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Abstract 
 

The spring fire season, a period of potentially critical fuel moisture stress that coincides with 

the arid fore-summer in southeastern Arizona, has been conventionally defined as the range 

of time extending from about March 15 to about July 15. This blanket definition, however, is 

not appropriate across regions of rapidly varying terrain such as those that include Arizona 

sky islands, localized mountain ranges that rise abruptly from a flat desert or grassland floor.  

This study links a measure of fuel moisture stress (FMSI), developed from satellite imagery 

spanning 1989 to 2003, to preceding winter precipitation and current spring temperatures to 

derive a spatially and temporally explicit definition of fire seasons across three sky island 

regions, the Catalina-Rincons, the Huachucas and the Chiricahuas.  Fire seasons are mapped 

for the fifteen years for each of the three sites and then plotted against climate variables in 

FMS/climate grids to enable a visualization of spatiotemporal patterns of fire season fuel 

moisture stress from 1989 to 2003 within and across these three sky island regions.  

Results of this study indicate that the inception and length of the season of critical fuel 

moisture stress is highly dependent on elevation and other features affecting microclimate.  

FMS/climate grids reveal a clear relationship to current year climate conditions as well as 

past FMS.  In spite of an observed dependence of FMS on changes in biomass density, fire 

season summary maps appear to provide a powerful representation of fire season fuel 

moisture stress, which occurred in the three sites between 1989 and 2003.   
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1 
Introduction and Background 

 
 

 
The fire season is an annually occurring range of time when vegetation is likely to experience 

severe moisture stress.  Given a multi-year time series of satellite images whose pixel values 

represent greenness, how can vegetation moisture stress in any given year’s fire season in a given 

location be measured, characterized and represented in a single image?   Over a region contained 

in a single NCDC climate division with relatively homogeneous elevational, topographic and 

edaphic features, fire season may be generalizable to a single range of time.  But if instead the 

above mentioned physiographic factors are extraordinarily heterogeneous, the range of time over 

which fire season occurs may vary significantly across the landscape.     

 

This study performs a comprehensive exploration of relationships between variation in satellite 

imagery and relevant climate variables to determine a spatially and temporally explicit definition 

of fire season in three different sky island regions in southeastern Arizona.  Temporal boundaries 

of fire seasons are then used to calculate yearly images representing fire season fuel moisture 

stress, which in turn enable a highly visualized presentation that demonstrates long term 

spatiotemporal patterns in fuel moisture stress/climate relationships. 

 

Section 1 will describe in more detail the objectives, significance and theoretical background of 

this work. 
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1.1 
Objectives 

 
 
 
There are three main objectives to this work: 
 
 
1. Use an AVHRR NDVI time series spanning 1989 through 2003 to characterize fifteen years 

of spring fire season fuel moisture stress in each of three sky island sites in southeastern 

Arizona:  the Catalina-Rincons, the Chiricahuas and the Huachucas.   These images, which 

will be called fire season summaries, will launch a historical database for each of the three 

sites that can be expanded to include each new year. 

    
2. Link fire season summaries to important climate drivers within a highly visualizable, 

descriptive model of the fire season fuel moisture stress/climate relationship in order to 

reveal important spatiotemporal patterns within each of the three study sites. 

   
3.  Document methods and algorithms clearly and comprehensively in order to enable the 

continuation of this work by others.  
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1.2 
Significance 

 
 
In the last two decades, frequency of catastrophic wildfire has increased alarmingly in the 

southwestern U.S., a region where human population is exploding at the same time.  These 

coincident factors are acutely evident in the three sites of this study, termed urban-wildland 

interfaces.   Such wild fires can deeply damage ecosystems, sterilize soils, destroy wildlife 

habitat and erosion preventing land cover, kill old growth forests and consume human property.  

 

Figure 1.1:   Remains of a Summerhaven residence after the Aspen Fire that caused enormous damage to 
Catalina forests and properties in 2003.  Photo taken October 2003. 
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It is well known that fuel moisture stress 

contributes significantly to wildfire 

vulnerability.  The work in this study 

strives to reveal long term spatiotemporal 

patterns in the relationship between fuel 

moisture stress and important climate 

factors.   If we can perceive patterns in the 

behavior of fuel moisture stress across 

sites and years in relation to climate 

factors, not only can we gain deeper 

insights about wildfire, but we will be 

better able to anticipate severe seasons.  

Fire managers can become more 

knowledgeable about 

when and where to 

perform prescribed 

burns and the human 

community can be 

provided early 

warning. 

 

 

 

Figure 1.2 (above and to left): 
Remains of a Mount Lemmon 
forest following summer 2003 
Aspen Fire.  Note the thick 
layer of ash covering the 
ground.  Photos taken October 
2003. 
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1.3 
Theoretical background 

 
 
1.3.1 Detecting live fuel moisture stress using AVHRR NDVI data 
 
 
There are multiple advantages to using Normalized Difference Vegetation Index (NDVI) 

imagery derived from the bands of the Advanced Very High Resolution Radiometer (AVHRR) 

sensor.  In addition to a very high, 10-bit radiometric resolution, AVHRR offers comparatively 

good historical depth and a fine temporal resolution, providing a nearly uninterrupted stream of 

bi-weekly composites since 1989.   For each pixel, the maximum NDVI value is selected from 

each two week period of daily observations to produce a bi-weekly composite image in which 

clouds, effects caused by directional and off-nadir viewing, atmospheric interferences, solar 

angle and shadows have been minimized (Holben, 1986).  AVHRR pixels have a low nominal 

resolution of 1 km2, forcing analyses to focus on broad landscape dynamics. The sacrifice of fine 

spatial resolution, however, yields the very important benefit of small file size, allowing 

hundreds of images to be processed easily by computer algorithms.   

 

The Normalized Difference Vegetation Index (NDVI) was first developed in the early seventies 

(Rouse et al, 1974) and may be the most well known and well used remotely sensed vegetation 

index.  The NDVI is derived by ratioing the difference and sum of the reflectances from two 

spectral bands, the near infrared (NIR) and the red, by the following formula: 

(NIR – Red) / (NIR + Red), 

producing values that can range from -1 to 1 (positive values indicate greater and negative values 

less greenness).  This ratio measures photosynthetic activity and cell turgidity in vegetation, both 



 1-6 

of which have been found to have a strong relationship to plant moisture content.  Vegetal 

moisture stress triggers stomatal closure to minimize transpiration, cutting off carbon dioxide 

intake.  Lack of carbon dioxide disables photosynthetic activity which, in turn, shuts down 

absorption of red light.  The spongy mesophyll infrastructure characteristic of well-watered plant 

cells has been shown to reflect NIR radiation well, but as cells lose moisture reflectance 

decreases, possibly due to the difference between the index of refraction of air vs. that of water 

occupying the space within these cells (Chuvieco, p. 2147).  Therefore, as vegetation cures, 

reflectance in the red band can be expected to increase while NIR reflectance can be expected to 

decrease causing the resultant NDVI to drop into negative values. 

 

Leblon (2001) provides a comprehensive overview of studies employing NDVI for fuel moisture 

monitoring.   Although chlorosis can also be produced by disease and senescence, multiple 

studies have confirmed a functional relationship between NDVI and the moisture condition of 

grasses, shrubs and forest understory species (Paltridge and Barber, 1988; Chladil and Nunez, 

1995; Alonso et al, 1996; Deshayes et al, 1998; Burgan et al, 1998). However, the relationship 

between the NDVI and reflectance from canopies of conifer forests has not been well described 

(Hardy and Burgan, 1999).    This is likely to be due to the number of complex factors 

contributing to the spectral response of each pixel within a mixed conifer forest including diverse 

species, morphology, and understory and overstory signals that can all differ widely in moisture 

condition (Eidenshink et al., 1990; Hardy and Burgan, 1999; Leblon, 2001).         

 

An important difficulty in applying the NDVI to fuel moisture monitoring is distortion of signal 

by rock and bare soil when biomass densities vary significantly within a given pixel.  Consider 
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two scenarios, A and B in figure 1.3 below.  These scenarios illustrate a highly schematized 

canopy as viewed by a satellite sensor over three seasons.  Scenario A, season 1, shows a healthy 

tree which becomes a moisture-stressed tree in season 2 and then returns to health again in 

season 3.  In scenario A the resulting NDVI signal accurately quantifies the waxing and waning 

of stress within the constant population.  Consider now scenario B.  In season 1 there is a single 

healthy tree.  In season 2, a number of other healthy plants have sprouted to fill the scene.  In 

season 3, a drought causes stress in this new larger population.  But the NDVI signal indicates 

that season 3 is in less stress than season 1, simply because the new stressed foliage filling in the 

canopy will have a higher NDVI value than the un-vegetated dirt that surrounded the single lush 

plant in season 1 of scenario B.   

 

Figure 1.3:  Diagram showing how the soil and background signal can distort the NDVI signal when biomass 
density changes in a given pixel.  
  
Note:  The terms “+NDVI” and “–NDVI” that appear in the fourth column of the diagram indicate an NDVI 
value that is positive and an NDVI value that is negative, respectively, i.e., the term “-NDVI” does not 
indicate a negated NDVI value.   
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1.3.2 Using a standardized NDVI to produce a fuel moisture stress index, the FMSI 
 
 
In the context of the highly diverse settings of southwestern sky islands, two pixels can have the 

same NDVI value but be associated with two very different soil types, topographies, elevations 

and vegetation types, such that equivalent NDVI values can often result from two very different 

fuel moisture conditions. Consider a pixel located on a north facing slope and high elevation that 

is predominantly populated by Douglas-fir and White fir.  Consider a second pixel located at a 

low elevation and populated with Sonoran desertscrub.   The NDVI value of the fir pixel when it 

is severely moisture stressed could be equal to the NDVI value of the desertscrub pixel when it is 

in low moisture stress. 

 
To illustrate this point, four pixels were selected from the Catalina-Rincon study site, which can 

be expected to be associated with distinctly different NDVI profiles in a time series taken over 

the years 1989 to 2001.   The distinguishing criteria are the amount of human interference (wild 

or urban) and the amount of biomass (high or low).   Figure 1.4 identifies these pixels. 

• WildHigh is likely to experience little 
or no interference from humans and to 
contain high amounts of biomass. 

 
• WildLow is likely to experience little 

or no interference from humans and to 
contain much less biomass than 
WildHigh. 

 
• UrbanHigh is scrupulously maintained 

by humans and contains a high amount 
of biomass.  This is the approximate 
location of Randolph Golf 
Course/Reid Park in central Tucson. 

 
• UrbanLow is a low biomass region of 

the city—a warehouse district about 4 
km west of Randolph Golf Course. 

Figure 1.4:  Four pixels used in NDVI value comparison test. 
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The four histograms in figure 1.5 below show the distribution of NDVI values for each of these 

pixels over a 296 NDVI time series between 1989 and 2001. 

  

 
 
 
 
 

 

Figure 1.5:  Four histograms associated with four pixels in the Catalina-Rincon study site.  The gold line 
shows the position of the same NDVI value across the four distributions.    
 
Note:  Since these distributions represent the NDVI values that occurred in all 26 periods that make up all 
years between 1989 and 2001, these values are dependent on phenological variation due to changing 
seasons, in addition to other factors affecting photosynthetic activity.  

Mean = 158.74 
Std Dev = 9.189 

Mean = 129.642 
Std Dev = 5.525 

Mean = 138.064 
Std Dev = 6.612 

Mean = 118.084 
Std Dev = 4.024 
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The gold line drawn through the four plots indicates a single NDVI value, approximately 135, 

within the four distributions.   This value would be an unusually low NDVI value for the 

WildHigh pixel, indicating decreased photosynthetic activity, for three possible reasons:  1) 

recent stress has killed biomass leaving dead fuels or bare soil in its place; 2) living biomass is 

currently in a drier state than usual (increased fuel moisture stress); or 3) both possibilities are 

true to some extent.  The same value, 135, is slightly above average for WildLow suggesting the 

vegetation in this pixel would be experiencing more photosynthetic activity than usual if 135 

were its current NDVI value.   When these two pixels share the same NDVI value, it is highly 

likely that fuel moisture stress will be greater for WildHigh than WildLow, particularly if we can 

assume these pixels are populated by indigenous vegetation types that are well-adapted to their 

climate and are not disturbed by humans.   

 

We also see that the mean for UrbanHigh is less than WildHigh and the mean for UrbanLow is 

less than that for WildLow.  Furthermore, the spread of both high biomass pixels is greater than 

that of both low biomass pixels.  Clearly, each pixel is characterized by a unique distribution 

with a unique mean and standard deviation (Taunton, 2003). 

 
 

The Relative Greenness (Burgan and Hartford, 1993) and Departure from Average (Hartford and 

Burgan, 1994) indexes were developed to produce a measure of fire potential in live fuels that is 

made comparable from one pixel to another by relating current NDVI observations to a historical 

range or mean.  Relative Greenness (RG) compares NDVI maximums and minimums for the 

same period since 1989 to the current NDVI value: 

RG = (NDVI – min since 1989) / (max since 1989 – min since 1989) 
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Departure from Average (DA) divides the current NDVI value by the mean for the same period 

since 1989:   

DA = NDVI / mean NDVI since 1989 

In addition to indicating high or low values that are uniquely meaningful to a given pixel, 

calculating relative values over same periods for multiple years distinguishes changes in NDVI 

not due to annual phenological patterns.  RG and DA related well to 1994 wildfires in the 

Northern Rocky Mountains, but Leblon (2001) notes that critical fire hazard threshold values are 

difficult to define for both indexes. 

 

To test the ability of another NDVI-based index to discern the effects of a large wildland fire that 

occurred in 1994 in the Rincon Mountain uplands, Yool (2001) used the z transform to 

standardize AVHRR NDVI images for the same bi-weekly period between 1990 and 1994.  The 

z score, the product of the z transform, reveals how much a quantity deviates from its own 

distribution mean, expressed in units of its own standard deviation.  This conversion is especially 

useful when comparing relative values from distributions with different means and different 

standard deviations (Internet Glossary of Statistical Terms, 2003) as when pixels are 

characterized by different morphologies, soil types, vegetation types and microclimates.   

 

Figure 1.6:  
Diagram 
illustrating 
standardized 
distribution of 
the z score. 
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Yool’s 1994 z score image revealed a distinctive wildfire scar in the Rincon mountains where the 

fire had taken place, an area dominated by ponderosa pine and/or mixed conifer forest.  This 

work indicates that the z score has the capability to discern intra-pixel dynamics within an NDVI 

time series.   Furthermore, the fact that the z score is measured in units of standard deviation may 

also provide some basis for hypothesizing fire hazard threshold values.   

 

For the work described in this thesis, to measure the stress that is relative to a given pixel’s 

unique history, raw NDVI values were transformed into inverse z scores by the following 

formulation:   

FMSI(x) = - (x – µ)/σ, 
 

where x is  the NDVI value of a pixel for a given date, µ is the mean value for this pixel for the 

same AVHRR bi-weekly period in all years since 1989 and σ is the standard deviation for this 

pixel for the same period in all years since 1989.  This transformation produces the Fuel 

Moisture Stress Index (FMSI), the inverse (negative) of the standardized NDVI.   In the 

following pages, FMS refers to the value derived by the FMSI, which will be used as a measure 

of fuel moisture stress. 
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1.3.3 Discovering variable length fire seasons 
 
 
To measure fuel condition variation throughout the fire season of each year, a Fuel Moisture 

Stress (FMS) time series was produced from AVHRR NDVI imagery for the three sites of the 

study.  Positive values of FMS indicate above average moisture stress; negative values indicate 

below average moisture stress.   

 

To evaluate the validity of the FMSI as a measure of moisture stress in live vegetation for use 

within the Wildfire Alternatives (WALTER) project (Morehouse et al, 2003), Crimmins 

calculated low and high elevation correlations between FMS averaged over April through June 

and multiple lagged climate variables.  Crimmins’ results indicated that average FMS for April 

through June in elevations below 1500 meters correlated significantly (95% confidence) to 

preceding winter (December through March) mean precipitation anomaly and also to current fire 

season (April through June) mean temperature anomaly.  In elevations above 1500 meters, 

however, no significant correlation was found between FMS averaged over the months April 

through June and precipitation or temperature anomaly averaged over any season within the last 

two preceding years (Crimmins, 2003).   

 

Approximately 100 years of winter precipitation anomaly and current fire season temperature 

anomaly data were divided into quintiles (Crimmins, 2003).  Values obtained for years since 

1989 were used as coordinates to plot years in a scatter plot or climate grid (Grunberg et al, 

2003) as shown in figure 1.7 below.   The ultimate objective was to visually represent the impact 

of these climate factors over the years of the study on fuel moisture stress.   
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However, the climate grid could not be used to represent the link between fuel moisture stress 

and climate drivers.  We could not assume that fuel moisture stress for a given year is equivalent 

to that year’s climate ranking within the grid, based only on good correlations found using broad 

spatial and temporal averages at lower elevations.  Poor correlations obtained above 1500m 

particularly weakened confidence in applying the climate grid to those regions of sky islands 

with which fire managers are especially concerned, the upper elevations.    

 

Clearly, we needed to re-evaluate relationships between FMS and climate drivers to see if we 

could validate the FMSI as a measure of stress for all elevations in these landscapes, and we 

needed a more direct, visual method for linking FMS to the climate variables in a grid or plot.    

Figure 1.7:  Original WALTER climate grid based on 100 years of climate data divided into quintiles. 
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To examine fire season FMS from year to year in two sets of pixels selected from elevations 

above 1500m and elevations below 1500m, I generated two surface plots of their respective FMS 

series for the Catalina-Rincon site from 1989 to the end of the series in 2003.  These two plots 

are shown in figure 1.8.   

 

A visual inspection of these plots suggests annual fire season patterns in high elevation pixels are 

similar to those in low elevation pixels, except that in upper elevations these patterns seem to be 

compressed into a shorter span of time preceding the onset of the monsoon.   

 

For example, compare patterns in 1996.  In the low elevation plot, a yellow-orange region 

indicating high FMS appears to extend almost from the beginning of the year until about period 

17 (August), while in the high elevation plot a yellow orange region does not begin until about 

period 11 (May) and ends in about period 15 (July).   
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Figure 1.8:  The adjacent plots 
show average FMS for 
elevations above and below 
1500 meters between 1989 and 
2003 in the Catalina-Rincon 
site. 
 
