
ABSTRACT 

HUANG, CHENJIE. Synoptic-scale and Mesoscale Environments Conducive to Forest 
Fires during the October 2003 Extreme Fire Event in Southern California. (Under the 
direction of Dr. Yuh-Lang Lin.) 
 

This study has employed both observational data and numerical simulation results 

to diagnose the synoptic-scale and mesoscale environments conducive to forest fires during 

the October 2003 extreme fire event in southern California. A three-stage process is 

proposed to illustrate the coupling of the synoptic-scale forcing, such as the high pressure 

ridge and the upper-level jet streak, which leads to meso-α scale subsidence in its exit 

region, and the mesoscale forcing, such as wave breaking and turbulence and the 

wave-induced critical level, which leads to severe downslope (Santa Ana) winds.  

Two surges of dry air were found reaching the surface in southern California. The 

first dry air surge arrived as a result of moisture divergence and isallobaric adjustments 

behind a surface cold front. The second dry air surge reached southern California as the 

meso-α to meso-β scale subsidence and the wave-induced critical level over the coastal 

ranges phased together to transport the dry air from the upper-level jet streak exit region 

toward the surface and mix the dry air down to the planetary boundary layer on the lee side 

of the coastal ranges in southern California. The wave breaking region on the lee side acted 

as an internal boundary to reflect the mountain wave energy back to the ground and created 

severe downslope winds through partial resonance with the upward propagating mountain 



waves.  

The widely used Haines Index (HI) and the newly developed NCSU3 and NCSU4 

fire indices were calculated and compared during this period using the numerical model 

data. The results show that all three indices predicted reasonably well the potential for large 

fire growth in southern California. The patterns predicted by the NCSU3 and NCSU4 

indices were very similar until the phasing between the vertically increasing sinking 

motions, a deep well-mixed boundary layer and a strong vertical wind shear zone 

developed. A temperature inversion above a near surface well-mixed boundary layer in 

southern California provided an environment favorable for the development of 

plume-dominated fires, for which the HI was originally designated to predict the potential 

for large fire growth. This particular type of environment is part of the reason why the HI 

was successful in assessing the potential for large fire growth in southern California before 

the Santa Ana winds became the major controlling factor.  
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Chapter 1 

Introduction 

 
Large forest fires, especially those are out of the control of fire management and 

become a “conflagration”, are one of the most terrifying natural or human-induced disasters 

regardless of the cause. “Blow-up” fires (fires that multiply their rate of energy output 

many times in a short period and burn with extreme intensities), large fires and 

conflagration are responsible for the major loss of lives and cost billions of dollars in 

financial losses annually in the United States. Large-scale forest fires can destroy local 

ecosystems, and in some extreme cases, have possible long-range air quality and long-term 

global climate effects. Each blow-up fire or conflagration raises the question of how to 

recognize the conditions causing extreme fire behavior and how to predict them.  

It has come to fire meteorologists’ attention that a lot of blow-up fires and large 

fires occur under certain specific synoptic weather patterns. Schaefer (1957) summarized 

the relationship between jet streams and 23 large fires, which occurred in the western 

United States during the 1955 and 1956 fire seasons and found that most of the large fires 

were accompanied by a “sweeping” jet stream pattern, in which a high-level jet stream 

maximum seems to pivot in a region several hundred miles or more up or down stream 

from the fire location. This scenario suggests a single jet stream propagating within an 

upper-level ridge or trough system. Conversely, Schaefer found that only a few of these 

fires were under the influence of “conflicting” jet streams, in which two intense jet streams 



 2

“conflict” at upper troposphere indicating the merger of two upper-level jet streams, 

possibly between a polar jet stream and a subtropical jet stream resulting in strong upper-

level convergence. Brotak and Reifsnyder (1977) examined 52 major wildland fires 

(“major” fires being those burned more than 5000 acres) in the eastern half of the United 

States and found that 75% of these fires occurred immediately behind or just ahead of 

surface cold fronts downstream from small-amplitude but intense 500 hPa short-wave 

troughs.  

In understanding the near surface weather conditions or the atmospheric planetary 

boundary layer conditions that are conducive to erratic fire behaviors, some fire 

meteorologists have documented certain wind and temperature profiles that are favorable 

for blow-up fires and large fires. It has been recognized that prevailing weather conditions 

including large lapse rates, high temperatures, low humidity, dry fuel, and relatively light 

winds aloft are associated with blow-up conditions. Byram (1954) states that for the 

greatest blowup potential the wind should reach a maximum within the first 1,000 feet (300 

m) above the fire and then decrease in speed with elevation for the next several thousand 

feet. This is equivalent to a low-level jet. Small (1957) analyzed the concurrent weather 

conditions during the Robie Creek Fire in the Boise National Forest, ID, September 5-9 in 

1955 and found that Byram’s wind speed profiles (1954) offer an explanation for generic 

fire behavior. However Brotak and Reifsnyder (1977) found that Byram’s model (1954) 

tends to explain only buoyancy or convection-driven fires. They analyzed 60 fires in the 

eastern US and found that these fires were primarily driven by strong surface winds and 

that convection above the fire was usually not as important. Kondo and Kuwagata (1992) 

discovered that forest fires could be enhanced by atypically strong dry winds from the 
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surface up to the lower troposphere that developed shortly after the nocturnal stable 

boundary layer dissipated as a result of daytime surface heating or synoptic upper-level 

cold-air advection.  

This study is an extension of a fire weather paradigm that has been developed based 

on a real case study in the eastern United State to demonstrate the typical atmospheric 

environment on the synoptic scale to meso-γ scale that is conducive to erratic fire spread 

(Kaplan et al., 2007). The paradigm includes these processes and adjustments: 1) a highly 

ageostrophic upper-level jet exit region with rightward-directed cross-isobaric flow 

indicative of a thermally indirect transverse ageostrophic circulation and deep cold air 

advection, 2) rapid mean sea level pressure rises and the attendant accelerating surface flow 

consistent with an isallobaric ageostrophic wind under the right exit region, 3) boundary 

layer cold/dry frontogenesis accompanying the isallobaric ageostrophic flow and moisture 

flux divergence behind the cold front, moisture flux convergence ahead of the cold front, 

and descent on the upstream side of the cold front leading to the first episode of surface 

drying with a thermally direct ageostrophic circulation, 4) descending air above the 

planetary boundary layer, 5) surface sensible heating resulting in strong surface diabatic 

warming and 6) the development of a deep convective planetary boundary layer and a 

second episode of enhanced surface drying. Based on this paradigm, the NCSU2 and 

NCSU3 Fire Indices are developed and are being tested at Eastern Area Modeling 

Consortium (EAMC). These Fire Indices utilize the integrated mass flux convergence (and 

implicitly, moisture flux divergence) as an indicator of the potential of the atmosphere in 
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focusing dry, warm air into a local area through rapid vertical exchanges. The formula of 

NCSU2 and NCSU3 fire indices can be found in Appendix B.  

