eastward migration of the controlling
weather systems. Disaggregating the complex daily fire-start
data for the western USA with our Hovmöller time–space diagrams provides necessary insights into the temporal and spatial
structure of fires in the region. These insights will enable further investigation and quantification of the underlying hierarchy
of climatic and biogeographic controls that mediate specific fire
outbreaks and determine extreme (high and low) and average fire
seasons across the ecoregions of the West (e.g. Hostetler et al.
2006).
Further information, including high-resolution versions of
the figures, as well as animations of some of the maps of fire
incidence and annual versions of the Hovmöller diagrams can
be found at http://climate.uoregon.edu/fire/ (accessed 4 January
2008).
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