Note that data values occur at 
intersection points between row 
and column lines--all other 
values are interpolated.  
Column lines represent years 
and row lines represent bi-
weekly periods within years. 
Because the interpolation 
requires at least two adjacent 
points, periods in 1989 adjacent 
to missing periods in 1990 
cannot be plotted. 
 
Approximate corresponding 
months have been provided to 
aid orientation.   
 
Darkest blue areas indicate 
times when FMS was quite low 
and photosynthetic activity 
high.  Darkest red areas indicate 
times of greatest moisture stress 
in vegetation.    
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Forrest Shreve observed nearly a hundred years ago that the arid fore-summer in and around the 

Catalinas varied in length from 16 weeks in the lower bajada to 6 weeks at 8000 feet.  The 

diagram below is used by Shreve (1915) to indicate the temporal boundaries of the arid fore-

summer and the arid after-summer from elevations below 3000 feet up to 9000 feet.    

 

 

Figure 1.9:  “Schematic representation of rainfall seasons and length of frostless season at Tucson and in the Santa 
Catalina Mountains, showing averaged limiting dates of rainfall seasons for 8 years and averaged limits of the 
frostless season for 1909, 1910, and 1911(A A), and for 1912, 1913, and 1914 (B B).”  (Shreve, 1915) 
 
 
Shreve’s plot indicates that below 3000 feet frost is unlikely beyond the end of February.  But 

above 8000 feet, frost can occur as late as June.  The bimodal precipitation pattern does not 

change with elevation, but a slow progression of warming temperatures clearly proceeds upward 

in elevation as the spring weeks pass. 

 

I began to feel convinced that better correlations between climate variables and upper elevation 

fire season FMS could, in fact, exist, but that we had missed them by assuming the same fire 

season length, April through June, for every pixel in sky island sites. 
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1.3.4 Determining the unique temporal boundaries of each pixel’s fire season  
 
 
To perform an extensive investigation of correlations between FMS and winter precipitation, I 

determined strongest correlations between FMS over all possible ranges of bi-weekly periods 

between the beginning of March and the end of July (bi-weekly periods 5 through 15) and the 

precipitation in the preceding winter months, December through March, for every pixel in each 

of the three sites.  I also determined strongest correlations between FMS over all possible ranges 

of bi-weekly periods between the beginning of March and the end of July (bi-weekly periods 5 

through 15) and the temperature over all possible months between February and July that 

precede or are concurrent with each range of FMS periods tested.   Methods are described in full 

in Section 2. 

 

The results showed significant (95% confidence) correlations between FMS and one or both 

climate variables for most pixels in each of the three sites (Appendix F).  However, correlating 

ranges of time are often too short to be considered reasonable fire season approximations, and/or 

correlations between FMS and the two climate drivers often exist over different ranges of bi-

weekly periods (Appendix G and Appendix H).    Precipitation correlations can extend from 

early March (period 5) through July (period 15), and some number of precipitation correlations 

end before even an early monsoon is feasible.  Nearly all temperature-correlating FMS period 

ranges are concentrated between May and June (periods 10-13), and some continue through July 

(period 15).   

 

Therefore, rather than correlating ranges of time mirroring exact fire season temporal extents, it 

seems more probable that when FMS begins ‘resonating’ with one or both climate drivers, 
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vegetation has entered its annual re-occurring period of arid fore-summer survival.   I proceeded 

by hypothesizing that the earliest correlation to either climate variable (Appendix J) would 

indicate moisture resources have begun to be significantly tapped and the pixel has entered its 

annual time of critical moisture stress, which endures until the provision of monsoonal moisture.    

 

For this initial model of variable fire season range, I designated the FMS period associated with 

the earliest significant correlation to either climate variable as the first period in a given pixel’s 

fire season.  Correlations to the second climate variable that may occur later in the season could 

indicate a heightened time of fuel moisture stress, perhaps an exhaustion stage in response to 

relentless, baking temperatures.   

 

The end of the fire season should be closely tied to the arrival of the monsoon that usually begins 

between periods 13 and 15.  I chose to designate the last period of each pixel’s fire season as that 

period between 13 and 15 that precedes the period when the average (over the 15 or 16 year 

history of the given pixel) FMS difference between periods is negative and stays negative 

through period 15.  This average drop in FMS suggests that monsoonal moisture is usually 

effective by this time for this pixel.  When no drop in value is detected, period 15 is assumed to 

be the end of the season.  Lack of drop in FMS could possibly be due to a characteristically 

longer lag in vegetative response to monsoon moisture and/or characteristically later rains in 

these locations.  Figure 1.10 illustrates how one pixel’s fire season would be modeled.  
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Figure 1.10:  For this pixel, the earliest significant correlation occurs in period 8, indicating the beginning of the fire 
season.  The average difference between FMS in periods 14 and 15 indicates FMS characteristically drops in period 
15 each year, indicating monsoonal moistures usually begins alleviating fuel moisture stress by this time.  Thus, 
period 14 is selected to be the last period of this pixel’s fire season.   
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1.3.5 Characterizing fire season FMS and visualizing links to climate drivers 
 

Using the above described model, fire season temporal boundaries can be determined for each 

pixel in each study site.  To characterize a year’s fire season over a study site, FMS for that year 

can be averaged over the range of fire season bi-weekly periods unique to each pixel in the given 

site.  In figure 1.10 above, the fire season summary for each year for the given pixel would be 

found by averaging FMS for each year over period 8 through 14.  The fire season summary is an 

image whose pixel values represent their unique fire season means for a given year. 

 

Fire season summaries can be articulated visually by employing a sophisticated color map 

scheme.  To reveal links between FMS and climate factors, fire season summaries themselves 

can be plotted, instead of year numbers, onto a modified climate grid.   

 

The original climate grid described in section 1.3.3 and shown in figure 1.7 determines 

precipitation and temperature coordinates for each year based on 100 year quintile groupings. 

This results in the same grid for all study sites within the same climate division.  The method in 

this thesis does not use quintile groupings.  Instead, monthly means are converted to z scores 

since these can be related more easily to FMS results, which are also z scores.  Climatologies 

over which z scores were calculated were determined by a rigorous algorithm that looks at every 

possible range of years to find the range of years that yields the highest count/mean of significant 

correlations between FMS and the given climate variable. 

 

The precipitation coordinate of each year is simply the mean z score calculated over the 

immediately preceding December through March for AZ climate division 7; thus, precipitation 
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coordinates in the FMS/climate grids are the same for all three study sites.  However, values 

represented by the temperature axis in the FMS/climate grids are weighted mean z scores based 

on the ranges of months over which temperature correlated strongest to FMS over the pixels of 

the given study site, making the FMS/climate grid for each study site unique. 

 

 

1.3.6 Modeling fire season FMS as a function of current and past climate conditions 
 

Examination of the resulting FMS/climate grids and the chronological sequences of fire season 

summaries indicated an important relationship exists to past years, which led to the idea of using 

fire season summary colors to guide the modeling of fire season FMS (FSFMS) as a function of 

current and past year climate conditions.  In an experimental first model, exponential terms were 

employed to: 

• Emphasize more the impact of current year climate conditions, the more extreme they may be 

• Decay more the impact of individual year climate conditions, the older they are 

• Emphasize more the impact of cumulative past conditions, the more extreme they may be 

 

Variable parameters incorporated into the model enable interactive refinement in which fire 

season summary colors and positions along the FSFMS axis act as guides when optimizing 

parameter values. 
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Figure 2.1:  Location of three study sites in 
southeastern Arizona (Thwaits, 2004).  The 
Chiricahuas are located just west of the AZ/NM 
border.  Colors in these maps highlight mountains, 
urban areas, roads and rivers. 

2 
Study Sites 

 
 
 
.  

 

 

The three sites of this study surround and 

include three different sky islands within 

southeastern Arizona:  the Catalina-

Rincons, Chiricahuas and Huachucas. 
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2.1 
Elevation 

 
 

Southeastern Arizona is characterized by a classic basin and range topography with numerous 

mountain ranges, or sky islands, studding a relatively level plain that rises from about 914 meters 

at the base of the Catalina-Rincons to about 1524 meters at the base of the Huachucas.  The 

Catalina-Rincon site spans the largest range of elevation of the three sites, while the Chiricahuas 

and Huachucas are situated in higher elevation lowlands and rise to higher elevation peaks 

(Warshall, 2004). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.2: Looking north from I-10 to 
the south side of the Rincons. 

Table 2.1: Elevations of bases and highest peaks 
and ranges spanned across the sky islands located in 

the three study sites (Warshall, 2004). 
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The map shown in figure 2.3 illustrates elevational variation across the three study site region.  

Figures 2.4-2.6 show close up elevation maps of each of the study sites. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure x.x:  Map showing landform of portion of 
southeastern Arizona that contains the three study 
sites. This map was created on the Southwest 
Regional GAP Landcover Map Server (NBII, 2004). 
 

HUACHUCAS 
 

CHIRICAHUAS 
 

CATALINAS 
 

RINCONS 
 

Figure 2.3:  Map showing elevations of portion of southeastern Arizona that contains the three 
study sites. This map was created in Imagine from a 30 meter DEM and a Matlab jet-based 
colormap of depth 256. 
 
 
 

591 meters  3253 meters 
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Figure 2.4:  Elevations in the Catalina-Rincon study site. This map was created using a 30 
meter DEM and a 256 depth Matlab jet-based color map. 
  

637 meters  2789 meters 
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Figure 2.5:  Elevations in the Chiricahua study site. This map was created 
using a 30 meter DEM and a Matlab jet-based colormap of depth 256. 
 
 

1096 meters  2975 meters 
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Figure 2.6:  Elevations in the Huachuca study site. This map was created using a 30 
meter DEM and a Matlab jet-based colormap of depth 256. 
 
 

1188 meters  2882 meters 
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2.2 
Vegetation 

 
 

The large range of elevation and highly variable topography found over these sky island sites 

supports a rich biodiversity.  Vegetation can transition from desert scrub or grassland at the base 

of sky islands to forests of mixed conifers or even subalpine firs at their heights.   As far back as 

the nineteenth century, the concept of “life zones” was developed by Merriam, who identified 

climate/vegetation relationships in the San Francisco peaks in northern Arizona (Merriam, 1890).  

Forrest Shreve extensively documented observed relationships between vegetation and climate 

with changing elevation and topography in the Catalinas (Shreve, 1915).   Later workers have 

confirmed that major vegetation communities form a sequence of zones that situate themselves 

around slopes, thriving where elevation and aspect combine to create favorable microclimates   

(Brown, 1994; Whittaker and Neiring, 1964, 1968).   Figure 2.7 provides a diagram that 

schematizes the close relationship between location of vegetation communities and elevation and 

aspect in southeastern Arizona sky islands.  Figures 2.8 and 2.9 provide more detailed diagrams 

for the south slope of the Catalinas and the north slope of the Catalinas. 

 

Vegetation maps for the entire study site area and close-up maps of each study site follow in 

figures 2.10-2.16. 
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Figure 2.7:  Diagram illustrating distribution of vegetation types about sky islands in 
southeastern Arizona  and the concordance of Merriam’s “life-zones” with biotic 
communities.  Based on diagram in Brown (1994).  
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Figure 2.8:  Diagram illustrating distribution of vegetation types along south slope of the Catalina 
mountains (Whittaker and Niering, 1964). 
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Figure 2.9:  Diagram illustrating distribution of vegetation types along north slope of the Catalina mountains 
(Whittaker and Niering, 1968). 



 2-11 

 

  

 
HUACHUCAS 
 

CHIRICAHUAS 
 

CATALINAS 
 

RINCONS 
 

Figure 2.10:  Landcover over portion of southeastern Arizona that contains the three study sites. This 
map was created on the Southwest Regional GAP Landcover Map Server (NBII, 2004).   
 
Note: The legend for this map is so extensive it could not be included here, but is located in figure 2.17. 
 



 2-12 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.11:  Catalina-Rincon landcover map. This highly detailed landcover map was created on the 
Southwest Regional GAP Landcover Map Server (NBII, 2004).   Note: The legend for this map is so 
extensive it could not be included here, but is located in figure 2.17. 
 
 

Figure 2.12:  General vegetation 
classes in the Catalina site 
(Thwaits, 2004).  
 
Note:  The legend shown here 
does not apply to the above 
landcover map.   
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Figure 2.13:  Chiricahua study site landcover map. This map was created on the 
Southwest Regional GAP Landcover Map Server (NBII, 2004).  Note: The legend for 
this map is so extensive it could not be included here, but is located in figure 2.17. 
 
 
 
 

Figure 2.14:  General vegetation 
classes in the Chiricahua site 
(Thwaits, 2004).  
 
Note:  The legend shown here 
does not apply to the above 
landcover map.   
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Figure 2.15:  Huachuca study site landcover map. This map was created on the 
Southwest Regional GAP Landcover Map Server (NBII, 2004).  Note: The legend for 
this map is so extensive it could not be included here, but is located in figure 2.17. 
 
 

Figure 2.16:  General vegetation 
classes in the Huachuca site 
(Thwaits, 2004).  
 
Note:  The legend shown here 
does not apply to the above 
landcover map.   
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Figure 2.17:  Landcover 
classification legend for 

maps shown in figures 
 2.10, 2.11, 2.13 and 2.15. 
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Figure 2.18:  Arizona Climate Divisions.  All three sites 
of this study are located in Climate Division 7. 

http://www.ncdc.noaa.gov/img/onineprod/drought/az.gif 

2.3 
Climate 

 

The three study sites are located in Arizona Climate 

Division 7, which can be found in the southeastern corner 

of the climate division map shown in figure 2.18.  The 

annual precipitation pattern in this region is bimodal, 

with high intensity rains occurring in July and August 

when moisture from tropical regions of Mexico and the 

Gulf of California is drawn into Arizona.  Longer 

duration precipitation is ushered across the regions by 

fronts and synoptic scale disturbances during 

the winter months of December and January, 

with snow occurring in highest elevations.  Extending from the end of the winter wet period to 

the start of the summer wet period, is a harshly arid and hot fore-summer that can last from 

March through July in lower elevations.  The arid fore-summer cures fuels, which are especially 

susceptible to ignition by lightning strikes early in the monsoon season.   

 

Figure 2.19 and 2.20 provide a longer term perspective of the variation in winter precipitation 

and fore-summer temperatures over the last approximately 100 years.  Figure 2.19 shows 

average precipitation over December through March and figure 2.20 shows average temperature 

over February through July between 1896 and 2004.  The temperature plot strongly suggests a 

periodicity lasting approximately fifty years.  It appears that since the 1960s fore-summer 

temperatures have been generally on the rise since the 1960s.  No such clear pattern is 
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immediately obvious in the precipitation plot, except that there may have been more precipitation 

since the 1960s.  Since 1989 there have been a few very wet winters, but since 1998 there has 

been less than average and sometimes much less than average precipitation.

Figure 2.19:  Mean precipitation for 
each Dec-Mar from 1896 to 2004. 
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Figure 2.20:  Mean temperature for 
each Feb-Jul from 1896 to 2004. 



 3-1 

3 
Data and Methods 

 
 
 
This section describes the following: 
 
Data 

3.1  Remotely sensed data 
 An AVHRR NDVI time series spanning 1989 to 2004. 
3.2  Climate data 
 Monthly precipitation and temperature means downloaded from the NCDC website. 

 
Methods 

3.3  Flowchart and steps 
 A 12-step process that produces the fire season summaries, length of fire season maps 

and the FMS/climate grid.   
 Note: A sample set of algorithms is included in Appendices K-U. 
 
3.4  Modeling fire season FMS  
 A final exploration to attempt a model of fire season FMS as a function of current and 

past climate data. 
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Figure 3.1:  Sample AVHRR NDVI conUS image from period defined by Julian start date 267 to Julian 
date 280 (late September into early October) in 2003.  Bright values represent high photosynthetic activity.   
This image is in the original projection (described in step 1 of flowchart).    

3.1 
Remotely Sensed Data 

 
 
The remotely sensed dataset used for this work is a “water-vapor corrected” AVHRR NDVI bi-

weekly maximum value composite time series for the conterminous U.S., extending from 

January 1989 to May 2004.  The bulk of this dataset was obtained directly from Laura Baker at 

the Arizona Remote Sensing Center in October of 2003; later periods were downloaded from the 

Arizona Regional Image Archives (http://aria.arizona.edu/).   A sample image from this time 

series is shown below.   

 

 

An availability map was created in Excel using Julian date filenames as guide.   This map, 

shown in figure 3.2, provides a view of the entire dataset.
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Figure 3.2:  Left: availability map 
representing AVHRR NDVI conUS 
dataset, which extends the length of 3 or 
4 pages if printed out.  Right:  Small 
section from the top right corner of 
availability map.    
 
Colored rectangles represent maximum 
value composites for bi-weekly periods.   
There are two sets of 26 periods, offset 
by a week, for each year.  One set is 
colored in two shades of blue and the 
other is colored in two shades of green.  
The black regions show the periods for 
which data was not available.  Largest 
gaps in the dataset occur in 1990, 1994 
and 1995. 
 
Note:  Periods are normally 14 days, but 
there is one period in the dataset that is 
16 days in length, which just precedes 
the long stretch of missing data in 1990. 
 
Note: There is a slight drift of 
period/date designation across years.  
AVHRR bi-weekly periods do not begin 
and end on the same Gregorian date 
each year. 
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The maximum value NDVI used in the bi-weekly composite often represents the signal from 

near-nadir pixels (most directly beneath the sensor), whose radiations travel the shortest distance 

through the signal-attenuating atmosphere.  However, when cloud cover is persistent and near-

nadir pixels are obscured by clouds, maximum values may be taken from larger scan angles, over 

which the signal is more likely to be attenuated by atmospheric scattering and absorption.  In 

addition to the first pass error correction performed by maximum value compositing (see 

Theoretical Background), this dataset has undergone an additional atmospheric correction termed 

“water vapor correction”, which minimizes atmospheric attenuation of signal detected from off-

nadir pixels (http://edcwww.cr.usgs.gov/greenness/whatnew.html).  

 

The value of the NDVI ranges from -1 to +1, but has been rescaled in the AVHRR NDVI dataset 

to range from 0 to 200, where 200 indicates maximum photosynthetic activity and 0 the 

minimum.   
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3.2 
Climate Data 

 
 
NCDC precipitation and temperature monthly means for Arizona climate division 7 were 

downloaded from http://www.cdc.noaa.gov/Timeseries/ .    