A major fire event on the United State west coast is selected to complement and 

improve the paradigm that was developed and applied in relatively low terrain in Kaplan et 

al. (2007). The modification of this paradigm as applied to a western case study has been 

designed to define the causes of the favorable fire environment in the complex mountainous 

region in the western United States.  

An extreme and devastating “firestorm” happened in southern California in late 

October 2003. There were a total of fourteen significant blazes that occurred between 

October 25 and November 2 2003. The fires were the second deadliest in California’s 

history. There were 22 people killed and 225 injured. Over 15,000 firefighters participated 

in the fire suppression. Nearly 750,000 acres of land were burned. The fire caused billions 

of dollars in damage and about $120 million dollars in suppression costs. More than 3,600 

residences, 36 commercial buildings, and 1,169 outbuildings were destroyed. The time 

period, which we will focus on for my research of this case study, is from October 25 to 

October 27 2003. This period was selected because the most dominant fire of my study, the 

Cedar fire near San Diego (Fig.1), which was the biggest fire in the state’s history and had 

the greatest damage to property and lives among the fires, developed in the late afternoon 

on October 25. Selecting such a focused time period makes it possible to analyze the 

weather conditions both before and after the fire broke out. 

Key to the aforementioned time period is the phenomena of Santa Ana winds. A 

Santa Ana wind is a seasonal dry, hot gusty wind with surface wind speed larger than 13 

ms-1 (46 kmh-1) in southern California that blows from the northeast through the canyons 
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toward the coastal areas (Glickman 2000). These winds typically occur during fall to spring 

and are often observed during the southern California fires. Figure 2 depicts the surface 

weather map at 1200 UTC 25 October 2003 retrieved from the Service Records Retention 

System (SRRS) in the National Climatic Data Center (NCDC). Evident is the high pressure 

system over the Great Basin area juxtaposed near a low pressure system off the southern 

California coast. The primary surface winds over southern California are northeasterly or 

easterly. The moisture level of the air immediately preceding the cold front over Arizona as 

well as just behind the cold front over Nevada and Utah is very low (i.e., dew point 

depression as high as 28°C). Such a surface pattern prevailed from October 24 to October 

27 (Johnson 2004). These features are consistent with published characteristics of Santa 

Ana winds (e.g., Raphael 2003) and the description of the weather as a Santa Ana event 

during these southern California fires in October 2003 was forecasted and recorded both in 

the Storm Prediction Center and the National Weather Service Weather Forecast Offices in 

Los Angeles and San Diego (Johnson 2004). 

The upper-level flow pattern during this event on the 300 hPa surface was 

characterized by a jet streak with a core of 50 m s-1 or greater wind speed on the northeast 

periphery of a Pacific high pressure ridge upstream of an intense trough system over the 

central continental United States (Figs. 3a-d). Such a jet streak is analogous to the 

“sweeping” type jet stream in Schaefer’s (1957) study and southern California is under the 

jet’s right exit region. The 300 hPa horizontal velocity convergence analyses (Figs. 4a-c) 

show that upper-level convergence dominates southern California from 1200 UTC 25 

October to 1200 UTC 26 October and the convergence strengthens in time. The upper-level 

mass flux convergence causes meso-α scale subsidence over southern California. We 
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hypothesize that this meso-α scale subsidence has coupled with the low-level atmospheric 

environments to create extremely dry and gusty conditions on the lee side of coastal ranges 

in southern California, thus contributing to the formation of Santa Ana winds, making the 

fire suppression processes extremely difficult. 

This study will investigate the above hypothesized possible coupling mechanism 

between the upper-level subsidence and low-level atmospheric environments in southern 

California, using both observational data and numerical simulations. The NCSU2 and 

NCSU3 Fire Indices will also be applied as well as a comparison between performance of 

these indices and that of Haines Index (Haines 1988; see also Appendix A) in order to 

improve the formula of the NCSU Fire indices.  

Chapter 2 of this study will review relevant literature, including literature on jet 

streak dynamics, literature on Santa Ana winds or more generally, severe downslope wind 

storms, and literature on investigations of the performance of the Haines Index and the 

NCSU Fire indices. Chapter 3 will analyze the synoptic scale environment accompanying 

this southern California fire event during the period from 0000 UTC 25 October to 0000 

UTC 27 October 2003 using observational data. Chapter 4 will describe the numerical 

model experiment and a brief model validation. Chapter 5 will present the modeling results 

and in depth analyses of the atmospheric dynamics that causes such a widespread hazardous 

fire disaster. Chapter 6 will compare the performance of the Haines Index and the NCSU 

Fire indices and analyze the reasons for the differences. Chapter 7 will summarize the 

results of this study.  
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Chapter 2 

Literature Review 

 
This chapter will review literature on jet streak dynamics relevant to the drying 

event in southern California, as well as previous research results on Santa Ana winds and 

fire weather indices investigations.  

 

2.1 Jet Streak Dynamics 

Tropopause folding processes in the vicinity of upper jet/front system can transport 

dry ozone-rich air from the stratosphere into the lower troposphere typically within the left 

entrance region of an amplifying upper-level polar jet streak (Danielsen 1968, Keyser and 

Shapiro 1986). Danielsen (1968) hypothesized that two large circulation cells, one 

thermally direct and one thermally indirect phased where the tropopause folding occurred 

to produce large scale subsidence within the jet streak entrance region. Keyser and Shapiro 

(1986) have noted how this process is often accompanied by shallow turbulent mixing 

modifying the isentropic potential vorticity (IPV), ozone and relative humidity of the air 

along sloping isentropic surfaces between the tropopause and lower troposphere. Air of 

stratospheric origin can descend to lower tropospheric levels due to mixing and prolonged 

transport within the thermally direct, transverse ageostrophic secondary circulation. 

Tropopause folding events have been observed in numerous studies in which a large 
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amplitude trough develops associated with synoptic scale cold air advection. Dry air 

reaches the planetary boundary layer often well behind the surface cold front.   

However, as described in Chapter 1, Brotak and Reifsnyder (1977) through their 

statistical study showed that the majority of the major fires in the eastern United States 

happened immediately behind or just ahead of surface cold fronts downstream from small-

amplitude but intense 500 hPa short-wave troughs. The fact that the southern California 

fires occurred near the surface cold front (Fig. 2) and within the right exit region of the 

upper level jet streak suggests tropopause folding might not be the mechanism through 

which the extremely dry air reached the ground.  