 

Precipitation monthly means for December through March were used to represent precipitation 

in the winter season.  The data were arranged in a 4 column, 55 row text file with the first row 

containing means for months between December 1949 and March 1950 and the last row 

containing means for months between December 2003 and March 2004.   For the Catalina site, 

the text file has only 54 rows with the last row containing means for months between December 

2002 and March 2003. 

 

Temperature monthly means for February through July were downloaded for use in the analysis, 

but January was included to simplify text file preparation.   For the Huachuca and Chiricahua 

sites, data were arranged in a 7 column, 55 row text file with the first row containing means for 

months between January and July of 1950 and the last row containing means for months between 

January and July of 2004.  For the Catalina site, the text file contains only 54 rows with the last 

containing means for months between January 2003 and July 2003. A non-data identifier 

represents later months when the climate data series extends beyond a site’s FMS time series.   
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3.3 
Flowchart and Steps 

 
 

The flowchart in Figure 3.3 shows the 12-step process by which fire season summaries, a length 

of fire season map and an FMS/climate grid were generated for each of the three study sites.   

Five main stages to this work are identified by five background colors within the flowchart, 

which are explained below: 

 
Gray:  Generate FMSI time series for given study site. 
 
Blue:  Document and error-check steps performed in gray section.  
 
Green:  Determine ranges of time over which FMS correlates most strongly with 
the two climate variables.   
 
Red :  Generate fire season summaries and length of fire season maps using 
correlation outputs from green section. 
 
Tan:  Calculate year coordinates for fire season summaries within FMS/climate 
grid.  Uses temperature correlation outputs from green section. 
 

 

The final work links results generated in the tan and red sections by plotting fire season summaries 

within a climate scatter plot to produce the FMS/climate grid. 

 

Each of the twelve steps shown in the flowchart is described in the following section.  Step 2 is 

extraordinarily labor-intensive.   Beyond step 2, however, most of the work is performed by the 

algorithms.
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Step 1:  Import and reproject AVHRR NDVI conUS data 

 
After gathering AVHRR NDVI conUS imagery from a provider such as ARIA 

(http://aria.arizona.edu/), these data are imported into Imagine and converted into Imagine files 

from their original file type, which is often .tif or generic binary.  All images are logged in a 

representational record of the dataset, the availability map, using the conventions shown in figure 

3.2.  All images in the AVHRR conUS dataset are then reprojected (using the Batch option 

within Imagine’s Rigorous Reprojection feature) from the original projection with parameters 

shown in figure 3.4a to the projection with parameters shown in figure 3.4b. 

 

 

 

 

Figure 3.4a:  Original 
projection parameters 
 
 
 
Figure xb: 

Figure 3.4b:  Reprojection 
parameters. 
 
 
 
Figure xb: 
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Step 2:  Select imagery and document decisions 
 
 
In earlier stages of this work, I developed three algorithms for automatically detecting error in 

AVHRR imagery.  These algorithms evaluated anomalous pixel values, spatial correlations 

between adjacent pixels and displacements from a reference pixel (Taunton, 2003).  My 

conclusion was that, despite the appealing speed and ease of the algorithm-driven solution, I 

could detect error as well or better with my own organic pattern recognition technology—my 

eyes.  Since accuracy is highly prized for this work, I chose to examine the approximately 500 

images representing periods 5 through 15 since 1989 for the three sites.  Below follows a 

description of the steps by which AVHRR NDVI imagery was selected and how selections were 

documented per site. 

 

a)  Create a preliminary clipped dataset to inspect one year’s data   

All images for a given year of the conUS dataset are clipped to site dimensions using the Batch 

option in Imagine’s Subset feature (site coordinates may be found in Appendix B).  The clipped 

files are placed into a temporary directory that will be used only during the selection process and 

then deleted.  Original file names that identify Julian start/end dates of bi-weekly composites are 

retained.  There can be up to 52 images for each year divided into two sets (A and B) of 26 

images.   If there is not a full set for the year, the availability map is checked to verify that the 

number missing can be accounted for by valid gaps in the original dataset. 

 

b)   Create image chart template 

The original AVHRR conUS availability map is copied to a new file.  This copy will serve as the 

template for the site image chart in which all selection judgments will be recorded that will make 
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this study site’s dataset unique.  Though images for the three study sites are clipped from the 

same conUS NDVI bi-weekly composite, they can be dramatically distinguished by local climate 

factors, fires or sensor error.   Note that in future years, a new year’s data will be logged in the 

ongoing availability chart and only these additions will be cut and paste into the already existing 

image chart. 

 

c)   Error Analysis 

All images beginning with period 5, the period that begins closest to Julian date 60 for the given 

year, and ending with period 15, the period that begins closest to Julian date 200, must be 

examined for clouds, fire, smoke, snow, wet soil and sensor error.   Designated start dates for all  

Figure 3.5:  Section of AVHRR NDVI conUS Availability Map.  Two datasets staggered by a week are provided for each 
year.  Dataset A is the prime dataset with dataset B providing optional images that can be used to repair holes left when 
images in dataset A are not acceptable or when a period in Dataset B starts closer to the designated start date for a period.   
Note in the above figure that the best temporal choice for period 5 in 1994 is in dataset B.  A duplicate of the Availability 
Map serves as the template for each study site’s unique Image Chart, in which all selection judgments are recorded.     
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periods 5-15 are based on the starts of periods in dataset A of 1989 in the availability map.  

Figure 3.5 shows a section of a new image chart template showing the optimal temporal choice 

for period 5 for each year between 1989 and 1995. 

 

Often it is difficult to determine if an intensified region of an image represents interference or 

just a lower or higher value than usual within accurate data.   Therefore, images are studied 

across spans of periods and years in order to develop some sense of a baseline of normality, i.e., 

what the site looks like when noise is minimized.  Sometimes it is also helpful to look at the 

larger conUS image to see what might be happening over the larger region.   

 

Earlier periods in the season can be riddled with clouds or even snow in higher elevations.    

Extra low NDVI values caused by snow or clouds will not distort correlations between FMS and 

preceding winter precipitation.  Such low NDVI (high FMS) values would correlate negatively 

with precipitation; however, the correlation algorithm is designed to detect only positive 

correlations between FMS and preceding winter precipitation.   

 

By around period 8 (mid April), imagery for the three study sites becomes reliably free of clouds 

and any other problems for the rest of the season until the monsoon, unless there is a fire.  Fires 

and the enormous volume of smoke they produce can render images unusable across multiple 

periods, as was the case with the Aspen fire.  In the far left of figure 3.6 below is the Catalina 

scene from period 9 (last week of April, beginning of May) 2003, which is a beautiful, clean 

image.  The image in the middle is from period 14 of the same year (first two weeks of July) and 

shows the Catalinas shrouded in the smoke of the Aspen Fire. 
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Between periods 13 and 15, the monsoon arrives right on schedule, studding images with dark 

clumpy cloud masses, often making it challenging to find clean images or even replacement 

images to represent these periods.    The image on the far right in figure 3.6 shows multiple 

monsoonal cloud clusters.   

 

Clouds and smoke, in particular, can influence a much larger area of a scene than may be evident 

to the eye, but this is also true for sensor error.  To be certain that the images used in the analysis 

are as free as possible of distortion, images in which any cloud, smoke or sensor error is detected 

are removed in full.    

 

When periods 5-15 for the given year have been selected and decisions have been fully 

documented, the temporary directory containing the clipped data for that year is deleted and, 

returning to point b) again, the same process is repeated for the next year.   

 

Figure 3.6:  Catalina-Rincons in three different periods.  Left: 2003 period 9, just before Aspen Fire.   Middle: 2003, 
period 14--during Aspen Fire.  Right:  2001, period 15—monsoon clouds. 



 3-13 

d) Log formulas that will be used to generate replacement images later 

When an image must be eliminated, the two temporally closest and spatially cleanest images are 

identified and a formula for replacement of the rejected image is recorded as an Excel 

“comment” in the period block representing the image to be replaced.  Each pixel of the 

replacement image is generated from the pixels of the two substitute images by the following 

formula: 

 

                                      (NBA + NAB)    
          replacement  =  
                                        (NA +  NB) 

 

 

 

 

Repair formulas are logged throughout the image selection process for a single study site.  Using 

these formulas, replacement images will be generated in a final step after the selection process of 

the entire dataset for all years has been completed.   

 

Figure 3.7 provides the following examples of image chart documentation conventions: 

• Yellow:  period block that represents an image to be replaced     
 
• Blue if dataset A; green if dataset B:  period blocks representing images used to produce 

replacement images are left in their original color.    
 
• Tile red:  period blocks representing images in either set A or B that are deemed 

unacceptable imagery but cannot be replaced due to the absence of nearby usable imagery    
 
• Olive:  period blocks representing images that are redundant because another image 

provides a better temporal solution though would otherwise be usable   
 

where 
A    =   first substitute image (identify 

with Julian start/end dates) 
B    =   second substitute image (identify 

with Julian start/end dates) 
NB  =   number of weeks from start of 

image to be replaced and start of 
image B 

NA  =   number of weeks from start of 
image to be replaced and start of 
image A 
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Figure 3.7:  This section from the 
Chiricahua image chart provides examples 
of selected periods (blue and green blocks) 
and replacement periods (yellow blocks), 
along with a comment showing the formula 
for replacement of 1993 period 7, unused 
good data (olive blocks)  and an eliminated 
period (tile red). Gray fills the regions of 
the chart that would contain periods not 
relevant to this analysis. 
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e)   Create image chart summary 

When all images have 

been selected for all 

years and all decisions 

have been documented, 

a condensed chart is 

generated from the 

original image chart by 

merging columns 

representing datasets A 

and B for each year 

into a single column 

using two shades of 

blue to represent all 

good data in the 

summary chart and 

eliminating most of the 

gray colored portions 

of the chart to create a 

streamlined representation. Note that this image chart summary does not replace the 

comprehensive image chart for the given site.  Indeed, the original image chart is a treasure trove 

of information and should, therefore, be prudently archived.   On the following page, the original 

Chiricahua image chart is compared to the Chiricahua image chart summary. 

Figure 3.8:  Section from the 
Chiricahua image chart summary.  
Compare to figure 3.7. 
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Figure 3.9:  Comparison of original Chiricahua image chart (left) with Chiricahua image chart summary (right). 
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f) Create selected files directory 

Using the image chart summary as a guide, all selected image files are identified by their Julian 

dates within the original AVHRR NDVI conUS data.   The selected conUS files are copied into a 

new directory designated as the selected files directory.  Included in the selected files are those 

for which repairs have been planned; the same name file will be overwritten when the repair is 

made.   To represent periods 1-4, 16-26, and any periods that will not be repaired (tile red or 

black blocks between periods 5-15), dummy data are copied into the selected files directory.   It 

doesn’t matter what the contents of the dummy data are, other than that they must have the same 

dimensions as the rest of the conUS imagery.  Copying any four image files from the beginning 

of the year and any eleven files from the end of the year will suffice.  Dummy periods will be 

identified later by a missing data map that will inform algorithms which periods to ignore.  

Twenty-six images must be included for each year, as this is a requirement of the algorithms.  

Dummy images serve simply as placeholders within the time series; outside the 5-15 period 

range dummies maintain a template for a full year time series in anticipation of future work that 

will encompass the complete annual range of periods.  

 

g) Generate replacement images  

Methodically checking through each year in the image chart summary, each yellow period block 

indicating a planned replacement image is located.  Replacement images are generated using the 

Imagine Spatial Model depicted in Figure 3.10.  The formula that is described in the comment 

link of the period block to be replaced is entered into the function circle in the center of the 

Spatial Model.   Images input to the Spatial Model come from the original AVHRR NDVI 
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conUS directory.  Replacement images are output to the selected images directory, overwriting 

all images that they are replacing.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

h)  Create gap charts 

A third chart is created to provide a quick and ready reference of the gaps in the resulting cleaned 

and repaired dataset and is simply called a gap chart.  Gap charts are shown in Appendix C.  

This chart simply reports the usable periods (with sand-colored cells) and non-usable periods 

(with black cells) in the final cleaned and repaired dataset, and is the easiest to refer to when 

customizing the missing data map algorithm for the given site (step 5).   

Figure 3.10:  Imagine Spatial 
Model used to generate 
replacement images. 
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Step 3:  Clip, export and layerstack 
 
 
The next step in the process is to use the Batch option in Imagine’s Subset tool to clip all files in 

the selected files directory (site dimensions can be found in Appendix B), rename them and place 

them into a new directory.   

 

The Imagine Batch feature allows the user to specify new output names and to concatenate a 

number to the output name that identifies order of file input, which in the case of the files 

contained in the selected files directory will be based on the Julian date/year that distinguishes 

each file name.  Thus, the input file number will reflect the correct chronological sequence of 

periods in the time series.  Output files are renamed to:    

                                                     
sss_ndviyy1toyy2_# 

 
where  

sss represents the first three letters of the site (cat, hua, chi or jem) and  

yy1 is the first year in the time series 

yy2 is the last year in the time series 

# is the number identifying file input order 

 

For example, the last image file in the Catalina dataset that ends in the 12th period of 2003 is 

identified as:   cat_ndvi89to03_376.     

 

Note:  A recommended extra step is to clip all files again placing them into another directory, but 

not to alter the original Julian date name except to concatenate input file number.  Files in this 

directory provide a very handy cross reference between the two naming systems.  If the size of 
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the directory is too large to accommodate, the directory can be displayed, screen captured, then 

deleted, keeping only the bitmap picture of the cross-referenced names. 

 

The full set of cleaned, repaired, clipped and renamed Imagine files are exported from Imagine 

as unsigned 8-bit generic binary files to a directory that will serve as the source and repository 

for all algorithm inputs and outputs for the given site.   The last step in creating the NDVI time 

series for the given site is to stack the files in an algorithm called Layerstack (Appendix M).  

Input and output filenames and paths must be correctly specified along with correct site 

dimensions in this Matlab algorithm, which combines all files into a single multi-layered stack, 

producing the stacked NDVI time series for this site. 

 

Note: Ensuring correct input/output filenames, values and site dimensions is a requirement for 

all algorithms used in the rest of this work. 

 

 

Step 4:  Plot period histograms 
 
 
Because periods across years are assigned slightly different start dates in the original data, it is 

informative to plot the distribution of the days that make up any given period across the years.     

Using the image chart summary as a guide, the start Julian dates for all periods between 5 and 15 

are entered into the code of the Create Period Histograms  algorithm (Appendix K) for the given 

site.  This algorithm produces as output a comma delimited text file that can be imported into 

Excel and plotted.   
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Step 5:  Generate Missing Data Map 
 
 
Referring to the gap chart for the given site, missing periods are entered into the code of the Map 

Missing Data algorithm (Appendix L).   As is shown in the flowchart, this file is input into 

several algorithms to identify periods that are not usable in the analysis. 

 

 

Step 6: Generate FMS time series 
 
 
Once the missing data map has been generated for a site, the FMS time series can be produced 

using the Calc FMS algorithm (Appendix N).  This algorithm calculates the mean and standard 

deviation from an array that contains each pixel’s value in the same period over all years and 

then calculates the negative z score value for each year for each pixel.   

 

 

Step 7:  Generate FMS time series map 
 
 
To generate a map that shows average FMS over the given site for all periods for which there is 

usable data and white gaps for which there is not, the Timemap algorithm (Appendix O) is used.   

Examination of time map patterns and comparison of time map values with the given site’s gap 

chart helps identify errors that may have occurred in the processing of the missing data map or 

the FMS time series, both of which are essential elements to all the rest of the processing.   

Timemaps are shown in Appendix C. 
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Step 8A/8B:  Download climate data and prepare as text files 
 
 
Climate data are downloaded from the NCDC site and prepared as text files making sure to use 

the correct number of columns and rows per site and per climate variable.  A description of the 

text file formats expected by the algorithms is provided in section 3.2. 

 

 

Step 9A/9B:  Determine optimal climatologies for FMS/climate correlations 
 
 
Multiple ranges of years of climate data are entered into a correlation calculation algorithm 

(described in step 10A/B) in order to determine which range of years yields the strongest 

correlations between FMS and climate variable z scores.  The Optimalseek algorithms 

(Appendices P and Q) shown in step 9A/9B convert precipitation and temperature monthly 

means into monthly z scores using mean and standard deviation values calculated for each month 

from each test range of years, beginning with the first range, 1950 to the last year, to the final 

range 1989 to the last year.  The last year is 2004 in the Chiricahua and Huachuca FMS series.  

The last year is 2003 in the Catalina FMS series.  Correlations between FMS and climate 

variable z scores, derived from each of the test ranges, are calculated and the range of years that 

yields the highest count of significant correlations and the largest mean significant correlation for 

the given site is selected to be the optimal climatology for the given climate variable for the 

given site.   
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Step 10A/B:  Find ranges of time over which FMS correlates strongest to climate variables 
 
 
The algorithms in step 10A/B (Appendices R and S) perform the correlation calculations using 

the optimal climatology for each climate variable determined in step 9A/B and outputs starts and 

ends of correlating ranges in a set of matrices that will be input into the Fire Season Summary 

algorithm in step 11 and the Plot Climate Grid algorithm in step 11.  All correlations are 

calculated using Pearson’s product-moment correlation coefficient over a 95% confidence 

interval.    

 

For each pixel within the given study site, correlations are found between two arrays, an array 

containing the mean climate variable z score for each year between 1989 and 2003 (Catalina) or 

2004 (Huachuca and Chiricahua) and an array containing a mean FMS value for each year 

between 1989 and 2003 (Catalina) or 2004 (Huachuca and Chiricahua) when data are available; 

the missing data map informs the algorithm which periods to ignore.  FMS arrays calculated 

from every possible range of periods from the beginning of March through July are entered into 

the analysis.     

 

When the climate variable is precipitation, only a single climate variable array is entered into the 

analysis since the winter precipitation season, December through March, is always the same for 

all pixels at a given site.  But when the climate variable is temperature, multiple temperature 

arrays are entered into the analysis.  Multiple temperature arrays are produced by calculating the 

average temperature z score over each possible range of temperature months between February 

and July that precedes or is concurrent with each range of FMS periods.   

 



 3-24 

Thus, for each pixel at a given site, many correlations are calculated between multiple FMS 

arrays and one precipitation array, and even more correlations are calculated between multiple 

FMS arrays and multiple temperature arrays.  Cycling through all of these possibilities ensures 

detection of the range of FMS bi-weekly periods that correlates most strongly with winter 

precipitation and with some range of current season temperature months for each pixel in the 

given site. 