Uccellini and Johnson (1979) have shown through numerical simulation studies that 

a two-layer mass adjustment exists in the exit and entrance regions of an upper-level 

straight jet streak. The return branch of the transverse ageostrophic circulation in the exit 

region caused a low-level southwesterly jet through the dominant isallobaric ageostrophic 

wind component in lower troposphere. A four-cell pattern of mass flux 

convergence/divergence at the jet streak level as depicted in Fig. 5a was proposed in their 

study. A thermally direct and indirect circulation as depicted in Fig. 5a was associated with 

the entrance and exit region, respectively. These couplings between the upper and lower 

tropospheric jet streak created conditions favorable for the development of severe 

convective storms within the exit region of the upper tropospheric jet. However, this 

mechanism is rarely if ever associated with anomalously dry air near the surface because 

the low level jet, which has a southerly component, will have abundant moisture advection.  

Mattocks and Bleck (1986) have noted that an upper-level jet streak exit region 

interacting with a high terrain barrier will result in lee cyclogenesis accompanying the 
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downward transport of high IPV. The upper-level flow pattern (Fig. 6 in Mattock and 

Bleck, 1986), was somewhat similar to the current case study (Figs. 3a-d) except the upper-

level jet streak in this case study is closer to the developing high pressure ridge rather than 

the downstream trough and the Rockies in North America is a much broader mountain 

range. A brief examination of mean sea-level pressure from the North American Regional 

Reanalysis (NARR)-A data set during 0000 UTC 25 to 2100 UTC 26 October 2003 (not 

shown) suggests that there is no lee cyclogenesis during this period. In fact, in Brotak and 

Reifsnyder’s study (1977), 75% of the fires, which occurred in the eastern half of the 

United States, are associated with small amplitude 500 mb troughs, indicating that deep 

cyclogenesis is generally not present.  

The upper-level flow pattern in this case study illustrates that an anticyclonically 

curved jet streak is intensifying on the northeast periphery of the Pacific high pressure ridge 

(Figs. 3a-d). For a highly curved jet streak, the dynamics are different from the straight jet 

streak model as displayed in Fig. 5a. First, consider a jet stream (winds without a wind 

speed maximum along the stream) on the top of an anticyclonic ridge as the one in Fig. 5b. 

The relationship between the actual wind speed and the geostrophic wind speed is given, 

based on the gradient wind relationship (Holton 1992), as: 

1(1 )gr
gr g

KV
V V

f
−= +  

where grV  is the gradient wind speed, gV  the geostrophic wind speed, and K  the 

curvature of the flow ( K > 0 for cyclonic curvature and K < 0 for anticyclonic curvature).  
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In the presence of anticyclonic curvature ( K < 0), the gradient wind speed is greater 

than the geostrophic wind speed (“super-geostrophic”) and the ageostrophic wind speed is 

given by the deviation of the gradient wind from the geostrophic wind:  

   ( )gr
ag gr g gr

KV
V V V V

f
= − = −  

      Therefore the ageostrophic wind is pointing downstream at the apex of 

anticyclonically curved flow and upstream at the base of the cyclonically curved flow (Fig. 

5b). From these dynamics one can infer the pattern of divergence and convergence shown 

in Fig. 5b as an along-flow wind velocity and directional gradient develops. Thus, the end 

result of this reasoning is that sinking (rising) motions are expected downstream (upstream) 

of the ridge axis: a predominantly 2-cell pattern of vertical motions. This is very different 

than the pattern predicted by the simple straight jet streak model although in reality most 

curved jet streaks embody both signals of cross and along-flow velocity gradients.  

The above analysis is only for a jet stream without along stream wind variations. 

Now consider an anticyclonically curved jet streak on the periphery of a high pressure ridge 

like the one in Figs. 3c-d. We can superimpose the straight jet streak dynamics with the 

anticyclonically curved jet stream described above to understand the dynamics of a highly 

anticyclonically curved jet streak. The end result of this reasoning is that the transverse 

ageostrophic circulation will be reinforced on the anticyclonic side of the jet streak and 

suppressed on the cyclonic side (Fig. 5c). In Chapter 5 of this study we will apply this 

curved jet streak model to investigate the role of the upper-level jet streak and its associated 

ageostrophic circulation in focusing the dry, gusty winds in southern California prior to the 

major fires.  
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2.2 Santa Ana Winds  

Santa Anas are winds which can cause a great deal of damage. The gusty, hot winds 

cause vegetation to dry rapidly out and increase the danger of wildfires. Once the fires start, 

the winds fan the flames and hasten their spread. Besides the surface features described in 

Chapter 1, the Great Basin high and a low pressure system over southern California are 

indicative of lower tropospheric flow patterns found to be common to Santa Ana events. 

Sommers (1978) found that when Santa Ana winds occur the 500 hPa flow pattern consists 

of a ridge over or just off the California coast and a trough digging south or southwestward 

into western Arizona. The trough initially results from an intensifying short wave. Synoptic 

conditions leading to Santa Anas should incorporate subsidence and flow perpendicular to 

the local mountains at mid-tropospheric levels on the windward (eastern) side of the 

mountains. In his study, Sommer (1978) showed that the forecast 500 hPa N-S wind 

component and vertical motion were related to the relative strength of the Santa Anas.  

The Santa Ana is a special type of severe downslope wind. Over years many 

researchers have investigated the mechanisms for the development of severe downslope 

windstorms. There are these theories for the development of severe downslope windstorms 

(see reviews in Lin 2007): 

1) Optimal superposition of upward and downward propagating waves (Klemp and 

Lily, 1975). The shortcoming of this theory is that the wave phase shift and 

reflection coefficient for wave resonance become less accurate when the Froude 

number becomes smaller, i.e., the nonlinearity becomes stronger.  
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2) Resonant amplification mechanism (Clark and Peltier, 1984). Wave breaking 

above a mountain produces severe wind or a high-drag state beneath a wave-

induced critical level. Severe winds will develop if the wave-induced critical 

level is located at a height of (3 / 4 / 2)n λ+ , where  n=1,2,3 ... and λ is the 

wavelength. 

3) Hydraulic mechanism (Smith, 1985). Severe downslope wind state occurs due to 

the interaction between a strong smoothly stratified flow and a deep turbulently 

mixed “dead” region. Idealized high-drag or severe-wind state flow occurs when 

the density of the fluid in between the divided streamlines is uniform and above 

the upper dividing streamline the fluid is essentially quiescent, and below the 

lower dividing streamline, the flow is assumed to be smooth, non-dissipative, 

hydrostatic, Boussinesq and steady. In contradiction with Clark and Peltier 

(1984), Smith’s theory predicted that the severe wind state exists over the entire 

range of critical level height between (1/ 4 ) zn λ+  and (3 / 4 ) zn λ+ . In addition, 

the critical level for a severe wind state in Smith’s theory depends on the non-

dimensional mountain height and its height is an intrinsic property of the severe 

wind configuration.  

4) Three distinct stages of severe downslope windstorms (Scinocca and Peltier, 

1993) have been proposed. In the first stage, local convection neutralizes the 

region of overturned streamlines, producing a pool of well-mixed fluid aloft. In 

the second stage, a well-defined large-amplitude stationary disturbance is 

generated over the lee slope. Small scale Kelvin-Helmholtz (shear) instability 

develops in regions of enhanced shear. In the third stage, the region of enhanced 
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wind on the lee slope expands in the downstream direction, eliminating the 

perturbed structure associated with the large-amplitude stationary disturbance.   

5) The non-dimensional lower uniform flow layer depth in the terrain-following 

coordinates serves as a better control parameter than the non-dimensional critical 

level height as an indicator to determine the optimal condition for the occurrence 

of high-drag states (Wang and Lin, 1999). They proposed a non-linear wave 

ducting mechanism for the development of the severe downslope wind. When the 

wave-breaking occurs, a wave duct is established between the lower boundary of 

the turbulent mixing region (“dead region” in Smith's theory) and the lee slope. 

The turbulent mixing region expands downward and downstream because of the 

strong non-linear effects and the low-Richardson number. In the meantime the 

wave duct becomes shallower. The disturbance will then accelerate and propagate 

further downstream as a hydraulic jump due to non-linear advection and the 

trapping of wave energy within the wave duct. The expansion of the well-mixed 

region helps maintain the wave duct below it because reflectivity in this region is 

about 1 according to the linear wave ducting theory (Wang and Lin, 1999).  

Lin (2007) proposed that at the mature stage of a severe downslope windstorm, the 

high-drag state is maintained by the hydraulic mechanism, as proposed by Smith (1985) 

and confirmed numerically by Durran and Klemp (1987) and Bacmeister and Pierrehumbert 

(1988). The development stages of the severe downslope wind described above are related 

to the second and third stages proposed by Scinocca and Peltier (1993). In some sense, this 

is also related to the partial reflection mechanism (Klemp and Lilly 1975) and the resonant 

amplification mechanism (Clark and Peltier 1984).  It appears that the existence of an 
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internal reflecting boundary over the mountain peak and lee slope is an essential ingredient 

for producing severe downslope winds.  This internal reflecting boundary may be formed 

by the basic flow structure or generated by wave breaking or overturning.  The resonant 

amplification and nonlinear wave-ducting mechanism appear to play roles in earlier stages 

of the severe downslope winds, while Smith’s hydraulic mechanism plays important roles 

in the mature stage.  

       The upper-level wave breaking has been predicted reasonably well by almost all the 

models in comparable horizontal locations and vertical layers. Characteristics of the wave 

breaking include: (a) pronounced turbulence in the 13-16 km and 18-20 km layers 

positioned beneath a critical level near 21-km, (b) a well-defined upstream tilt with height, 

and (c) enhancement of upper-level breaking super-positioned above the low-level 

hydraulic jump.  

In this study, the development of the Santa Ana wind event will be examined to 

decide if there was an internal reflecting boundary over the coastal ranges in southern 

California and if it was formed by the basic flow structure or by wave breaking or 

overturning.  

 

2.3  Fire Weather Indices 

        Haines (1988) presented a lower atmospheric severity index (LASI; see Appendix 

A) for wildland fires based on the idea that dry, unstable air increases the probability that 

wildland fires will become large and/or erratic. This index has an A component reflecting 

stability, and a B component reflecting moisture (see Appendix A) and is now commonly 
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referred to as the Haines Index (HI hereafter). Both components are divided into 3 

categories having values from 1 to 3, depending on the magnitude of the temperature 

difference (term A) or dryness (term B), therefore the resulting HI varies from 2 to 6 with 

larger values indicating greater potential that an otherwise predictable fire turns into erratic 

and becomes a “blow-up” fire.  

Based on the terrain elevation of the United States, Haines (1988) roughly divided 

the country into 3 regions (see Appendix A) and chose different vertical levels for 

calculation of the two components of the HI accordingly. In the western half of the United 

States, high-elevation HI is generally used. However, according to Werth and Werth’s 

climatological study on HI (1998), low- or mid-elevation HI might better reflect the 

potential for large fire growth in the coastal lowland and interior lowland areas of 

California, Washington and Oregon. In this study we will categorize the HI according to the 

terrain elevation of each station/grid point using these categories: low-elevation HI is used 

for a surface elevation equal to or lower than 500 m, mid-elevation HI for a surface 

elevation in between 500 and 1500 m, and high-elevation HI for surface elevation equal to 

or higher than 1500 m. Detail information on how to calculate the HI can be found in 

Appendix A.  

Haines (1988) developed the HI based on radiosonde data from Winslow, AZ (INS) 

for the 1981 fire season. Preliminary results from his study indicated that 6% of all fire 

season days are “Haines 6 days” (i.e., days with the highest HI of 6) and 62% are “Haines 2 

and 3 days” (i.e., days with the very low HI of 2 and 3). Since Haines’ original study 

(1988), there have been many published investigations on the usefulness and climatology of 

the HI. Werth and Ochoa (1993) found a correlation between a HI of 5 or 6 and large 
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wildfire growth in central Idaho. Seasonal statistics in their study also showed that the HI is 

useful for determining when the most acreage will be lost to wildland fires. Werth and 

Werth (1998) conducted a 5-year climatological study of HI for 20 stations in the western 

United States and found that there is a significant variation in the frequency of high HI of 5 

or 6 across the region and that it correlates strongly with station elevation. They also 

discovered that the HI has strong diurnal variation at high-elevation radiosonde sites in the 

Great Basin and in the central and southern Rockies, due to high afternoon mixed layer 

depths. Therefore they suggested using 1200 UTC sounding for HI. Werth and Werth 

(1998) concluded that the HI needs further refinement to better identify from climatology 

the days that have a high potential for extreme fire behavior or large wild fire growth in the 

western United States. Potter and Goodrick (2001) inspected the performance of the HI 

during August 2000 for Montana and found a positive correlation between the HI and fire 

growth when measured by percent of final area burnt on a given day, but the correlation 

was weaker when fire growth was measured by the fractional increases of the fire perimeter 

over the previous day.  