 

The outputs of the algorithms in step 10A/B include four separate matrices, which store the 

following values in their respective pixel positions:   

1. Start period of FMS range that correlates best with antecedent precipitation z scores 
2. Start period of FMS range that correlates best with temperature in the current season 
3. Start month of best correlating temperature range 
4. End month of best correlating temperature range 

 

Matrices 3 and 4 will be used later in the calculation of year temperature coordinates within the 

FMS/climate grid in step 12.    

 

 

Step 11:  Generate length of fire season map and fire season summaries  
 
 
Matrices 1 and 2 are input into the Fire Season Summary algorithm (Appendix T), which 

chooses the earliest occurring start period to be the start period of that pixel’s fire season.   The 

Fire Season Summary algorithm determines the end period of each pixel’s fire season to be that 

period that precedes the first fifteen or sixteen year negative mean difference in FMS between 

earlier and later periods beyond period 12.  When no negative mean difference can be found, 

period 15 is assumed to be the last period.    
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Multiple options for fire season summary output are provided in the fire season summary 

algorithm:   

 
• Original z score values (FMS) that range between approximately -3 to +3: 

 
Fire season summaries with original z score values using the nondata identifier, NaN, are 
displayed in Matlab figures using the Matlab colormap, Jet, which ranges from blue to 
red, passing through cyan, yellow, and orange, and is a variation of the HSV colormap.   
64 colors are specified in the fire season summary Jet colormap. 
 
The range over which these 64 colors are distributed is the same for each fire season 
summary image per site.  This range is based on the maximum and minimum FMS that 
occurs over any of the fire season summaries in the 15-16 year ranges for the given site.   
If future fire season summaries will have more extreme maximum and/or minimum FMS, 
these ranges can be updated when new z scores are recalculated using each new year of 
data.   
 
Fire season summaries with original z score values using the nondata identifier, -9999, 
are used in the WALTER implementation and are exported to Imagine from which they 
are in turn exported as Grid files. 
 

• Z score values rescaled to 0 to 1:  
 
Fire season summaries rescaled to 0 to 1 and using the nondata identifier, -9999, are also 
used in the WALTER implementation and are exported into Imagine from which they are 
in turn exported as Grid files.  
    

• Z score values rescaled to 0 to 255 
 
Fire season summaries rescaled to 256 values and using the nondata identifier 255 are 
exported to Imagine and converted to thematic maps.   Using the Raster Attributes tool in 
Imagine and a Jet-based colormap of depth 256, fire season summaries images are 
colored and then draped over a shaded relief image of the site. 

 

To produce the FMS/climate grids shown in section 4, fire season summary maps generated and 

displayed in Matlab were screen captured and imported into a grid created in CorelDraw.  Fire 

season summaries were then plotted in the climate grids using year coordinates calculated in step 

12 (below). 
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The Fire Season Summary algorithm also generates an image whose pixel values represent the 

difference between the end and start periods of pixel fire seasons.  This matrix can be brought 

into Imagine, have representative colors assigned to fire season lengths and be draped over a 

shaded relief of the site to produce a Length of Fire Season map. 

 

 

Step 12:  Calculate climate grid year coordinates 
 
 
A representative temperature and precipitation z score for each year is required in order to locate 

each year’s fire season summary in the grid.  The calculation of the precipitation grid coordinates 

is a simple matter of averaging the precipitation z score over the antecedent season months for 

each year.   But determining each year’s temperature coordinate requires attention to the fact that 

the range of months over which temperature has most impact can vary from pixel to pixel within 

a given site.  Therefore, a weighted mean of the temperature month ranges to which FMS periods 

correlated best is used to determine each year’s temperature coordinate for the given site.   Using 

matrices 3 and 4 output in step 9B, which store best correlating temperature month ranges for 

each pixel, the algorithm in step 11 (Appendix U) employs the following equation to calculate 

each year’s temperature coordinate for the given site. 
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i  =    a given range of temperature months 

n  =   number of pixels in given site 

wi =  number of pixels whose best correlating range of FMS periods correlated best with range of 

temperature months i 

mi = mean over range of temperature months, i 

 

 

temperature coordinate for a year for a site     =     [ (∑ wi mi)/n ] 

 

 

Example:   For a fictitious study site in the year 2009 comprised of 6 pixels with strongest  

FMS period correlations to temperature over the following ranges of months: 

 

3 pixels February through July 

1 pixel April 

2 pixels February through April 

 

Temperature coordinate for 2009 =  

 [(3)(average temperature z score over Feb-Jul 2009)  

                              +   (1)(temperature z score for Apr 2009) 

                                     +   (2)(average temperature z score over Feb-Apr 2009) ]    /    6 

 

    

 
 
The axes in the FMS/climate grid are also divided into broader sections by the following scheme 

to produce five rankings:   

5 = far above average:      0.9 < season’s average monthly z score 
4 = above average:       0.3 < season’s average monthly z score < = 0.9 
3 = average:    -0.3 < = season’s average monthly z score < = 0.3 
2 = below average:    -0.3 < season’s average monthly z score <= -0.9 
1 = far below average:   season’s average monthly z score < -0.9 

  i = 1 

   n 
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3.4 
Modeling fire season FMS  

as a function of current and past climate conditions 
 

 

This section describes the method by which fire season FMS (FSFMS) was modeled as a 

function of current and past climate conditions to produce the plots shown in section 4.6 of the 

Results & Discussion.   The method is comprised of the following four main steps: 

 

1. Calculate component of FSFMS due to impact of current year conditions. 

 
2.   Calculate component of FSFMS due to impact of cumulative history. 
 
3.  Combine above two components into a single value:  FSFMS. 
 
4.   Plot FSFMS vs. year, varying parameters until best results are achieved. 
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1. Calculate the component of FSFMS due to the impact of current year conditions. 

• Each year’s climate conditions are multiplied by an exponential term to model an 

increase in the rate of change of current year FMS as climate conditions become more 

extreme.  This has the effect of exaggerating extreme years, drawing them further from 

the central average about 0 in the resulting plot.   

 

• Precipitation values are negated so that negative values indicate lower FMS and positive 

values indicate higher FMS, as is true of temperature values.   

 

• Exponentially modified precipitation and temperature values for the year are added and 

divided by two to calculate a single value representing the combined impact of current 

year climate conditions, like so: 

 

 

where  

FMScurr  =  Component of FSFMS due to current year conditions.    
 
precipcurr = Preceding winter precipitation, which is the Dec-Mar monthly z score mean.  

These values are given in tables 4.2, 4.4 and 4.6.  The magnitude (absolute value) 
of precipcurr modulates the rate of change of the precipitation impact term. 

 
prate =   A second factor that modulates the rate of change of precipitation impact term.  

This parameter can be varied to improve the final plot for the given site. 
 
tempcurr =  Current fire season temperature, which is site-specific weighted mean of 

temperature monthly z scores over February through July.  These values are given 
in tables 4.2, 4.4 and 4.6.  The magnitude (absolute value) of tempcurr modulates 
the rate of change of the temperature impact term. 

 
trate  =  A second factor that modulates the rate of change of temperature impact term.  

This parameter can be varied to improve the final plot for the given site.

precipitation impact term temperature impact term 



 3-30 

 
2.  Calculate component of FSFMS due to the impact of past years  

a)  Decay each past year’s FMScurr (FMS due to same year climate conditions—calculated 

using method in step 1) and average to create a single value. 
 

 

 

where 

FMSdecay =   An average FMS calculated from all decayed past years. 
 
FMScurr   =    FMS calculated by method described in step 1 for given past year  
 
lagyrnum = Number of total past years. A five year history was used for the 

Catalina and Chiricahua sites, while a four year history was used 
for the Huachuca site, history being constrained by short 
climatology 

 
yrlag =   Count of years back from present, which can be considered the 

zeroth year.  As yrlag increases, decay factor increases 
exponentially.. 

 
decayrate =  A second factor that modulates the rate of change of FMS for 

years in the past, which can be varied to improve the final plot 
for the given site. 

 

 
b)  Multiply FMSdecay by exponential term to exaggerate impact of extreme cumulative pasts.   
 

 
 

where 

FMSpast =   Component of FSFMS due to impact of recent history. 
 
pastrate =   A second factor that modulates the rate of change of past impact, 

which can be varied to improve the final plot for the given site. 
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3.  Combine components of FSFMS due to current and past conditions into a single value. 

 

 

 

4. Plot FSFMS vs. year, varying parameters until best results are achieved. 

Vary the parameters: prate, trate, decayrate and pastrate until fire season summaries position 

themselves in expected locations with respect to their color-coded FMS values along the fire 

season FMS axis. 
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4 
Results & Discussion 

 
 

As is evident in the flowchart provided in the Data & Methods section, there are multiple 

steps yielding preliminary results, which are used in turn to generate the final results that 

satisfy the objectives of this thesis.  Table 4.1 summarizes preliminary results, which have 

been included in the appendices.  Final results are described in this section and include: 

 
 
Results that define fire season for each of the three sites 

4.1 Fire season ranges 
 Explicit spatiotemporal definitions of fire seasons for each of the three study sites 
4.2 Fire season lengths 
 Length of fire season maps relate well to elevational differences, but a review of the 

meaning of the FMSI is useful for understanding fire season lengths in human-modified 
landscapes. 

 
 

Results that characterize fire season FMS for each year at each of the three sites 
4.3 Fire season summaries 

 Using the fire season range defined for each pixel in each study site, fire season FMS 
mean is calculated for each pixel in each site for each given year to generate the fire 
season summary image for the given year at each study site. 

 
 
Results that visualize the link between fire season FMS and the two climate drivers 

4.4 FMS/climate grid 
  Fire season summaries are plotted on a site-specific scatter plot with axes representing 

the two climate drivers. 
4.5 Fire season summary chronological sequence chart 
 Fire season summaries for each of the three sites are viewed together in chronological 

sequence. 
4.6 Fire season FMS vs. year plots 

A crude model combines past and current climate conditions to approximate fire season 
FMS using color-coded fire season summaries as guide, and is plotted for the three sites. 

Note:  Maps are often paired with shaded relief maps to aid orientation within scenes. 
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Result 
• Flowchart step where generated 
• Appendix where located. 
 

Catalina 
Number pixels: 6006 

Chiricahua 
Number pixels: 5005 

Huachuca 
Number pixels: 1554 

 
Optimal climatologies 
• Generated in Step 9A/B. 
• Described in Appendix E. 
 

Precip: 1965-2003 (39yrs) 
Temp:  1962-2003 (42yrs) 

Precip: 1971-2004 (34yrs) 
Temp: 1983-2004 (22yrs) 

Precip 1985-2004 (20yrs) 
Temp:1957-2004 (48yrs) 

 
Strongest Correlations 
• Generated in Step 10A/B. 
• Described in Appendix F 

 

Precip: 
• Range: 0.517- 0.956 
• Mean: 0.798 
• Sig Corrs: 5849/6006 
Temp: 
• Range: 0.533- 0.939 
• Mean: 0.761 
• Sig Corrs: 5988/6006 

Precip: 
• Range: 0.497- 0.968 
• Mean: 0.809 
• Sig Corrs: 4850/5005 
Temp: 
• Range: 0.497- 0.940 
• Mean: 0.760 
Sig Corrs: 4889/5005 

Precip: 
• Range: 0.588- 0.9785 
• Mean: 0.846 
• Sig Corrs: 1551/1554 
Temp: 
• Range: 0.554- 0.9265 
• Mean: 0.781 
Sig Corrs: 1553/1554 

 
Ranges of fore-summer bi-
weekly periods over which 
FMS correlates best with 
winter precipitation 
• Generated in Step 10A. 
• Described in Appendix G. 
 

 
Broad distribution of 
starts, dropping off after 
period 12.  Nearly all end 
in period 15.   
 
Early starts mostly low 
elevs, later starts mostly 
high elevs. 
 
Non-sig corrs:  higher 
elevs and urban areas. 

Three main groups: 
1. Start in period 8 or 9 

and end in period 14 or 
15. Low elevs, but not 
agriculture. 

2. Start in period 12 or 13 
and end in periods 13-
15. Mostly high elevs. 

3.  Start in period 8 or 9 
and end in periods 9 to 
10.  Scattered 
throughout site. 

 
Non-sig corrs: agriculture 

 
Nearly all starts in periods 
10-13 and nearly all ends 
in period 14. 
 
Some portion of the west 
side of the southernmost 
part of the range extends 
into period 15. 
 
Non-sig corrs: one in 
urban area and two in high 
elevs. 

 
Ranges of fore-summer bi-
weekly periods over which 
FMS correlates best with 
current or recent 
temperatures. 
• Generated in Step 10B. 
• Described in Appendix H.  

Nearly all starts between 
period 10 and 13 and 
nearly all ends in 13.  
 
Most of the earlier starts 
and later ends occur on 
southwest facing slopes. 
 
Non-sig corrs: 
Concentrated on small 
region on northeast slope 
of Rincons.  Most others 
are urban. 

Most start between periods 
11 and 13, and end 
between periods 11 and 
15.  Another large group 
starts in 5 and ends in 15. 
 
Agricultural pixels often 
have very early starts, and 
some high elevs have early 
starts.  Most of the low 
elevs (not agriculture) start 
around 12 or 13 and end 
between 13 and 15.   
 
Non-sig corrs: probably all 
are associated with 
agriculture.  
 
 

Most starts in periods 13 
with ends in periods 13-14.  
Another group starts in 
period 9 and ends in 15. 
 
Unexpected result:  earlier 
starts and later ends on 
northeast slopes.  Later 
starts and earlier ends on 
southwest facing slopes 
and region of the 
Huachucas.  Could 
orographic uplift/rain 
shadow be explanation? 
 
Non-sig corrs: one in 
urban area. 

 

Table 4.1:  Summary of preliminary results.  This table summarizes results of flowchart steps 9 and 10, which are used in 
steps 11 and 12 to generate most of the results described in section 4. 
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Result 
• Flowchart step where generated 
• Appendix where located. 
 

Catalina 
Number pixels: 6006 

Chiricahua 
Number pixels: 5005 

Huachuca 
Number pixels: 1554 

 
Ranges of temperature months 
that correlate best with 
current or near future FMS 
• Generated in Step 10B. 
• Described in Appendix I. 
 
 
Note: Non-significant 
correlations are the same in these 
results as those described in the 
above row and shown in 
Appendix H. 
 

Most start in February and 
end in June.  Many start in 
April and end in April.  
Two other groups have 
ranges between:  
1) February and April and 
2) April through June.  
 
April to April correlations 
occur in higher elevations, 
northeast facing slopes, 
along San Pedro and/or in 
urban. 
 
Most of the latest starts 
occur in the Rincons along 
with the non-sig corrs. 

Most start in June and end 
in June.  Next largest 
group starts in February 
and ends in June.  A third 
large group starts in April 
and ends in either June or 
July.  
 
Many early starts in the 
northern tail of the 
mountain range and a 
small clump in a central 
location within the higher 
elevations of the 
mountains.  Many lower 
elevation pixels begin in 
April.  An enormous 
amount of heterogeneity in 
some areas of the site, 
particularly the western 
half. 

The highest count of pixels 
in the Huachuca site have 
starts in February and ends 
in June or July.   
 
A band of pixels extending 
from the northwest to 
southeast corners have 
most of their starts in 
February, while their ends 
vary:   
• On the east side of the 

Huachucas many of 
these pixels have ends 
in July.   

• On east slopes of the 
Huachucas many of 
these pixels have ends 
in April.   

• On the west slopes and 
side of the Huachucas 
these pixel have ends 
in June. 

 
 
A second large group 
starts in June and ends in 
June or July.   This group 
appears to be located 
predominantly in the 
northeast and southwest 
corners of the site. 

 
Climate variable that 
determines fire season start. 
• Generated in Step 11. 
• Described in Appendix J. 
 

Precipitation correlations 
are earliest across most of 
the site except higher 
elevations, urban and 
maybe San Pedro pixels. 
 
In central Tucson, 
northwest and eastern side 
of Catalinas and north side 
of Rincons temperature 
had to be used because 
there were no significant 
correlations with precip. 

Precipitation correlations 
are earliest across most of 
the site except the east side 
and slopes of the 
Chiricahuas and a band of 
pixels in the lower middle 
region of the site.  Western 
and northeastern areas 
highly heterogeneous and 
contain most of the non-
correlations for either 
variable. 

Precipitation correlations 
are earliest across most of 
the site except on east 
slopes and side of 
Huachucas, the northwest 
corner and the southwest 
corners. 

(Table 4.1:  Summary of preliminary results, cont’d) 
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4.1 
Start and end of fire season 

 

 
This section describes the fire season ranges found for the pixels that make up each site.  In step 

11 of the flowchart, the Fire Season Summary algorithm determines the start and end of the fire 

season.  The start is determined by selecting the earliest period when FMS begins to correlate 

significantly with either climate variable.  The end is defined as that period that precedes the first 

fifteen or sixteen year negative average difference in FMS between earlier and later periods 

beyond period 12.  When no negative average difference can be found, period 15 is assumed to 

be the fire season end period.    

 

The range defined by the start and end of fire season represents the time between the beginning 

of March and the end of July when FMS shows strongest dependency on one or both of the two 

climate variables, winter precipitation and current or near-current temperatures.     

 

For each of the three sites, a plot and matrix illustrate the temporal distributions and start/end 

maps illustrate the spatial distributions of the ranges of bi-weekly periods that identify the spring 

fire season.  
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4.1.1 Start and end of fire season: Catalina 
 

 

 

 

      

Figure 4.1:  This surface plot 
(top) and matrix (bottom) 
show the counts of the ranges 
of bi-weekly periods 
identified as the range of time 
of critical fore-summer 
survival, i.e., the fire season 
in the Catalina site.  Range 
counts are located explicitly 
in the matrix using start and 
end periods as coordinates.   
 
Most of the ranges of fire 
seasons in the Catalina site 
begin in period 7 or 8 and end 
in period 13 or 14.  However, 
there is a very broad 
distribution of fire season 
ranges, with four or five main 
groups.  Could this wide 
distribution of fire season 
range be related to the broad 
range of elevation found in 
the Catalina site (see Section 
2: Study Sites)?  
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Figure 4.2-a:  The map just below at left shows the start month of the range of periods identified as the 
time of critical fore-summer survival, i.e., the fire season, for each pixel in the Catalina scene.  Just 
below at right, shaded relief and roads have been added. 