In an effort to refine the HI, Potter (2001) constructed a layer model and a parcel 

model in order to understand how and why the HI works. His layer model to some extent 

explained how the HI works and it shows that the HI has a dependence on the depth of the 

mixed layer and the extent of overlap between the Haines layers (the vertical layers that the 

HI calculation involves) and the mixed layers. More overlap correlates with a higher 

average HI and a greater frequency of HI of 6 therefore the correlation between HI and fire 

growth will be smaller. His parcel exchange model for the stability component of HI 

showed a high correlation with the daily rate of spread (ROS) of fires, however the 
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evaporation model for the moisture component did not show much correlation at all with 

ROS.  

In their study Werth and Ochoa (1993) also point out that HI is best suited to 

anticipate fire growth in convection-dominated (or “plume-dominated”) fires. For strong 

surface winds, such as are associated with Santa Ana winds, the HI may not be expected to 

perform as well because the mixed layer depth may not be very high. According to Brotak 

and Reifsnyder’s (1977) investigation, fires that occurred in the eastern United States were 

primarily driven by strong surface winds and convection above the fire was usually not as 

important. This characteristic of HI makes it a less effective index in the eastern United 

States than it is in western US.  

Kaplan et al (2005) have developed two dynamically based fire spread weather 

forecast indices, the NCSU2 and NCSU3 Fire Indices (see Appendix B), based on a 

paradigm of the development of extremely dry surface air due to vertical exchanges under 

the exit region of a jet streak (Kaplan et al., 2007). These indices are intended to capture the 

three-dimensional convergence of dry air that reaches the surface aided by the active 

turbulence mixing within the well mixed convective boundary layer. Application of the 

indices suggests that they performed better in a case study in eastern United States than HI 

did (Kaplan et al., 2005). The NCSU2 and NCSU3 Fire Indices are being tested in the real-

time modeling system in EAMC and a validation database is under construction. A newly 

defined NCSU4 index is developed as a complement of the NCSU2 and NCSU3 indices 

(see Appendix B). 

This study will calculate the HI as well as the NCSU Fire Indices during the 

October 2003 extreme fire event in the southern California and compare their performance. 
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Investigation of the dynamics behind these two indices will be attempted in order to gain 

insight on how to refine their formulas to better forecast forest fire danger and/or wildland 

fire growth.  
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Chapter 3 

Synoptic-scale Environment: Observational 

Analysis 

 
The Barnes analysis scheme is used for a simple analysis to examine the synoptic 

scale environment in observational data, such as rawinsonde soundings and surface aviation 

observations preceding the southern California fires of October 2003. The analysis scheme 

is successful in depicting the flow pattern on and above 700 hPa (Figs. 6a-b). However, due 

to the sparse rawinsonde network in the United States (US) and the high terrain elevation in 

the western US, the scheme was unable to interpolate or extrapolate data over part of 

southwestern US on or below 850 hPa (Figs. 6c-f). Therefore, we also need to utilize 

mesoscale numerical simulations as well as surface observations to further investigate the 

detailed synoptic scale and mesoscale environments in which the synoptic scale forcing and 

the boundary layer forcing coupled together to produce the unusually dry condition 

conducive to the southern California fires.  

The synoptic-scale environment during the 2003 southern California firestorm 

season was similar to that in the case study employed for the paradigm developed in Kaplan 

et al. (2007). Figures 7a-f denote the 300 hPa and 700 hPa height field and horizontal wind 

speed as well as the surface relative humidity and wind barbs derived from the Barnes 

analysis of the raw radiosonde data set at 0000 UTC and 1200 UTC 25 October. Similar 

fields for 0000 UTC and 1200 UTC 26 October are shown in Fig. 8. A positively tilted 
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upper-level trough that was over the northern Great Basin and the northern Great Plains at 

0000 UTC 25 October (Fig. 7a) deepened and dug southward to the southern Great Basin 

12 hours later (Fig. 7b). Cold air of polar origin was advected southward to the 

southwestern United States including Utah, Arizona, Colorado and New Mexico. As the 

northern portion of this upper level trough moved downstream (eastward), the southwestern 

portion of this trough, however, became anchored over the southwestern states (Figs. 8a-b).  

Accompanied by the evolution of the trough was the development of the high 

pressure ridge over the western US coast. Indicated by the pressure rise of the innermost 

contour of the ridge and the movement of the 9660-m contour over the western coast and 

California, the high pressure ridge strengthened and progressed north-northeastward over 

time.  

In the meantime, a 300 hPa jet streak at the northeastern periphery of the high 

pressure ridge over the northwestern United States and the US-Canada border strengthened 

with a core of wind speed greater than 60 ms-1 at 0000 UTC October 26 (Fig. 8a) and 

became more anticyclonically curved in time (Fig. 8b). A smaller scale (about 500 miles in 

diameter) jet streak was observed to develop over the southwestern states at 1200 UTC 26 

October (Fig. 8b) and weakened 12 hours later (not shown).  

The major synoptic feature of the lower tropospheric environment (Figs. 7c-d and 

Figs. 8c-d) was the intensification of the high pressure ridge and the jet streak genesis on 

the northeastern periphery of this ridge. The curvature of the jet streak also tends to 

increase with time.  

The surface relative humidity analysis from the surface aviation observations (SAO) 

shows that the surface air over southern California and the nearby southwestern states was 
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very dry during 1200 UTC 25 October to 1200 UTC 26 October (Fig. 7f and Figs. 8e- f). 

The surface relative humidity over a portion of southern California, southern Nevada and 

northwestern Arizona decreased to below 20% at 1200 UTC 25 October (Fig. 7f). As the 

daytime solar heating became stronger, the area where relative humidity was below 20% 

was enlarged to most of southwestern states (Fig. 8e) at 0000 UTC 26 October. High 

resolution RAWS data over Goose Valley, CA (see Fig. 1 for its location) recorded single 

digit relative humidity at 1200 UTC (local standard time (LST) 4:00AM) 26 October and 

lasted through the day (Fig. 9a). Air temperatures climbed to ~35°C in the late morning 25 

October and persisted into the afternoon (Fig. 9b). Fuel moisture (relative humidity of the 

fuel on the ground) dropped down to below 5 units during the entire period spanning 0000 

LST 25 October to 0000 LST 27 October (Fig. 9c). In the meantime, the gusty surface wind 

speed reached > 17 ms-1 at 1400 UTC (LST 6:00AM) 26 October (Fig. 9d). Similar 

anomalously hot, dry and gusty wind conditions were found in nearby stations where the 

fire “blew-up” into an erratic “fire storm”.  

The meteogram for Sandburg, CA (KSDB) from 0000 UTC 26 October to 2300 

UTC 26 October 2003 (Fig. 10) also depicts a surface dew point depression of ~20°C or 

greater, indicating very dry surface conditions, a prevailing northeasterly wind of 5 ms-1 

with 10 ms-1 or greater wind gusts under a clear sky with visibility of 10 miles, and a steady 

pressure rise during the local afternoon of 25 October to the morning (until 1500Z) of 26 

October indicating horizontal convergence or descending air motion throughout a 

substantial portion of the air column.  

The rawinsonde-derived thermodynamic diagram for Miramar, CA (KNKX) (Fig. 

11) at four different times from 0000 UTC 25 October to 1200 UTC 26 October 2003 
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showed common characteristics of the sounding near the fire site: a temperature inversion 

layer near the surface below 900 hPa with a nearly dry adiabatic layer above it, a very dry 

layer in the lower troposphere and the drying became enlarged in time, and the wind 

direction reversing in the lower atmosphere indicating a possible wave-induced critical 

level. The role of this critical level in producing severe downslope winds on the lee side of 

coastal ranges near San Diego, CA will be investigated in detail in Chapter 5.  

The cross section analysis of relative humidity (shaded in %), potential temperature 

(solid in K) and wind barbs (m/s) at the Tucson International Airport, Arizona (TUS) and 

N. Platte, NE (LBF) (refer to the solid line in Fig. 8b) valid at 1200 UTC 26 October 2003 

(Fig. 12) denotes that a deep layer of extremely dry air with relative humidity less than 10% 

has reached the lower troposphere below 500 hPa in between Tucson, Arizona (TUS) and 

Albuquerque, New Mexico (ABQ). Northeasterly winds of 35 ms-1 or greater are recorded 

in these levels. From the packing and sloping of the isentropes three fronts are evident: 1) 

the upper-level front indicated by the 326 K to 320 K isentropes encompassing the layer of 

300 hPa - 370 hPa in between Tucson (TUS) and Albuquerque (ABQ); 2) the middle-level 

front in the later spanning the 316 K and 302 K isentropes located in between TUS and 

ABQ and the 308 K to 302 K isentropes above DNR; and 3) the boundary layer front in 

between the 298 K and 294 K isentropes above ABQ.  
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Chapter 4 

Mesoscale Numerical Simulations 

4.1 Model Description 

The mesoscale modeling system used here is the Mesocale Atmospheric Simulation 

System (MASS). MASS is a limited-area terrain-following sigma-coordinate model that 

can be run either in hydrostatic and non-hydrostatic mode, designed to simulate or predict 

mesoscale and regional-scale atmospheric circulations. The version used here is non-

hydrostatic (NHMASS) version 6.3 (Kaplan et al. 2000; MESO Inc. 1994). NHMASS 6.3 

has interactive multiple-nest capability, non-hydrostatic dynamics allowing simulations on 

the order of 1 km or finer, a four-dimensional data-assimilation capability, four levels of 

microphysics and several convective parameterization schemes.  

NHMASS 6.3 has three map projection options: polar stereographic, Lambert 

conformal, and Mercator projection. Polar stereographic map projection is used here since 

the interest area is in middle to high latitudes. Variable resolution for various surface 

characteristic data such as terrain elevation, land-water, land-use, soil type, and vegetation 

density, are available. NHMASS 6.3 can be run in either 2-way or 1-way nesting mode. Its 

2-way nesting capability includes multiple nests and moving nests. In 1-way nesting mode, 

the fine-mesh model is driven by the coarse-mesh model. 1-way nesting is chosen in this 

study.    
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NHMASS 6.3 uses real-data input such as routine observations like upper air and 

surface reports to initialize the model, or uses other model’s output either as first guess for 

objective analysis, or as lateral boundary conditions, e.g., NCEP and ECMWF global 

analysis, NCEP/NCAR and ECMWF reanalysis, NCEP ETA model. The model also has 

choices of advanced physical parameterization and four-dimensional data assimilation 

system via nudging.   

 

4.2 Experimental Design 

Figure 13 denotes the three domains involved in this study, including a coarse 

domain whose grid spacing is 32 km, a finer domain with grid spacing of 8 km, and a finest 

domain of grid spacing as 2 km. Domain 1, the coarse domain, covering the western US 

and part of Canada, aims to reproduce the synoptic flow pattern in which the mesoscale 

environment is embedded. Domain 2 includes southwestern states such as California, 

Nevada, Utah and Arizona. Domain 3 focuses on capturing meso-β scale characteristics of 

the flow over southern California, where the fire was the worst. In order to capture the very 

fine scale vertical motions, all three model runs contain 59 σ-p vertical levels (with a model 

top at about 100 hPa), among which approximately 30 levels are within the planetary 

boundary layer. All three control runs have full physical processes turned on.  

The grid size of each model run is, in x-y direction, respectively, 100 × 110 for 

domain 1, 174 × 174 for domain 2, and 200 × 200 for domain 3. The outermost domain, 

domain 1, is initialized with routine upper air and surface aviation observational data at 

0000 UTC 25 October 2003 and the forecast period is 48 hours ending at 0000 UTC 27 
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October 2003; Domain 2 is initialized at 12Z 25 October 2003 and run for 36 hours; and 

domain 3 is initialized at 0000 UTC 26 October 2003 and completed at 0000 UTC 27 

October 2003. Domains 2 and 3 are initialized with model outputs from domains 1 and 2, 

respectively. The integration time step of each model run is automatically determined by 

the model according to the CFL criterion, which is less than 54 seconds, 15 seconds and 4 

seconds for domains 1, 2 and 3, respectively.  

The Kain-Fritsch cumulus parameterization scheme, turbulent kinetic energy (TKE) 

boundary layer parameterization scheme, and mixed phase without hail microphysics 

scheme, have been chosen for all the model runs.      

Table 1 describes the specifications of NHMASS model version 6.3 and the various 

settings used in the simulations performed in this study.  