Figure 4.2-b:  The map just above at left shows the end month of the range of periods identified as the 
time of critical fore-summer survival, i.e., the fire season, for each pixel in the Catalina scene.  Just above 
at right, shaded relief and roads have been added. 

Lower elevations in the southwest have earlier starts.   Around most foothills 
and between the ranges, starts are often in period 10.   Fire seasons start later 
in higher elevations.  Fire seasons end later on southwest facing slopes, east 
of the Rincons and along the San Pedro. 
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4.1.2 Start and end of fire season: Chiricahua 
 

Figure 4.3:  This surface plot (top) 
and matrix (bottom) show the counts 
of the ranges of bi-weekly periods 
identified as the range of time of 
critical fore-summer survival, i.e., the 
fire season in the Chiricahua site.   
Range counts are located explicitly in 
the matrix using start and end periods 
as coordinates.   
 
Most fire season ranges in the 
Chiricahua site begin in periods 8-9 
and end in periods 13-15.  
 
Two other large groups range from: 
1) period 5 to periods 13 or 15 
2) period 12 to 13 or 14. 
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   Figure 4.4-a:  The map just below at left shows the start month of the range of periods identified as the 
time of critical fore-summer survival, i.e., the fire season, for each pixel in the Chiricahua scene.  Just 
below at right, shaded relief and roads have been added.   

Figure 4.4-b:  The map just above at left shows the end month of the range of periods identified as the time of 
critical fore-summer survival, i.e., the fire season, for each pixel in the Chiricahua scene.  Just above at right, 
shaded relief and roads have been added. 

Starts are earliest in agricultural areas and in the southeastern corner of the site.  
Starts are latest in higher elevations.  Fire seasons end later on the east side of 
Chiricahuas and in many lower elevation areas, possibly related to agriculture.  
Non-significant correlations are located in agricultural regions.   
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4.1.3 Start and end of fire season: Huachuca 
 

Figure 4.5:  This surface plot 
(top) and matrix (bottom) 
show the counts of the ranges 
of bi-weekly periods 
identified as the range of time 
of critical fore-summer 
survival, i.e., the fire season 
in the Huachuca site.   Range 
counts are located explicitly 
in the matrix using start and 
end periods as coordinates.   
 
 
Most of the ranges of fire 
seasons in the Huachuca site 
begin in period 12 but many 
begin in period 9, 13, 11 and 
10.  Almost all of the 
Huachuca fire seasons end in 
period 13. 
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 Figure 4.6-a:  The map just below at left shows the start month of the range of periods identified as the 

time of critical fore-summer survival, i.e., the fire season, for each pixel in the Huachuca scene.  Just 
below at right, shaded relief and roads have been added 

Figure 4.6-b:  The map just above at left shows the end month of the range of periods identified as the 
time of critical fore-summer survival, i.e., the fire season, for each pixel in the Huachuca scene.  Just 
above at right, shaded relief and roads have been added.  

Earlier starts occur on the east side and slopes of the Huachucas, in the northwest and 
southwest and in a central southern region. Later starts occur in the northeast, on the 
west slopes and in some regions west of the Huachucas.   
 
Could more precipitation on the southwest facing slopes produced by orographic 
uplift of prevailing westerly winds during winter months be the reason why southwest 
facing slopes don’t start fire seasons sooner? 
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Figure 4.7:  Saguaro with lawn—the urbanized 
Sonoran desert.  Photo taken April 9, 2004, looking 
west from Oracle Road near Pusch Ridge 
development, just west of the Catalinas.    

4.2 
Length of Fire Season 

 
“It is necessary here to bear in mind that the effects of drought on plants are 
cumulative, and that, for example, a period with a given set of conditions of 
increasing aridity which endures for 16 weeks may be twice as fatal or 
deleterious as a period that lasts for 14 weeks.”  (Shreve, 1915, 93) 

 

This section presents length of fire season maps for each of the three study sites.  Length of fire 

season (LOFS) in weeks is calculated by subtracting each pixel’s start period from each pixel’s 

end period and multiplying the difference by two (since periods are biweekly) in the Fire Season 

Summary algorithm in step 11 of the flowchart.    

 

In non-urban regions, darker green pixels indicating shorter fire seasons usually coincide with 

forests in higher elevations and/or northeast facing slopes and well-vegetated riparian areas; 

redder pixels indicating longer fire seasons are often found in the lower elevation desert and/or 

on southwest facing slopes.   In the non-urban case, it seems probable that the most influential 

factor is microclimate and that Shreve’s words above hold true. 

 

Interpretation of fire season lengths in urban 

areas, however, is complicated by human 

watering of exotic, ill-adapted vegetation.    

These ideas are discussed more fully in section 

6: Conclusions and Future Work. 



 
 

 4-12 

4.2.1 Length of fire season: Catalina 

 

Figure 4.8: Length of Fire Season Map 
 
Above:  Length of fire season for each 
pixel in the Catalina scene.  Uses black 
to denote the four non-significant 
correlation pixels. 
 
Below:  Length of fire season for each 
pixel in the Catalina scene with shaded 
relief and roads added.  Uses white to 
denote the four non-significant 
correlation pixels. 
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4.2.2 Length of fire season: Chiricahua 
 
  

  

Figure 3.47: Length of 
Fire Season Map 
 
Above: Length of fire 
season for each pixel in the 
Chiricahua scene.    
 
Below:  Length of fire 
season for each pixel in the 
Chiricahua scene with 
shaded relief and roads 
added.   

Figure 4.9: Length of Fire Season Map 
 
Above:  Length of fire season for each 
pixel in the Chiricahua scene.  Uses 
black to denote the 75 non-significant 
correlation pixels. 
 
Below:  Length of fire season for each 
pixel in the Chiricahua scene with 
shaded relief and roads added.  Uses 
white to denote the 75 non-significant 
correlation pixels. 
 
Note the long fire seasons associated 
with agricultural pixels in the west side 
of the site.  Could this unexpected result 
be produced by vegetation that is ill-
adapted to the climate but watered 
enough to remain productive, though not 
enough to cloak sensitivity to the arid 
fore-summer? 
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4.2.3 Length of fire season: Huachuca 
 

Figure 4.10: Length of Fire Season Map 
 
Above:  Length of fire season for each 
pixel in the Huachuca scene.  
 
Below:  Length of fire season for each 
pixel in the Huachuca scene with shaded 
relief and roads added.   
 
Could the longer seasons on the northeast 
side of the Huachucas be due to a winter 
precipitation rain shadow? 
 
Note:  All pixels in the Huachuca scene 
correlated significantly with one or both 
climate variables. 
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4.3 
Fire season summaries 

 

 

This section presents the fire season summaries for each of the three sites.    

 

Once the Fire Season Summary algorithm (step 11 in flowchart) has determined the start and end 

of the fire season, the algorithm goes on to calculate the average annual FMS over each pixel’s 

unique fire season for each year to generate that year’s fire season summary for the given site.   

When periods are missing from a site’s FMS series in a given year, fire season summaries are 

approximated using the available period data.   Approximations are included (and noted as such) 

in the following pages.  Depending on which and how many periods may be missing, 

approximations can be more or less reliable representations.   

 

Each year is illustrated in two maps.   The left map in each pair was generated in Matlab using an 

interpolation algorithm and the Matlab Jet colormap of depth 64; these maps were used in the 

FMS/climate grids (section 4.4) and fire season FMS vs. year plots (section 4.6).  The right map 

in each pair was imported into Imagine from Matlab, assigned a Jet-based colormap of depth 255 

and then combined with shaded relief.  In the Fire Season Summary legend shown below, blue 

indicates lower FMS, while red indicates higher FMS: 

  

low FMS high FMS 
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4.3.1  Fire Season Summaries:  Catalina 

   

 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 

 

Figure 4.11-a: 
Catalina 1989 

fire season 
summary.  

 

Figure 4.11-b:  
Approximated Catalina 

1990 fire season summary.  
This approximation is 

based on periods 5, 6, 8 
and 10 of the eleven 
possible fire season 

periods.  Because so few 
periods are available for 

this year, a full length fire 
season is not available for 
any pixel in the scene and 

only this approximation 
can be generated. 

Furthermore, pixels whose 
fire seasons begin after 11 

cannot even be 
approximated. 

Figure 4.11-c: 
Catalina 1991 

fire season 
summary.  
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Figure 4.11-d: 
Catalina 1992 

fire season 
summary.  

 

Figure 4.11-e: 
Catalina 1993 

fire season 
summary.  

 

Figure 4.11-f: 
Catalina 1994 

fire season 
summary.  
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Figure 4.11-g: 
Catalina 1995 

fire season 
summary.  

 

Figure 4.11-h: 
Catalina 1996 

fire season 
summary.  

 

Figure 4.11-i: 
Catalina 1997 

fire season 
summary.  
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Figure 4.11-k:   
Approximated 

Catalina 1999 fire 
season summary based 

on periods 5 through 
14.   Only a handful of 

pixels cannot be 
approximated. 

Figure 4.11-j: 
Catalina 1998 

fire season 
summary.  

 

Figure 4.11-l: 
Catalina 2000 

fire season 
summary.  
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Figure 4.11-o:  
Approximated Catalina 

2003 fire season 
summary.  This 

approximation is based 
on periods 5 through 12; 

periods 13-15 are 
missing due to the Aspen 

fire.  Because all pixels 
end their fire seasons in a 

period between 13 and 
15, a full length fire 

season is not available 
for any pixel in the 

scene.  Furthermore, 
pixels whose fire seasons 

begin after 12 cannot 
even be approximated. 

Figure 4.11-m: 
Catalina 2001 

fire season 
summary.  

 

Figure 4.11-n: 
Catalina 2002 

fire season 
summary.  
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4.3.2 Fire Season Summaries:  Chiricahua 

 

 

Figure 4.12-b:  Approximated 
1990 Chiricahua fire season 

summary.  This approximation is 
based on periods 5-10.  Because 
so few periods are available for 

this year, a full length fire season 
is not available for any pixel in 

the scene and only this 
approximation can be generated.  

Furthermore, pixels whose fire 
seasons begin after 11 cannot 

even be approximated. 

Figure 4.12-c:  Approximated 1991 
Chiricahua fire season summary 

shown on left.  Only period 15 is 
missing from this year.   

 

Figure 4.12-a: 
1989 Chiricahua 

fire season 
summary.  
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Figure 4.12-d: 
1992 Chiricahua 

fire season 
summary.  

 

Figure 4.12-e: 
1993 Chiricahua 

fire season 
summary.  

 

Figure 4.12-f: 
1994 Chiricahua 

fire season 
summary.  
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Figure 4.12-g: 
1995 Chiricahua 

fire season 
summary.  

 

Figure 4.12-h: 
1996 Chiricahua 

fire season 
summary.  

 

Figure 4.12-i: 
1997 Chiricahua 

fire season 
summary.  
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Figure 4.12-k:  
Approximated 1999 

Chiricahua fire season 
summary shown on 

left.  Only periods 14 
and 15 are missing 

from this year.    
 

. 

Figure 4.12-j: 
1998 Chiricahua 

fire season 
summary.  

 

Figure 4.12-l: 
2000 Chiricahua 

fire season 
summary.  
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Figure 4.12-m: 
2001 Chiricahua 

fire season 
summary.  

 

Figure 4.12-o: 
2003 Chiricahua 

fire season 
summary.  

 

Figure 4.12-n: 
2002 Chiricahua 

fire season 
summary.  
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Figure 4.12-p:  
Approximated 2004 fire 

season summary.  This 
approximation is based on 

periods 5-10 (3 of these were 
generated replacement 

images—see Data & 
Methods).  Because all pixels 

end their fire seasons in a 
period between 13 and 15, a 
full length fire season is not 

available for any pixel in the 
scene; therefore, only an 
approximated fire season 

summary can be generated.  
Furthermore, pixels whose 
fire seasons begin after 10 

cannot even be approximated. 
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4.3.3 Fire Season Summaries:  Huachuca  
 
 
 
 

 
 

Figure 4.13-b:  Approximated 
1990 Huachuca fire season 

summary.  This approximation 
is based on periods 5-10.  

Because so few periods are 
available for this year, a full 

length fire season is not 
available for any pixel in the 

scene and only this 
approximation can be 

generated.  Furthermore, pixels 
whose fire seasons begin after 

10 cannot even be 
approximated. 

Figure 4.13-c:  1991 
Huachuca fire season 

summary shown on left.  
Only periods 14 and 15 are 

missing from this year.   
 

 

Figure 4.13-a: 
1989 Huachuca 

fire season 
summary.  
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Figure 4.13-d: 
1992 Huachuca 

fire season 
summary.  

 

Figure 4.13-e: 
1993 Huachuca 

fire season 
summary.  

 

Figure 4.13-f: 
1994 Huachuca 

fire season 
summary.  
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Figure 4.13-g: 
1995 Huachuca 

fire season 
summary.  

 

Figure 4.13-h: 
1996 Huachuca 

fire season 
summary.  

 

Figure 4.13-i: 
1997 Huachuca 

fire season 
summary.  
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Figure 4.13-k:  1999 
Huachuca fire season 

summary shown on left.  
Only periods 14 and 15 132 

missing from this year.   

Figure 4.13-j: 
1998 Huachuca 

fire season 
summary.  

 

Figure 4.13-l: 
2000 Huachuca 

fire season 
summary.  
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Figure 4.13-m: 
2001 Huachuca 

fire season 
summary.  

 

Figure 4.13-o: 
2003 Huachuca 

fire season 
summary.  

 

Figure 4.13-n: 
2002 Huachuca 

fire season 
summary.  
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4.4 
FMS/climate grid 

 
 
The FMS/climate grid, based on the original climate grid developed by Grunberg (2004), was 

conceived of as a way to visualize the link between the two climate drivers and fuel moisture 

stress over the years 1989 to 2003.   

 

The FMS/climate grid is based on a climate scatter plot for the given site.  The climate scatter 

plot is produced by plotting years along two axes representing current year precipitation and 

current year temperature.   Current year precipitation is the current year’s mean z score over 

December through March, with the z score having been calculated from monthly means over an 

optimal climatology.   Current year temperature is a weighted mean based on those temperature 

month ranges found to be most relevant for the pixels of the given site (see step 12 of flowchart).   

 

Each year’s fire season summary is plotted onto the climate scatter plot to produce the 

FMS/climate grid for the each site.  In general, the colors of fire season summaries tend to make 

sense for their location within the climate grid.  More yellow and orange and red images appear 

in the upper left and bluer images appear in the lower right portion of the grid.  However, some 

years do not fall into expected grid regions.   This result will be examined more closely in the 

section 5: Conclusion. 
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4.4.1 FMS/climate grid:  Catalina 
 
 
.   
In Step 12 of the flowchart, 

climate axis coordinates are 

calculated.  The adjacent table 

shows the values of the climate 

coordinates for each year in the 

Catalina site 

 
Z score values are used to locate 

years in the climate scatter plot, 

shown in figure 4.14.  These 

values also locate years in 

highest precision cells in the 

FMS/climate grid, shown in 

figure 4.15.   The following z 

score rankings designate larger 

increments along axes in the 

FMS/climate grid:    

5=far above average 
4=above average 
3=average 
2=below average 
1=far below average 

Table  4.2:  Catalina annual climate z scores 
and ranked annual  climate z scores 

 
 

. 
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Figure 4.14:  Catalina climate scatter plot.  This plot locates the years from 1984 to 2003 in a grid using the 
annual climate z scores for the pixels in the Chiricahua site shown in table x.x.  The horizontal axis represents 
current year winter precipitation z score.  The vertical axis represents current temperature z score, a weighted 
mean specific to each site.  
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Figure 4.15: Catalina FMS/climate grid 
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Table 4.3:  Catalina FMS/climate grid notes 

Year Approximation? Non-data pixel 
count Remarks 

1984 

 to 1988 N/A N/A Beyond the scope of the FMSI; AVHRR NDVI time 
series begins in 1989. 

1989 No 4  

1990 Yes Large 

• Interpret cautiously--approximation is based on very 
few bi-weekly periods (5-6, 8 10) and has many 
non-data pixels. 

• Shares same cell with 2001.   
• 1990 climate grid coordinates = (-0.377, 0.693). 

1991 No 4  

1992 No 4  

1993 No 4  
1994 No 4  

1995 No 4  

1996 No 4  

1997 No 4  

1998 No 4  

1999 Yes ~15 

• Fire season summary image indicates lower FMS 
than would be expected based on its location in a far 
below average precipitation region of the grid.   

• Approximation based on periods 5 through 14. 

2000 No 4 

• Shares same cell with 2002. 
• 2000 climate grid coordinates: (-0.723, 1.408) 
• Fire season summary image indicates lower FMS 

than would be expected based on its location in a 
below average precipitation and far above average 
temperature region of the grid. 

2001 No 4 • Shares same cell with 1990.   
• 2001 climate grid coordinates = (-0.332, 0.556). 

2002 No 4 • Shares same cell with 2002. 
• 2002 climate grid coordinates: (-0.741, 1.359) 

2003 Yes Large 

• Fire season summary image indicates much higher 
FMS than would be expected based on its location 
in an average precipitation and above average 
temperature region of the grid.   

• Because the last good period in the Catalina FMS 
time series for the 2003 fire season is 12, all pixel 
averages in the approximation are based on a 
truncated season.  Pixels in upper elevations that 
have very late fire seasons are missing entirely from 
the fire season summary. 



 
 

 4-37 

4.4.2  FMS/climate grid:  

Chiricahua  

 

Climate axis coordinates are 

calculated in Step 12 of the 

flowchart. The adjacent table 

shows the values of the climate 

coordinates for each year in the 

Chiricahua site. 

 

Z score values are used to locate 

years in the climate scatter plot, 

shown in figure 4.16.  These 

values also locate years in 

highest precision cells in the 

FMS/climate grid, shown in 

figure 4.17.   The following z 

score rankings designate larger 

increments along axes in the 

FMS/climate grid:    

5=far above average 
4=above average 
3=average 
2=below average 
1=far below average

Table  4.4:  Chiricahua annual climate z 
scores and ranked annual  climate z scores 

 
 

. 
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Figure 4.16:  Chiricahua climate scatter plot.  This plot locates the years from 1984 to 2004 in a grid using the 
annual climate variable z scores for the pixels in the Chiricahua site.  The horizontal axis represents current year 
winter precipitation z score.  The vertical axis represents current temperature z score, a weighted mean specific 
to each site. 
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	  -‐	  	  2000	  and	  2002	  share	  the	  same	  grid	  cell.	  