 

4.3 NHMASS Coarse Simulation Validation 

Figure 14 illustrates the 32-km NHMASS simulated regional representation of 300 

hpa (a, b), 700 hpa (c, d) isotachs (shaded in ms-1), height (contour in m) and wind barbs 

(ms-1) as well as surface (e, f) relative humidity (%) and wind barbs (ms-1) valid at 0000 

UTC (a, c and e) and 1200 UTC (b, d and f) 25 October 2003. Figure 15 is the same set of 

simulated fields, however valid at 0000 UTC (a, c and e) and 1200 UTC (b, d and f) 26 

October 2003. Comparing Figs. 14 and 15 with the Barnes analysis in Figs. 7 and 8 we see 

that the NHMASS model is able to reproduce the upper-level flow pattern such as the 

trough, the high pressure ridge, and the jet streak at the northeastern periphery of the high 

pressure ridge except that the jet streak is stronger than that in the observations. The total 
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wind direction is simulated very well. The lower-level features are also captured reasonably 

well except that the meso-scale vortex at 700 hPa over Nebraska and northern New Mexico 

at 1200 UTC 25 October from the simulation is more obvious than that from the 

observations, and the surface relative humidity field in the simulation is moister than the 

observations.  

Figure 16 denotes the 32-km NHMASS simulated cross section analysis of relative 

humidity (shaded in %), potential temperature (contour in K) and total winds (barbs in ms-

1) across Tucson, AZ (TUS) and N. Platte, NE (LBF). The simulation captures the deep dry 

layer extending from 400 hPa to 600 hPa between TUS and ABQ and the shallower dry 

layer spanning from 550 hPa to 650 hPa between Denver, CO (DNR) and LBF. The pattern 

of potential temperature is simulated reasonably well as well as the wind field except that 

the maximum wind speed in the simulation is slightly weaker and the upper level wind over 

TUS is slightly different from the observational data: the simulation has north-

northwesterly flow while the observed wind over TUS is north-northeasterly.  

Figure 17 presents a comparison of the thermodynamic diagrams at Miramar, CA 

(NKX) from the Barnes analyses of the observational data and from the output of the 32-

km NHMASS simulation valid at 12Z 25 October and 00Z 26 October 2003. The 

temperature inversion layer near the surface and the nearly dry adiabatic layer above it are 

well simulated in the model. The very dry lower troposphere below 800 hPa is captured as 

well. The temperature and dew point profiles in the simulation are generally consistent with 

the observations. The wind speed and direction agree with the observations as well, except 

that the wind reversal level (a possible wave “critical level”) is missing at this time in the 

simulation. An examination of the simulated sounding at a later time (starting at 03Z 26 
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October 2003) indicates that the model does capture the wind reversal level (not shown). 

Therefore, it appears that the model is “slower” than the observations, which is quite typical 

for a limited region meso-scale modeling system because the model needs some “spin up” 

time. 

 

Table 1 NHMASS version 6.3 model characteristics 

Model Numerics 

• Non-hydrostatic primitive equation model  

• 3-D equations for u, v, T, q, and p 

• Cartesian grid on a polar stereographic map 

• Sigma-P terrain-following vertical coordinate system 

• Vertical coverage from ~1m to 16400 m 

• Energy-absorbing sponge layer near top of domain 

• Fourth-order horizontal space differencing scheme on an unstaggered grid 

• Split explicit time integration schemes (a) forward-backward for the gravity mode 

and (b) Adams-Bashforth for the advective mode 

• Time-dependent lateral boundary conditions 

• Positive-definite advection scheme for scalar variables 

• Massless tracer equations for ozone and aerosol transport 

Initialization 

• First guess and lateral boundary conditions from NCEP Eta Reanalysis data for the 

32-km run and from next larger-scale simulation for the 8-km and 2-km runs  



 28

Table 1 (Continued) 

• High resolution (30sec, .5deg or 1km) terrain database available 

• High resolution (30sec, .5deg or 1km) land use and land cover classification 

available 

• High resolution (30sec, .5deg or 1km) Normalized Difference Vegetation Index  

(NDVI) available 

PBL Specification 

• 1.5-order Turbulent Kinetic Energy (TKE) PBL parameterization 

• Surface energy budget 

• Soil hydrology scheme 

• Atmospheric radiation attenuation scheme 

Moisture Physics 

• Kain-Fritsch (1993) cumulus parameterization scheme 

• Mixed-phase without hail microphysical scheme 
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Chapter 5  

Synoptic-scale and Mesoscale Environment 

Simulated by the NHMASS Modeling System 

 
Chapter 3 describes a simple analysis of the synoptic scale environment based on 

the observational data or Barnes analysis of the observational data. In this chapter in depth 

analyses of the dynamics will be presented from the NHMASS modeling results to explain 

how the hot, dry and windy atmospheric environment conducive to large scale fires 

developed as a result of coupling of the synoptic-scale and mesoscale forcing functions.  

 

5.1  Synoptic-scale and Mesocale Processes that Led to Low-

level Warming and Drying 

The polar jet streak upstream of the upper-level trough over the north-central United 

States strengthened from 0000 to 1200 UTC 25 October 2003 (Figs. 14a-b) and evolved 

from a straight jet into a more anticyclonically curved jet from 0000 to 1200 UTC 26 

October 2003 (Figs. 15a-b). The increase in curvature has an important impact on the force 

balance that an air parcel may experience when passing through the jet streak: the 

centrifugal force increases as the curvature increases. As described in Chapter 2 and 

depicted in Fig. 5c, the sinking branch of the transverse ageostrophic secondary circulation 

is amplified on the anticyclonic side and the rising branch is suppressed on the cyclonic 
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side due to the increased centrifugal force. Therefore the sinking motion on and beneath 

300 hPa above the western US coast will become stronger as the jet streak strengthened and 

propagated southeastward.  

Figures 18 and 19 illustrate the vertical motion in the upper, middle and lower 

troposphere from the 32-km NHMASS simulation valid at 1200 UTC 25 to 2100 UTC 26 

October. Notice how the subsidence over Idaho and Utah (Figs. 18b and 18d) strengthened 

and propagated southward to Arizona and the US-Mexico border (Figs. 19a-d). Also note 

that in the upper and middle troposphere, southern California was always dominated by a 

smaller scale descending motion signal (Figs. 18a-d and 19a-d). Another noticeable feature 

of Figs. 18 and 19 is that at 1200 UTC 26 October, the strong upper, middle and lower level 

sinking motions over southern California and north-eastern Arizona appear to be in phase 

(Figs. 19a, 19c and 19e). This phasing will provide strong meso-α to meso-β scale forcing 

to bring the dry high momentum air from the upper troposphere down to the planetary 

boundary layer (PBL).  