Figure 4.17: Chiricahua FMS/climate 

grid 
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Table 4.5:  Chiricahua FMS/climate grid notes

Year Approximation? Non-data pixels Remarks 
1984 

 to 1988 N/A N/A Beyond scope of FMSI; AVHRR NDVI data begins in 
1989. 

1989 No 75  

1990 Yes Many Interpret cautiously--approximation is based on only 
periods 5-10 and has many non-data pixels. 

1991 Yes 83 Approximation based on periods 5-14.   
1992 No 75  

1993 No 75  

1994 No 75  

1995 No 75  

1996 No 75  
1997 No 75  

1998 No 75  

1999 Yes 96 Approximation based on periods 5 through 13. 

2000 No 75 • Shares cell with 2002. 
• 2000 climate grid coordinates = (-0.756, 0.919) 

2001 No 75  

2002 No 75 • Shares cell with 2000. 
• 2002 climate grid coordinates = (-0.741, 1.0355) 

2003 No 75   

2004 Yes Many 

• Interpret cautiously--approximation based on only 
periods 5-10 and has many non-data pixels. 

• Approximated fire season summary indicates higher 
FMS than would be expected based on its location 
in an average precipitation and above average 
temperature region of the grid.   
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4.4.3 FMS/climate grid:     Huachuca 

  

 

In Step 12 of the flowchart, 

climate axis coordinates are 

calculated.  The adjacent table 

shows the values of the climate 

coordinates for each year in the 

Huachuca site.    

 

Z score values are used to locate 

years in the climate scatterplot, 

shown in figure 4.18.  These 

values also locate years in highest 

precision cells in the FMS/climate 

grid, shown in figure 4.19.   The 

following z score rankings 

designate larger increments along 

axes in the FMS/climate grid:    

5=far above average 
4=above average 
3=average 
2=below average 
1=far below average

Table  4.6:  Huachuca annual climate z 
scores and ranked annual  climate z scores 

 
 

. 
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Figure 4.18:  Huachuca climate scatter plot.  This scatter plot locates the years from 1985 to 2004 in a grid 
using the annual climate variable z scores for the pixels in the Huachuca site.  The horizontal axis represents 
annual antecedent precipitation z score.  The vertical axis represents annual site-specific current temperature z 
score.  
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-‐	  White	  pixels	  indicate	  non-‐data	  
-‐	  1990,	  1991	  and	  1999	  are	  approximated	  fire	  season	  summaries	  
-‐	  1990	  and	  2001	  share	  the	  same	  grid	  cell	  
-‐	  2000	  and	  20002	  share	  the	  same	  grid	  cell.	  

Figure 4.19: Huachuca FMS/climate 

grid 
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Table 4.7:  Huachuca FMS/climate grid notes 

Year Approximation? Non-data pixels Remarks 
1985 

 to 1988 N/A N/A Beyond the scope of the FMSI; AVHRR NDVI time 
series begins in 1989. 

1989 No 0  

1990 Yes MANY 

• Interpret cautiously--approximation is based on only 
periods 5-10 and has many non-data pixels. 

• Shares same cell with 2001. 
• 1990 climate grid coordinates = (-0.402, 0.687) 

1991 Yes 0 Approximation based on periods 5-13.  Most pixels in 
Huachuca scene complete their fire season in period 13.    

1992 No 0  

1993 No 0  
1994 No 0  

1995 No 0  

1996 No 0  

1997 No 0  

1998 No 0  

1999 Yes 0 Approximation based on periods 5-13.  Most pixels in 
Huachuca scene complete their fire season in period 13.    

2000 No 0 • Shares same grid cell with 2002.  
• 2000 climate grid coordinates = (-0.750, 1.1945). 

2001 No 0 • Shares same cell with 1990. 
• 2001 climate grid coordinates = (-0.390, 0.593) 

   2002 No 0 • Shares same grid cell with 2000.  
• 2002 climate grid coordinates = (-0.777, 1.241). 

2003 No 0 

Fire season summary image indicates much higher FMS 
than would be expected based on its location in an 
average precipitation and above average temperature 
region of the grid.   

2004 N/A N/A Only two bi-weekly periods available.  No approximation 
available at this time. 
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4.5 
Fire season summary chronological sequence chart 

 
 
 
The FMS/climate grids indicate a distinct relationship between FMS and the two climate 

variables.  Certain years, however, do not appear in their expected locations in the grid.  For 

example, in the Catalina FMS/climate grid 1994, 1997 and 1999 are bluer than would be 

expected based on their locations in below average regions along the precipitation axis.  In fact, 

fire season summaries in the hot and dry region of the Catalina FMS/climate grid appear lower in 

FMS (bluer) than the fire season summaries in this region in the other two grids. Most notably, 

the year 2003 is anomalous across all three grids.   

 

The chronological sequences of Fire Season Summaries shown in figure 4.20 suggest that 

preceding years may hold the key to this conundrum.   Note that years that do not make sense in 

the FMS/climate grid, do make sense when considered in chronological sequence.   

 

There is a great deal of similarity in the overall trends of high to low FMS across the fifteen 

years, but there are some interesting differences across the three sites.  The Catalina site tends to 

have lower FMS in general and transitions between high and low FMS years seem smoother, 

sometimes extending over multiple years, than in the other two sites.  The Huachuca site tends to 

have higher FMS in general.   
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Figure 4.20:  G
rid show

ing chronological sequences of fire season sum
m

aries for the three sites.   
 Top:  C

atalina 
M

iddle:  C
hiricahua 

B
ottom

:  H
uachuca. 

 A
pproxim

ated C
atalina fire season sum

m
aries: 1990, 1999 and 2003. 

 A
pproxim

ated C
hiricahua and H

uachuca fire season sum
m

aries:  1990, 1991, 1999. 
 W

hite pixels indicate nondata. 
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4.6 
Fire season FMS vs. year 

 
 
 
The chronological sequence of fire season summaries for each of the sites clearly indicates a 

relationship between FMS and past year conditions, in addition to current year conditions.   This 

section presents a plot of fire season FMS vs. year for each of the three sites based on a model of 

fire season FMS as a function of current and past climate conditions.   

 

In the plots of fire season FMS shown in figures 4.21–4.23, fire season summaries sort out fairly 

well into expected locations, but better in the Catalina and Huachuca plots than in the Chiricahua 

plot.   The Catalina 1989 and 2000 fire season summaries appear to have a too high FSFMS 

rating.  A number of fire season summaries in the Chiricahua plot seem out of place.  The 

Huachuca plot looks most accurate.  

 

Four parameters were incorporated into the design of the model to enable refinement of final 

results.  The following table shows values that resulted in relatively good results for each of the 

three sites, although it should be noted that parameter combinations were not extensively tested 

in this exploratory exercise. 

 

 

 

 

 

 prate trate decayrate pastrate 
Catalina 0.4 0.8 -0.4 3.0 
Chiricahua 0.5 0.9 -0.4 1.5 
Huachuca 0.5 0.9 -0.4 1.5 

Table 4.8:  Parameter values used in final site functions, 
from which the plots in figures 4.21-4.23 were generated. 
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Figure 4.21:  C
atalina Fire Season FM

S vs. Y
ear 



 
 

 4-49 

 

Figure 4.22:  C
hiricahua Fire Season FM

S vs. Y
ear 
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 Figure 4.23:  H
uachuca Fire Season FM

S vs. Y
ear 
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5 
Sources of Error 

 
 
 
Sensor and preprocessing 
• Though improvement of reprojection method successfully reduced an earlier larger estimate 

(Taunton, 2003), misregistration of images may still be as large as plus or minus 1-2 pixels.   
• Averaging values over 1 km2 pixels. 
• Bi-weekly period shifting causes start and end dates to vary somewhat from year to year (see 

Appendix D—Period Histograms). 
• Other AVHRR sensor problems including degradation, bow-tie effect, etc. 
 
Image selection process 
• This was an extremely laborious process packed with difficult judgments.  The process 

improved as I worked through the three sites: Catalina image selection was tackled first, 
Huachucas second and Chiricahuas last, where methods are most refined.   

• Averages were often used to fill gaps left in the time series by rejected images. 
 
FMSI  
• Results dependent on range of variation that occurs in the span of available data, i.e., 1989 to 

2003 or 2004, which could be misleading (like viewing the torso of a giraffe through a hole 
in a fence). 

• Because some periods are missing from the time series, NDVI means and standard deviations 
(necessary to calculate the FMSI) for fire season periods are not calculated over exact same 
sets of years from site to site (see Appendix C—Gap Charts and Time Maps). 

• FMSI is highly sensitive to biomass density variations (see figure 1.3).  In years following 
fires or severe drought, results may be describing loss of biomass versus existing biomass 
moisture stress. 

• Measures FMS at the canopy.  Below canopy is unknown. 
• Uncertainty regarding NDVI measures over conifer forests (described in section 1.3). 
• In human-modified landscapes (versus wild), results are difficult to interpret (described more 

in section 6: Conclusions and Future Work). 
 
Could different spatial extents of the three sites compromise comparability? 

1. Catalina: 78 rows x 77 cols  6006 pixels 
2. Chiricahua:  77 rows by 65 cols  5005 pixels 
3. Huachuca: 37 rows x 42 cols  1554 pixels 
 

Climate data 
• Single average represents entire climate division.   
• Tested ranges for optimal climatologies extend only as far back as 1950.  
 
 
Weak correlations to selected climate drivers caused by: 



 
 

 5-2 

• Other moisture sources, e.g., hoses  
• Species ill-adapted to the climate  
• Long term moisture storage in vegetation or seed dormancy 
• Links to summer monsoon precipitation or other climate variables than those considered in 

this study 
• Possibility that importance of winter precipitation may be more related to timing and number 

of rains rather than total rainfall (Turner et al, 2003). 
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6 
Conclusions and Future Work 

 
 
 
In this study, vegetation moisture stress since 1989 was measured across the highly variable 

landscapes of three different sites using a standardized, inverse AVHRR NDVI time series, the 

FMSI (Fuel Moisture Stress Index).  A rigorous algorithm was developed to search extensively 

for strongest, significant (95% confidence) correlations between measured fuel moisture stress, 

FMS, and two important climate drivers, winter precipitation over December through March, and 

temperature over March through July, since 1989.  The significant correlations that were found 

support Shreve’s observations a century ago that the arid fore-summer begins later as you climb 

higher up the slopes of the Catalinas (figure 1.9).  Dependency of vegetation survival on 

preceding winter precipitation and/or current temperature conditions is often evident very early 

at lower elevations, but not until June or even later at highest elevations.  In this study the unique 

period of time over which FMS correlates most strongly with these climate drivers in any given 

pixel is termed the fire season to denote the annual season when fuel moisture stress is likely to 

peak, and, therefore, vulnerability to fire is likely to be greatest (figure 1.10).   

 

As is evident in figures 4.1-4.6, fire seasons begin earliest in the Catalina site, though 

distribution of fire season range is the most diverse here of the three sites, which may be 

attributable to the Catalina’s considerable variation in landcover and elevation.  These figures 

also show fire seasons beginning later in the slightly higher elevation Chiricahua site and latest 

in the Huachuca site, the highest elevation region of the three study sites.   
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Length of fire season maps (figures 4.8-4.10) show fire seasons in general to be longer in lower 

elevations and shorter in higher elevations; however, the combination of human-introduced 

exotic vegetation, which is ill-adapted to this arid climate and dependent on supplementary 

moisture provided by humans, challenges the interpretation of FMS and length of fire season in 

urban and agricultural pixels.  Unexpected results, such as longer fire season in pixels covered in 

well-watered lawn grass or crops, motivate a brief review of the meaning of the FMSI.   

 

As illustrated in figure 1.5, the FMSI standardizes NDVI distributions so that moisture stress 

levels associated with different kinds of landcover pixels can be compared.  Consider one pixel 

with a low mean NDVI and low standard deviation, such as desert scrub, and another pixel with 

a high mean NDVI and low standard deviation, such as a consistently well-watered golf course.   

The FMSI for the verdant green golf course could measure the same or greater value than the 

desert scrub.  This is because each pixel’s FMSI is based on its own unique distribution over the 

same bi-weekly period since 1989.  Furthermore, in spite of generous watering over the years, 

exotic vegetation FMS could show a weak correlation with climate variables earlier in the season 

than well-adapted vegetation FMS.  In such a case, a luxuriously green golf course could have a 

longer ‘fire season’ than a neighboring pixel covered in native vegetation.    

 

Strength of correlation between FMS and climate variable (Appendix F) must be taken into 

consideration when making sense of length of fire season maps, as well as all other maps 

generated in this thesis.  If correlations are strong, plant survival can be expected to be highly 

contingent on the two climate drivers considered in this study.  If correlations are weak, variation 

in FMS is likely to be closely linked to unknown factors.  In urban and agricultural pixels, as in 



6-3 

the Tucson area of the Catalina site and the large band of agricultural pixels in the Chiricahua 

site, correlations between FMS and both variables are weaker, indicating that other sources of 

moisture than climate are probably sustaining vegetation in those pixels.  Conclusions regarding 

fire season in such pixels should be made cautiously, if at all. 

   

By averaging FMS over each pixel’s unique fire season, a set of maps representing yearly fire 

seasons, fire season summaries, was generated for each site (section 4.3). These maps were then 

plotted on climate scatter plots to produce FMS/climate grids for the three sites (section 4.4).  

Orange-red colored fire season summaries gravitate into the upper left (hot and dry) corners of 

FMS/climate grids while blue colored fire season summaries gravitate into the lower right (cool 

and wet) corners of FMS/climate grids.  Interestingly, no years appear in the lower left (cool and 

dry) or upper right (hot and wet) corners of FMS/climate grids describing spatiotemporal 

patterns since 1989.   

 

FMS in fire season summaries positioned in the upper left region of the Catalina FMS/climate 

grid seems generally lower than FMS in fire season summaries located in the same region of the 

other two FMS/climate grids.  But the outstanding anomaly is the 2003 fire season summary, 

whose fiery colors contrast sharply with nearby fire season summaries in the average/above 

average region in all three FMS/climate grids. 

 

It was verified by Laura Baker, Aaryn Olsen and Willem van Leeuwen of the Arizona Remote 

Sensing Center that the sudden elevation in FMS in the fire seasons of 2002 and 2003 was not 

caused by any known inconsistency in sensor calibration or imagery pre-processing between 
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1989 and 2003.  My conclusion, therefore, is that the 2002 and 2003 fire season summaries are 

accurately reporting unusually severe FMS.  However, if conditions in 2003 were not as severe 

as in, say, 2000, why does the 2003 fire season summary show overall worse FMS than the 2000 

fire season summary?  Relationship between FMS in the present and FMS in the past could well 

provide the explanation for the 2003 anomaly.    

 

Deterministic chaos theory explains physical phenomena such as earthquakes, landslides and 

fires as events that follow long term accumulations of conditions leading to critical instability 

(Turcotte, 2000).  Is it possible that severe conditions occurring over a number of years in a row 

could have pushed vegetation populations within these landscapes over a threshold of FMS 

“criticality?”  A sequence of severe years culminating in the 2002 fire season may have forced 

large amounts of the vegetation in these landscapes beyond their survival capacity such that they 

could not revive the next spring, in spite of the moister and cooler conditions of 2003.  An article 

from the Arizona Daily Star dated August 31, 2002 (figure 6.1a-b), describes widespread death 

in plant populations including manzanitas, pines, oaks and jojoba plants and quotes U.S. Forest 

Service biologist Josh Taiz:  “We’re witnessing one of those major vegetative changes because 

of this drought we’ve been going through.” 

 

But is FMS high in 2003 because there is more bare dirt between living plants or because there is 

more dead biomass, still standing from the previous harsh year?  Ambiguity in interpretation that 

can be caused by the FMSI being inextricably linked with biomass density is illustrated in figure 

1.3.  Since bare dirt is more likely to be associated with less fire vulnerability while dead  
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Figure 6.1a:  Page 1 of Arizona Daily Star article from August 31, 2002. 
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Figure 6.1b:  Page 2 of Arizona Daily Star article from August 31, 2002. 
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biomass is more likely to be associated with greater fire vulnerability, this is a critical question 

that will need to be answered in future work.   

 

Spatiotemporal patterns associated with wildfire in the Chiricahuas also suggest some 

dependence of FMS on variations in biomass density.  The ‘echo’ of the Rattlesnake fire, which 

occurred in the Chiricahuas in 1994, may still be visible in the 1998 Chiricahua fire season 

summary and even possibly as late as the 2000 Chiricahua fire season summary (figure 4.12).  In 

years following a fire, there will be markedly less photosynthetic activity due to more dead 

biomass and less existing biomass than in years preceding a fire.  But as in years following 

severe drought, interpretation of elevated FMS in recently burned locations is ambiguous 

because the FMSI does not distinguish between dead biomass and absent biomass.   

 

It will be quite informative to view the impact of the large 2002 and 2003 fires, which occurred 

in the Huachucas and Catalinas, in ensuing fire season summaries of future years.  Continuing to 

expand the fire season summary database for each site for future years beyond 2003 will deepen 

insight regarding the effect of fire and severe drought, as well as unusual increases in biomass 

density that can follow El Nino years, on the FMSI measure.  

 

The chronological sequence chart, which shows the fire season summaries for all three sites from 

1989-2003 (figure 4.20) reveals a striking similarity in patterns.  The Huachuca and Chiricahua 

fire season summaries are more similar.  The 1994 Catalina fire season summary shows 

markedly lower FMS than the other two sites for that year.  But in general, patterns over the 

three site region show highest FMS occurred in 1989, 1990, 1994, 1996, 2000, 2002 and 2003; 
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lowest FMS occurred in 1992, 1993, 1995 and 1998.  2002 was the most severe year for all three 

sites, with 2003 being the second most severe for the Catalinas and Chiricahuas.  In the 

Huachucas, it is difficult to tell if 1989 or 2003 was the second most severe year.   

 

How closely do FMS fire seasons, determined uniquely for each pixel in each of the three sites, 

relate to the actual historical occurrence of wildfires in these places?   The dramatically severe 

1994 Chiricahua fire season summaries and the 2002 and 2003 Huachuca and Catalina fire 

season summaries corroborate very well indeed with the occurrence of the large fires at these 

sites in these years.  But to determine more specifically if particular pixels were in their 

designated fire seasons when fires began will require a future study in which maps showing 

locations and dates of fires will be combined with fire season starts/ends maps (figures 4.2, 4.4 

and 4.6).  It may be that other factors, such as presence of humans, lightning or wind, have 

dominated FMS to dictate locations and times of wildfires.  In that case the term “FMS season” 

would be a more accurate nomenclature than “fire season”.  However, part of the purpose in 

naming this variable length season the “fire season” was to counter the conventional designation 

of April through June as the fire season everywhere in southeastern Arizona, and perhaps the 

most important conclusion of this study is that the annual season of greatest fire vulnerability is 

spatiotemporally explicit.   

 

Since chronological sequences of fire season summaries suggest so strongly that past FMS is 

related to present FMS, the final work in this thesis experiments with modelling fire season FMS 

as a function of current and past climate conditions.  Colors of fire season summaries are used as 

a guide to fine-tune parameters in an equation that models lagged effects of climate conditions 
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on FMS.  These initial results (figures 4.21-4.23) are very promising and are intended to serve as 

inspiration for the development of a truly rigorous model that would be able to closely estimate 

upcoming FMS ‘what-if’ scenarios using climate data, easily downloaded from the NOAA site 

(section 3.2), along with hypothetical upcoming climate data, which could be drawn from 

previous ‘example’ years.  

 

Future work would include development of software with a user-friendly graphic user interface 

(GUI), which could also provide an error detection feature to help inform supervised image 

choices.  The transformation of the current group of disparate algorithms into an integrated, 

highly accessible GUI would facilitate hugely the generation of fire season summaries in future 

years.  

 

Moving over to MODIS imagery from AVHRR imagery would improve spatial resolution from 

1 km2 pixels to 250m2 pixels. 

 

My ultimate vision is a paired set of algorithms that estimates both fuel moisture stress and 

unusual fuel accumulations in southeastern Arizona sky islands.  This would require the 

completion of the development of a fuel accumulation index that detects unusual fuel load 

buildup based on a probability analysis of an NDVI time series.  A great deal of work has 

already been done to develop buildup algorithms using AVHRR NDVI imagery.  Spatiotemporal 

patterns of fire season fuel moisture stress in upcoming seasons could then be estimated 

alongside spatiotemporal patterns of fuel accumulation to provide an invaluable tool for wildfire, 

vegetation and climate research in southeastern Arizona sky islands. 
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Figure 6.2:  Catalinas.  Taken from the northwest side April 2004. 
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Appendix A 
Period to Date Conversion Chart 
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Appendix B 
Site Dimensions 

 
 
 
 
Site Dimensions (meters) 
 
Catalina Mountains (R:78 C:77)      
Xmin -197654.45469                        
Ymin 992667.80307                          
Xmax -121654.45469                        
Ymax 1069667.80307                        
 
 
Huachuca Mountains (R:37 C:42) 
Xmin -152654.45469 
Ymin 918667.80307   
Xmax -111654.45469 
Ymax 954667.80307 
 
 
Chirichua Mountains (R:77 C:65)   
Xmin -70654.45469                                
Ymin 943667.80307                                 
Xmax -6654.45469                                 
Ymax 1019667.80307                        
 
 
Note:  Projection parameters are provided in section 3.1: Remotely sensed data. 
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Appendix C 
Gap charts and time maps 

 
 

This section presents a gap chart and a time map for each of the three study sites.  The 

gap chart, produced as part of the documentation of the NDVI image selection process in 

step 2 of the flowchart, shows which periods are available and which periods are missing 

in fire seasons between 1989 and 2003 or 2004 (depending on the site).  Missing chunks 

of periods are sprinkled throughout the time series for each of the three sites; 

nevertheless, these are remarkably complete time series. The years with worst coverage 

are 1990 and 2004 for all three sites, and also 2003 for the Catalinas.    

 

The time map echoes the gap chart in reporting series continuity but provides the added 

information of FMS average for each period in the time series.  The time map is produced 

after the FMS series has been generated in step 7 of the flowchart.  The time maps for the 

three study sites that follow indicate a highly textured temporal pattern in FMS from 

period to period, but then a smoother alternating pattern across years, transitioning from 

high to low and back to high FMS again over groups of one, two or three fire seasons.    

 

Note:  The three sites time series have different lengths, ending at different times.  The 

Huachucas end in period 9 of 2004, the Chiricahuas end in period 10 of 2004 and the 

Catalinas end in period 12 of 2003.  Because 2004 imagery 5-8 was riddled with sensor 

noise, 2004 fire season summaries do not appear in final results; when compiling the 

Chiricahua time series, I employed a weighted average to estimate these missing periods 

(see Data and Methods for explanation of this ‘repair’ method).  
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C.1 Gap charts and time maps: Catalina 

 
 
 
 
 
 
 
 

Figure C.1-a:  
Catalina gap chart, 
a documentation 
product of the 
Catalina image 
selection process, 
shows where data 
are missing from 
the Catalina NDVI 
time series.   
 
The Catalina gap 
chart shows data 
missing in periods 
7, 9 and 11-15 of 
1990, period 15 of 
1999 and periods 
13-15 of 2003.    
  

Figure C.1-b:  This time 
map, produced from the 
Catalina FMS time series, 
shows the FMS average 
over the 6006 pixels of the 
Catalina site for each 
period between 1989 and 
the end of the series in 
2003.   
 
Highest stress values are 
represented in the red end 
of the spectrum.  Lowest 
stress values are 
represented in the blue end 
of the spectrum. Missing or 
unacceptable data, denoted 
in the legend as NaN (Not-
a-Number), are represented 
with white colored cells. 
 
The Catalina site time map 
indicates, in general, an 
alternating high/low stress 
pattern with lowest stress 
seasons in 1993 and 1998.  
Highest stress seasons 
occur in 1989, 1990, 1996, 
1997, and from 2000 
through the end of the 
series. 
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C.2 Gap charts and time maps: Chiricahua 

Figure C.2-b:  This time 
map, produced from the 
Chiricahua FMS time 
series, shows the FMS 
average over the 5005 
pixels of the Chiricahua 
site for each period 
between 1989 and the end 
of the series in 2004.   
 
Highest stress values are 
represented in the red end 
of the spectrum.  Lowest 
stress values are 
represented in the blue end 
of the spectrum. Missing or 
unacceptable data, denoted 
in the legend as NaN (Not-
a-Number), are represented 
with white colored cells. 
 
The Chiricahua site time 
map indicates, in general, 
an alternating high/low 
stress pattern with lowest 
stress seasons in 1992, 
1993, 1995 and 1998.  
Highest stress seasons 
occur in 1989, 1990, 1994, 
1996 and from 2000 
through the end of the 
series. 
 
 
 
 
 
 

Figure C.2-a:  
Chiricahua gap chart, a 
documentation product 
of the Chiricahua 
image selection 
process, shows where 
data are missing from 
the Chiricahua NDVI 
time series.   
 
The gap chart shows 
data missing in periods 
11-15 of 1990, period 
15 of 1991, periods 14 
and 15 of 1999 and 
periods 11-15 of 2004.    
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C.3 Gap charts and time maps: Huachuca  
 

Figure C.3-b:  This time 
map, produced from the 
Huachuca FMS time series, 
shows the FMS average 
over the 1554 pixels of the 
Huachuca site for each 
period between 1989 and 
the end of the series in 
2004.  
 
 Highest stress values are 
represented in the red end 
of the spectrum.  Lowest 
stress values are 
represented in the blue end 
of the spectrum. Missing or 
unacceptable data, denoted 
in the legend as NaN (Not-
a-Number), are represented 
with white colored cells. 
 
The Huachuca site time 
map indicates, in general, 
an alternating high/low 
stress pattern with lowest 
stress seasons in 1992, 
1993 and 1998.  Highest 
stress seasons occur in 
1989, 1990, 1996, 2000 
and from 2002 through the 
end of the series. 
 
 
 
 
 
 

Figure C.3-a:  
Huachuca gap chart, a 
documentation product 
of the Huachuca image 
selection process, 
shows where data are 
missing from the 
Huachua NDVI time 
series.  
 
 The Huachuca gap 
chart shows data 
missing in periods 11-
15 of 1990, period 14 
and 15 of 1991, 
periods 14 and 15 of 
1999 and periods 6-8 
and 10-15 of 2004.    
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Appendix D 
Period histograms 

 
 
 
AVHRR maximum value composites do not represent periods that are exactly synchronized across 

years.  Instead, periods are subject to slight shifting, plus or minus a few days, from year to year 

(see figure 3.1).  Additionally, the image selection process for each site (step 2 in the flowchart) 

may necessitate temporal compromises to best approximate missing or unacceptable images, and 

such choices can modify the range and/or distribution of days encompassed by a given bi-weekly 

period.  Although these period histograms do not also reflect the temporal extents of the pairs of 

images that were used to generate replacement images during the repair process (step 2 of the 

flowchart), period histograms provide some insight into the pattern of distribution of periods 

across the span of years for each of the three sites.    

 

See Appendix A for a conversion chart that relates AVHRR bi-weekly periods to Gregorian 

calendar and Julian dates. 
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D.1 Period histograms:  Catalina

Figure D.1:  Catalina 
period histograms.   
 
Period histograms show 
the distribution of days 
within each bi-weekly 
period beginning with 
period 5 at the top and 
ending with period 15 at 
the bottom.  Along the 
horizontal axis is Julian 
date.    
 
Most Catalina periods 
occur as well-behaved 
normal distributions 
spread approximately 
over a two week period.   
 
Periods 14 and 15 show 
more distortion due to 
the proliferation of 
monsoon clouds in this 
season, which forced 
temporal compromises in 
the  selection of images 
to represent these 
periods.    
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D.2 Period histograms:  Chiricahua  

 
Figure D.2:  Chiricahua 
period histograms.   
 
Period histograms show 
the distribution of days 
within each bi-weekly 
period beginning with 
period 5 at the top and 
ending with period 15 at 
the bottom.  Along the 
horizontal axis is Julian 
date.    
 
Most Chiricahua periods 
occur as well-behaved 
normal distributions 
spread approximately 
over a two week period.   
 
Periods 13 and 14 show 
more distortion due to 
the proliferation of 
monsoon clouds in this 
season, which forced 
temporal compromises in 
the selection of images to 
represent these periods.    
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D.3 Period histograms:  Huachuca  

 
Figure D.3:  Huachuca 
period histograms.   
 
Period histograms show 
the distribution of days 
within each bi-weekly 
period beginning with 
period 5 at the top and 
ending with period 15 at 
the bottom.  Along the 
horizontal axis is Julian 
date.    
 
Most Huachuca periods 
occur as well-behaved 
normal distributions 
spread approximately 
over a two week period.   
 
Periods 7, 13 and 15 
show the most distortion.  
Period 7 is distorted by 
sensor noise, forcing the 
use of  a slightly later 
period from the 
alternative set.  Later 
periods 13 and 15 are 
subject to the usual 
proliferation of clouds 
with the start of the 
monsoon, which forced 
temporal compromises in 
selecting images to 
represent these periods.    
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Appendix E 
Optimal climatologies 

 
 
 
To calculate z scores from precipitation and temperature monthly means, a reference mean and 

standard deviation must be calculated over some range of years.  When there is a large range of 

years of data available and when there is the possibility that the mean and standard deviation for 

a given climate division may be changing over the years, the choice of most relevant climatology 

for use in calculating monthly z scores is not obvious.  Therefore, the algorithms in step 9A/B of 

the flowchart calculate climate variable monthly z scores from climate variable monthly means 

over all possible ranges of years since 1950.  For each year, monthly z scores are averaged to 

obtain a climate value over winter precipitation months when the variable is precipitation, and 

over all possible ranges of months between February and July that precede each FMS range of 

periods when the variable is temperature.  Correlations are calculated between variation in mean 

climate variable z score and FMS over the years since 1989.   The ranges of climate data years 

that yielded the strongest correlations with FMS were selected as the optimal climatologies. 

 

Optimized climatologies yielded between 0 and 10 additional pixels for which significant 

correlations could be found between FMS and the two climate variables for each of the three 

sites.    

 

Optimal climatology results indicate that a unique relationship exists between each site and each 

of the climate variables. 
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 E.1 Optimal climatologies:  Catalina 

 

Ranges tested for the Catalina site begin with 1950 to 2003 (a range of 54 years) and proceed 

forward in time by incrementing start year of the range by one until reaching 1989, making the 

last range tested 1989 to 2003 (a range of 15 years).  Final results for tested year ranges are 

shown in the table below and results for each range tested are shown in the plots in figure E.1 on 

the following page.  

 

 

Climate variable 
Range of years 

selected as optimal 
 

Number of 
pixels with 
significant 

correlations 
(6006 total) 

Mean significant 
correlation 

Precipitation 39 years 
1965-2003 5849 0.798 

 
 

Temperature 

 
 

42 years 
1962-2003 

 
 

5988 

 
 

0.761 

  

   

Table E.1:  Catalina site optimal climatology results 
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Figure E.1:  Plots showing significant climate variable/FMS correlation counts and means that 
are obtained when calculating z scores for precipitation (top) and temperature (bottom) based 
on varying ranges of years of climate data. 
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E.2 Optimal climatologies:  Chiricahua 

 

Ranges tested for the Chiricahua site begin with 1950 to 2004 (a range of 55 years) and proceed 

forward in time by incrementing start year of the range by one until reaching 1989, making the 

last range tested 1989 to 2004 (a range of 16 years).  Final results for tested year ranges are 

shown in the table below and results for each range tested are shown in the plots in figure E.2 on 

the following page.  

 

 

Climate variable Range of years 
selected as optimal 

Number of 
pixels with 
significant 

correlations 
(5005 total) 

Mean significant 
correlation 

Precipitation 34 years 
1971-2004 4850 0.809 

 
Temperature 

 
22 years 

1983-2004 
 

Note:  Although the 
range of 17 years 
yielded a slightly 
higher count and 

mean, the range of 
22 years was 

selected because 
climate variable z 
scores for 4 to 5 
years preceding 

1989 will be 
needed to perform 

a historical analysis 
of fire season 
summaries in 

Section 4. 
 

 
4889 

 

 
0.760 

 

  

Table E.2:  Chiricahua site optimal climatology results 
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Figure E.2:  Plots showing significant climate variable/FMS correlation counts and means that are obtained 
when calculating z scores for precipitation (top) and temperature (bottom) based on varying ranges of years 
of climate data. 
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E.3 Optimal climatologies:  Huachuca 

 

Ranges tested for the Huachuca site begin with 1950 to 2004 (a range of 55 years) and proceed 

forward in time by incrementing start year of the range by one until reaching 1989, making the 

last range tested 1989 to 2004 (a range of 16 years).  Final results for tested year ranges are 

shown in the table below and results for each range tested are shown in the plots in figure E.3 on 

the following page.  

 

 

Climate variable Range of years 
selected as optimal 

Number of 
pixels with 
significant 

correlations 
(1554 total) 

Mean significant 
correlation 

Precipitation 20 years 
1985-2004 1551 0.8464 

 
Temperature 

 
48 years 

1957-2004 

 
1553 

 

 
0.7810 

  

Table E.3:  Huachuca site optimal climatology results 
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Figure E.3:  Plots showing significant climate variable/FMS correlation counts and means that are obtained 
when calculating z scores for precipitation (top) and temperature (bottom) based on varying ranges of years of 
climate data. 
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Appendix F 
Strongest correlations 

 
 

This section describes the strength of the significant correlations that were obtained between FMS 

and winter precipitation and between FMS and current or very recent temperatures for the three 

sites.  For each of the three sites, statistics are provided in tables, and maps illustrate strongest 

correlation obtained per pixel.  These results provide no information about which ranges of FMS 

bi-weekly periods correlate most strongly with winter precipitation or temperature; specific 

correlating ranges of time are described in Appendices G, H and I.   

 

Note that Appendix C shows what data was available for any given period for each site, the factor 

that affects the value of “n,” which can vary from 11 to 15. 

 

Strongest correlation results suggest important relationships exist between FMS and the two 

climate drivers   A stronger correlation indicates FMS within a pixel is more dependent on the 

climate variable.  A weaker correlation indicates FMS within a pixel is somehow independent of 

the climate variable.  A weak correlation might be explained by non-vegetation land cover, or by 

the fact that the vegetation dominating the pixel is dependent on conditions other than preceding 

winter precipitation and/or current or recent temperatures.  Weaker FMS/precipitation correlations 

were found in higher elevations, riparian areas, agricultural areas and urban areas.  Weaker 

FMS/temperature correlations were often found along northeast facing slopes, eastern sides of 

mountain ranges, agricultural areas and urban areas.    
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F.1 Strongest correlations:  Catalina 

 

Figures F.1-a and F.1-b show how well FMS correlated with the two climate variables over the 

Catalina site.  Within these figures, the range of stronger to weaker significant correlation is 

represented by brighter to darker shades of gray; pixels for which no significant correlations could 

be found are colored yellow.  Figure F.1-c provides a shaded relief image of the site with roads 

added in red to aid orientation.  The table below summarizes the results. 

 

 

Correlated 
variables 

See 
figure 

 

Range of 
significant 

correlations 

Mean 
significant 
corelation 

Standard 
deviation in 
distribution 
of significant 
correlations 

Fraction of 
total pixels 

with 
significant 

correlations 

Number of  
non-significant 

corelations 

• FMS  
• Precipitation z scores  3.4a 0.517 to 0.956 0.798 0.076 5849/6006 = 

0.974 157 

• FMS  
• Temperature z scores 3.4b 0.533 to 0.939 0.761 0.064 

 
5988/6006 = 

0.997 18 

 

 

In figure F.1-c below, pixels for which no significant correlation could be found with either 

climate variable are colored yellow.   There are only four pixels in the Catalina scene with which 

neither climate variable correlated significantly.    

 

Table F.1:  Summary of best correlation results for Catalina site 
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Figure F.1-a:  FMS/precipitation 
correlations in the Catalina site, 
which ranged from 0.517 to 0.956, 
with a mean of 0.798.  
 
Figure F.1-b:  FMS/temperature 
correlations in the Catalina site, 
which ranged from 0.533 to 0.939, 
with a mean of 0.761. 
 
 
Stronger correlations are brighter; 
weaker correlations are darker.  
Yellow represents a non-significant 
correlation. 

Figure F.1-c: Non-significant 
correlations in the Catalina site on 
background of shaded relief with 
roads.   
 
Yellow pixels are those for which 
significant correlation could not be 
found with either climate variable. 
There are 4 yellow pixels.  Non-
significant correlations occur in 
higher elevations on north or east 
slopes.  One pixel occurs in a 
Tucson neighborhood adjacent to 
Randolph Golf Course.  Because of 
misregistration of plus or minus 1-2 
pixels in the original NDVI data, it 
is possible the Tucson pixel 
represents the golf course. 
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F.2 Strongest correlations:  Chiricahua 
 
 
 
Figures F.2-a and F.2-b show how well FMS correlated with the two climate variables over the 

Chiricahua site.  Within these two figures, the range of stronger to weaker significant correlation is 

represented by brighter to darker shades of gray; pixels for which no significant correlations could 

be found are colored yellow.  Figure F.2-c provides a shaded relief image with roads added in red 

to aid orientation.  The table below summarizes the results. 

 

 

 
 
 
There are 75 pixels in the Chiricahua scene in which FMS does not correlate significantly with 

either climate variable.  These pixels are colored yellow in figure F.2-c. 

Correlated 
variables 

See 
figure  

Range of 
significant 

correlations 

Mean 
significant 
corelation 

Standard 
deviation in 
distribution 
of signficant 
correlations 

Fraction of 
total pixels 

with 
significant 

correlations 

Number of  
non-

significant 
corelations 

• FMS  
• Precipitation z scores  3.38a 0.497 to 0.968 0.809 0.070 

 
4850/5005 = 

.969 
 

155 

• FMS  
• Temperature z scores 3.38b 0.497 to 0.940 0.760 0.069 

 
4889/5005 = 

.977 
 

116 

Table F.2:  Summary of best correlation results for Chiricahua site 



 
 

 F-5 

 

Figure F.2-c: Non-significant 
correlations in the Chiricahua site on 
background of shaded relief with 
roads.   
 
Yellow pixels are those for which 
significant correlation could not be 
found with either climate variable. 
There are 75 yellow pixels.  Non-
significant correlations occur in 
agricultural areas. 

Figure F.2-a:  FMS/precipitation 
correlations in the Chiricahua site, 
which ranged from 0.497 to 0.968, 
with a mean of 0.809. 
 
Figure F.2-b:  FMS/temperature 
correlations in the Chiricahua site, 
which ranged 0.497 to 0.940, with a 
mean of 0.760. 
  
Stronger correlations are brighter; 
weaker correlations are darker.  
Yellow represents a non-significant 
correlation. 
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F.3  Strongest correlations:  Huachuca 
 

Figures F.3-a and F.3-b show how well FMS correlated with the two climate variables over the 

Huachuca site.  Within these figures, the range of stronger to weaker significant correlation is 

represented by brighter to darker shades of gray; pixels for which no significant correlations could 

be found are colored yellow.  Figure F.3-c provides a shaded relief image of the site with roads 

added in red to aid orientation.  The table below summarizes the results. 

 

 

Correlated 
variables 

See 
figure  

Range of 
significant 

correlations 

Mean 
significant 
corelation 

Standard 
deviation in 
distribution 
of signficant 
correlations 

Fraction of 
total pixels 

with 
significant 

correlations 

Number of  
non-

significant 
corelations 

• FMS  
• Precipitation z scores  3.21a 0.588 to 0.9785 0.8464 0.052 

 
1551/1554 = 

0.998 
 

3 

• FMS  
• Temperature z scores 3.21b 0.554 to 0.9265 0.7810 0.056 

 
1553/1554 = 

0.999 
 

1 

 

 

When correlations between FMS and the two climate variables were both considered, at least one 

significant correlation was obtained for every pixel in the scene.    

Table F.3:  Summary of best correlation results for Huachuca site 
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Figure F.3-a:  FMS/precipitation 
correlations in the Huachuca site, 
which ranged from 0.588 to 0.9785. 
 
Figure F.3-b:  FMS/temperature 
correlations in the Huachuca site, 
which ranged 0.554 to 0.9265.  
  
Stronger correlations are brighter; 
weaker correlations are darker.  
Yellow represents a non-significant 
correlation. 
 
 
 

Figure F.3-c: Shaded relief map 
with roads provided to aid 
interpretation of above two maps. 
 
All pixels in the Huachuca site 
correlated significantly (95% 
confidence) with at least one of the 
climate variables. If any had not, 
they would have been colored 
yellow in this map. 
 
 



G-1 

Appendix G 
Ranges of fore-summer bi-weekly periods over 

which FMS correlates best with winter precipitation 
 

This section describes the spatiotemporal patterns found in correlations between FMS ranges of bi-

weekly periods over months March through July and winter precipitation over months December 

through March in Arizona Climate Division 7. 

 

For each of the three sites, a surface plot with matrix illustrates the temporal distributions and a 

start/end map illustrates the spatial distributions of the ranges of bi-weekly periods over which 

FMS correlates most strongly with winter precipitation from December through March.  Note that 

the temperature month range to which FMS correlates most strongly for any given pixel can be 

over any range of months between February and July of the current season; these month ranges are 

described in Appendix I. 
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G.1 Ranges of fore-summer bi-weekly periods over which FMS correlates best 

with winter precipitation: Catalina 
 
 

 
 

 

Figure G.1:  This surface plot 
(top) and matrix (bottom) show 
counts of those ranges of bi-
weekly periods over which 
FMS in the Catalina site 
correlated most strongly with 
precipitation (Pzs = 
precipitation z score) in the 
preceding winter (Dec through 
Mar).  Range counts are located 
explicitly in the matrix using 
start and end periods as 
coordinates.    
 
The range of FMS periods over 
which most pixels in the 
Catalina site show their 
strongest correlation to winter 
precipitation begins in period 7 
and ends in period 15.  
However, there is a broad 
distribution in start period, 
especially between periods 5 
and 10. 
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Figure G.2-a:  The map just below at left shows the start period of the range of bi-weekly 
periods over which FMS correlated most strongly with preceding winter precipitation for each 
pixel in the Catalina scene.  Just below at right, shaded relief and roads have been added. 
 

Figure G.2-b:  The map just above at left shows the end period of the range of bi-weekly 
periods over which FMS correlated most strongly with preceding winter precipitation for each 
pixel in the Catalina scene.  Just above at right, shaded relief and roads have been added. 
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G.2 Ranges of fore-summer bi-weekly periods over which FMS correlates best 

with winter precipitation: Chiricahua 
 
 
 

Figure G.3:  The surface plot 
(top) and matrix (bottom) show 
counts of those ranges of bi-
weekly periods over which FMS 
in the Chiricahua site correlate 
most strongly with precipitation  
(Pzs = precipitation z score) in the 
preceding winter (Dec through 
Mar).  Range counts are located 
explicitly in the matrix using start 
and end periods as coordinates.   
 
The range of FMS periods over 
which most pixels in the 
Chiricahua site show their 
strongest correlation to winter 
precipitation begins in period 8-9 
and ends in period 14.  Other 
important ranges include 9-9, 12-
14 and 8-15. 
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Figure G.4-a:  The map just below at left shows the start period of the range of bi-weekly 
periods over which FMS correlated most strongly with preceding winter precipitation for each 
pixel in the Chiricahua scene.  Just below at right, shaded relief and roads have been added.   

Figure G.4-b:  The map just above at left shows the end period of the range of bi-weekly 
periods over which FMS correlated most strongly with preceding winter precipitation for each 
pixel in the Chiricahua scene.  Just above at right, shaded relief and roads have been added.   
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G.3 Ranges of fore-summer bi-weekly periods over which FMS correlates best 

with winter precipitation: Huachuca 
 
 
 

Figure G.5:  The surface plot 
(top) and matrix (bottom) show 
counts of those ranges of bi-
weekly periods over which FMS 
in the Huachuca site correlate 
most strongly with precipitation  
(Pzs = precipitation z score) in the 
preceding winter (Dec through 
Mar).  Range counts are located 
explicitly in the matrix using start 
and end periods as coordinates.   
 
The range of FMS periods over 
which most pixels in the 
Huachuca site show their 
strongest correlation to winter 
precipitation begins in period 12 -
13 and ends in period 14.   



 
 

 G-7 

  
 

 

Figure G.6-a:  The map just below at left shows the start period of the range of bi-weekly 
periods over which FMS correlated most strongly with preceding winter precipitation for each 
pixel in the Huachuca scene.  Just below at right, shaded relief and roads have been added.   

Figure G.6-b:  The map just above at left shows the end period of the range of bi-weekly 
periods over which FMS correlated most strongly with preceding winter precipitation for each 
pixel in the Huachuca scene.  Just above at right, shaded relief and roads have been added.   
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Appendix H 
Ranges of fore-summer bi-weekly periods over which FMS 
correlates best with current or near current temperatures 

 
 

This section describes the spatiotemporal patterns in the correlations between FMS ranges of bi-

weekly periods over March through July and some range of temperature months over February 

through July in Arizona Climate Division 7. 

 

For each of the three sites, a surface plot with matrix illustrates the temporal distributions and a 

start/end map illustrates the spatial distributions of the ranges of bi-weekly periods over which 

FMS correlates most strongly with temperature over some range of current or near current months.  

Note that the temperature month range to which FMS correlates most strongly for any given pixel 

can be over any range of months between February and July of the current season; these month 

ranges are described in Appendix I. 
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H.1 Ranges of fore-summer bi-weekly periods over which FMS correlates best 
with current or near current temperatures: Catalina 

 
 

Figure H.1:   This surface 
plot (top) and matrix 
(bottom) show counts of 
those ranges of bi-weekly 
periods over which FMS in 
the Catalina site correlate 
most strongly with 
temperature   
(Tzs = temperature z score) 
in the current season (can 
be any range of months 
between February and 
July).  Range counts are 
located explicitly in the 
matrix using start and end 
periods as coordinates.    
 
The range of FMS periods 
over which most pixels in 
the Catalina site show their 
strongest correlation to 
fore-summer temperatures 
begins in period 13 and 
ends in period 13. Other 
important ranges begin in 
periods 10, 11 or 12 and 
end in period 13. 
 



 
 

 H-3 

 
 
 Figure H.2-a:  The map just below at left shows the start period of the range of bi-weekly periods 

over which FMS correlated most strongly with current season temperature for each pixel in the 
Catalina scene.  Just below at right, shaded relief and roads have been added. 

Figure H.2-b:  The map just above at left shows the end period of the range of bi-weekly periods 
over which FMS correlated most strongly with current season temperature for each pixel in the 
Catalina scene.  Just above at right, shaded relief and roads have been added. 
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H.2 Ranges of fore-summer bi-weekly periods over which FMS correlates best 

with current or near current temperatures: Chiricahua 
 
 

Figure H.3:  This surface 
plot (top) and matrix 
(bottom) show counts of 
those ranges of bi-weekly 
periods over which FMS in 
the Chiricahua site 
correlate most strongly 
with temperature   
(Tzs = temperature z score) 
in the current season (can 
be any range of months 
between February and 
July).  Range counts are 
located explicitly in the 
matrix using start and end 
periods as coordinates.    
 
The range of FMS periods 
over which most pixels in 
the Chiricahua site show 
their strongest correlation 
to fore-summer 
temperatures begins in 
period 13 and ends in 
period 13.  The next most 
important range begins in 5 
and ends in 15. 
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Figure H.4-a:  The map just below at left shows the start period of the range of bi-weekly periods 
over which FMS correlated most strongly with current season temperature for each pixel in the 
Chiricahua scene.  Just below at right, shaded relief and roads have been added.   

Figure H.4-b:  The map just above at left shows the end period of the range of bi-weekly periods over which FMS 
correlated most strongly with current season temperature for each pixel in the Chiricahua scene.  Just above at 
right, shaded relief and roads have been added.   
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H.3 Ranges of fore-summer bi-weekly periods over which FMS correlates best 

with current or near current temperatures: Huachuca 
 
 

Figure H.5:  This surface 
plot (top) and matrix (bottom) 
show counts of those ranges 
of bi-weekly periods over 
which FMS in the Huachuca 
site correlate most strongly 
with temperature   
(Tzs = temperature z score) in 
the current season (can be 
any range of months between 
February and July).  Range 
counts are located explicitly 
in the matrix using start and 
end periods as coordinates.    
 
The range of FMS periods 
over which most pixels in the 
Huachuca site show their 
strongest correlation to fore-
summer temperatures begins 
in period 13 and ends in 
period 13.  Another important 
range begins in period 9 and 
ends in period 15. 
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Figure H.6-a:  The map just below at left shows the start period of the range of bi-weekly 
periods over which FMS correlated most strongly with current season temperature for each pixel 
in the Huachuca scene.  Just below at right, shaded relief and roads have been added 
 

Figure H.6-b:  The map just above at left shows the end period of the range of bi-weekly 
periods over which FMS correlated most strongly with current season temperature for each 
pixel in the Huachuca scene.  Just above at right, shaded relief and roads have been added.   
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Appendix I 
Ranges of temperature months that correlate 

best with current or near current FMS 
 

 

This section describes the spatiotemporal patterns in the correlations found between ranges of 

temperature months over February through July in Arizona Climate Division 7 and ranges of FMS 

bi-weekly periods over March through July.  The temperature month range to which FMS 

correlates most strongly can span any range of months between February and July of the current 

season. 

 

For each of the three sites, a plot and matrix illustrate the temporal distributions and start/end maps 

illustrate the spatial distributions of the ranges of bi-weekly periods over which FMS correlates 

most strongly with temperature over some range of current or recent months.  
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I.1 Ranges of temperature months that correlate best with current or near current 
FMS: Catalina 

 
 

 

   

 

 

2=Feb 
3=Mar 
4=Apr 
5=May 
6=June 
7=July 

Start Month 

End Month 

Figure I.1:  Surface 
plot (top) and matrix 
(bottom) show counts 
of ranges of months 
over which 
temperature correlated 
significantly to FMS in 
the Catalina site.   
 
Most important ranges: 
 

2-6 
4-4 
2-4 
4-6 
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Figure I.2-a The map just below at left shows the end month of the range of temperature months over 
which FMS correlated most strongly with current season temperature for each pixel in the Catalina scene.  
Just below at right, shaded relief and roads have been added. 

Figure I.2-b:  The map just above at left shows the end month of the range of temperature months over which 
FMS correlated most strongly with current season temperature for each pixel in the Catalina scene.  Just above at 
right, shaded relief and roads have been added. 
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I.2 Ranges of temperature months that correlate best with current or near current 

FMS: Chiricahua 
 
 

 

2=Feb 
3=Mar 
4=Apr 
5=May 
6=June 
7=July 

Start Month 

End Month 

Figure I.3:  Surface 
plot (top) and matrix 
(bottom) show counts 
of ranges of months 
over which 
temperature correlated 
significantly to FMS in 
the Chiricahua site. 
 
Most important ranges: 
 

6-6 
4-6 or 7 
2-6 
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Figure I.4-a The map just below at left shows the end month of the range of temperature months over which 
FMS correlated most strongly with current season temperature for each pixel in the Huachuca scene.  Just 
below at right, shaded relief and roads have been added.   

Figure I.4-b:  The map just above at left shows the end month of the range of temperature months over which 
FMS correlated most strongly with current season temperature for each pixel in the Chiricahua scene.  Just above 
at right, shaded relief and roads have been added.  
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I.3 Ranges of temperature months that correlate best with current or near current 

FMS: Huachuca 
 
 
 

Figure I.5:  Surface 
plot (top) and matrix 
(bottom) show counts 
of ranges of months 
over which 
temperature correlates 
significantly to FMS in 
the Huachuca site. 
 
Most important ranges: 
 

2-6 or 7 
4-6 or 7 
4-6 
 

 

2=Feb 
3=Mar 
4=Apr 
5=May 
6=June 
7=July 

Start Month 

End Month 
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Figure I.6-a The map just below at left shows the end month of the range of temperature months over which 
FMS correlated most strongly with current season temperature for each pixel in the Huachuca scene.  Just 
below at right, shaded relief and roads have been added.  

Figure I.6-b:  The map just above at left shows the end month of the range of temperature months over which 
FMS correlated most strongly with current season temperature for each pixel in the Huachuca scene.  Just above 
at right, shaded relief and roads have been added.   
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Appendix J 
Climate Variable That Determines Start of Fire Season  

 
 
 

This section contains the earliest correlation maps for each of the three sites.  The earliest 

occurring significant correlation between FMS and either climate variable determines the start of 

the fire season for any given pixel.  If a significant correlation could not be found with one of the 

variables, fire season start is based on the start of correlation with the other variable.   

Figure J.1:  Explanation of Earliest Correlation 
map legend 
 
White in shaded relief; black in flat map:  
Neither precipitation nor temperature correlation 
exists. 
 
Dark blue:  Precipitation correlating range starts 
before temperature correlating range starts. 
 
Bright blue:  Precipitation correlation only. 
 
Red:  Temperature correlating range starts before 
precipitation correlating range starts. 
 
Gold:  Temperature correlation only. 
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J.1 Climate variable that determines start of fire season:  Catalina 

 

 

Figure J.2:  Climate variable to which 
FMS correlated earliest in the season in 
the Catalina site. 
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J.2 Climate variable that determines start of fire season:  Chiricahua 

Figure J.3:  Climate variable to 
which FMS correlated earliest in 
the season in the Chiricahua site. 
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J.3 Climate variable that determines start of fire season:  Huachuca 

 
 

 

Figure J.4:  Climate variable to 
which FMS correlated earliest in 
the season in the Huachuca site. 



Appendices K – U 
Algorithms 

 
 
 
Appendices K through U are executable Matlab (Release 13) files.  In the CD version, these 

appendices are found in the main directory alongside the PDF file that contains the rest of the 

thesis.   

 

These Matlab files are the eleven algorithms that produced the results for the Huachuca site, with 

the exception of the algorithm in Appendix K, which generates Catalina bi-weekly period 

histograms (the latest version of this program updated with correct Huachuca start values was not 

available at time of publication).   

 

The algorithms for the three sites are nearly identical to each other, being distinguished only by 

site-specific input data, such as the number of rows and columns in input imagery, number of bi-

weekly periods and years in time series, etc.  For example, the algorithm in Appendix K 

mentioned above requires as input the start dates of each bi-weekly period, which are unique to 

each site.  Bearing this in mind, the set of algorithms included in appendices K through U have 

been selected to represent the algorithms for all three sites.  
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