The meso-α scale sinking motion would strengthen also due to the strong cold 

advection at the lower and middle troposphere (Fig. 20). We can see from Figs. 20a and 

20c that the wind barbs are almost parallel to the geopotential height contours over the 

southwestern US at both 500 hPa and 700 hPa levels. Therefore the quasi-geostrophic (QG) 

theory still applies although the curvature increases the Eulerian Rossby number as along-

flow accelerations increase. One can see that at 1200 UTC 26 October there was strong 

cold air advection over the southwestern US in the middle to lower troposphere, especially 

at the 700 hPa level (Figs. 20b-d). Applying the omega equation in QG theory (Holton 
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1992), we know that cold advection in the lower atmosphere causes sinking motion. 

Therefore the sinking motions over these regions will get stronger, as discussed above.  

When air parcels turned to the right under the influence of the rightward-directed 

ageostrophic winds in the exit region of the 300 hPa jet streak (Fig. 21) and sank 

simultaneously before reaching the top of the PBL, their temperature rose due to adiabatic 

compression. After these air parcels reached the top of the daytime PBL, warming was 

more rapid and effective due to the turbulent mixing and the temperature lapse rate that was 

close to dry adiabatic (about 9.8°C/km), i.e., a parcel’s temperature would increase almost 

10°C by descending 1 km adiabatically.  

Figure 22a depicts backward trajectory analyses of 24 air parcels from the 32-km 

coarse simulation released at 850 hPa in southern California at 0000 UTC 27 October, 

among which three parcels were selected to depict the accompanied dramatic drying and 

warming (Figs. 22b-d). One can see that the majority of these parcels followed an 

anticyclonically turning trajectory, which originated over southwestern Canada. Only a few 

of them were from the central Plains (Fig. 22a). As the three selected parcels sank from the 

mid-upper troposphere over southwestern Canada down to lower troposphere over southern 

California coast, they all had a dramatic warm-up from about mid- -30°C’s at about 400 

hPa to about mid- 10°C’s at 850 hPa (Figs. 22b-d). The rate of warming was faster after 

these parcels reached the top of the PBL at 1800 UTC 26 October (Figs. 22b-d). Their 

temperatures rapidly increased from ~8°C at about 750 hPa to ~16°C at about 835 hPa. 

Trajectories in Figs. 22b-d also indicated that these parcels (except parcel C) originated 

over southwestern Canada in the mid-upper troposphere and were extremely dry with 

relative humidity (RH) remaining below 10%. The trajectory of parcel C suggests a drying 



 32

process as the parcel was forced down toward the surface with a RH value of 46% at 395 

hPa over southwestern Canada and as it turned into southern California its RH dropped to 

only 13% at 850 hPa.  

Figure 23 denotes the total winds and surface mixing ratio every 12 hours from 

1200 UTC 25 October to 0000 UTC 27 October from the 32-km simulation. We can see 

that the main body of surface dry air approached California from the southwestern Canada 

and the northwestern US at 1200 UTC 25 October (Fig. 23a) and moved southwestward 

over southern California 24 hours later (Fig. 23c). Ahead of it some very small dry “spots” 

seemed to precede the big pool of dry air over north-central California (Fig. 23a), which 

was subsequently overrun by the main body of dry air (Fig. 23c) and separated from it (Fig. 

23d). The following section will discuss possible sources of the dry air and associated 

drying processes occurring over these regions.  

 

5.2 Sources of the Dry Air and the Drying Processes 

Figures 24 and 25 denote 300 hPa (top panels), 500 hPa (middle panels) and 700 

hPa (bottom panels) total winds and mixing ratio analyses from the 32-km NHMASS 

simulation at the same time as in Fig. 23. One can see that in the upper and middle 

troposphere, a dry air tongue moved southwestward from the central US-Canada border to 

southwestern US (Figs. 24a-d). At 1200 UTC 26 October, this dry air tongue has reached 

southern California and the nearby Mexico-US border over Arizona (Figs. 25a and 25c). In 

the lower troposphere, a smaller dry “spot” preceded the main body of the dry air to its 
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northeast (Figs. 24e and 24f) until it was overrun by the big dry pool over southern 

California (Fig. 25e) and then cut off from the main dry air body (Fig. 25f).  

The upper-air mixing ratio pattern is similar to that at the surface in that they both 

appeared to have a main body which is preceded by a dry tongue or dry “spots”. Therefore 

the main body of dry air near the surface and that in the upper air appears to be one entity. 

The dry air reached the PBL over southern California likely through both horizontal 

advection by the prevailing strong northeasterly winds at the northeast periphery of the high 

pressure ridge just off the western US coast (Figs. 14 and 15), and vertical transport by the 

strong meso-α to meso-β scale subsidence, which phased over southern California (Figs. 

19a, 19c and 19e). The dry “spots” preceding the big dry air pool in the lower level suggest 

that the first dry tongue has reached southern California before the main body arrived.  

Figure 26 displays the RH and pressure on the 306 K isentropic surface. It clearly 

illustrates that at 1200 UTC 25 October, a dry tongue of RH < 20% beneath the 744 hPa 

pressure surface is over California with the driest air of RH < 10% beneath 840 hPa over 

northern and southern California, respectively, while another massive deeper dry air pool is 

approaching the north-central US from southwestern Canada (Fig. 26a). The dry tongue 

over California has lingered over this region from 0000 UTC 25 October to 0000 UTC 26 

October (not shown) before being overrun by the massive dry air from behind (Fig. 26c). 

The shallowness of this dry tongue indicates that it is related to the dry PBL associated with 

the passage of the surface cold front (refer to Fig. 2).  

Figure 27 depicts surface moisture flux divergence, 850 hPa isallobaric winds and 

velocity divergence caused by the isallobaric winds derived from the 8-km NHMASS 

simulation valid at 1500 UTC 25 October and 0000 UTC 26 October, shortly after the 
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surface cold front passed southern California. A maximum of moisture flux divergence 

persisted over southern California (Figs. 27a-b), which is related to the isallobaric wind 

adjustment behind the surface cold front (Figs. 27c-d). The persistent moisture divergence 

along the southern California coast caused the near surface RH to remain below 20% even 

before the arrival of the main body of the dry air at about 1200 UTC 26 October, which is 

associated with the meso-α scale subsidence caused by the secondary ageostrophic 

circulation in the exit region of the upper-level jet streak. Such a two-fold drying process 

results in the extremely dry surface condition as described in chapter 3.  

Based on the above analyses of the synoptic- to meso-α scale environment we can 

conclude that: 1) the meso-α scale subsidence in the exit region of an upper-level jet streak 

over the northwestern US transported dry air in the mid-upper troposphere toward the 

surface; 2) in the mean time the strong mid-upper tropospheric northeasterly winds at the 

northeast periphery of a high pressure ridge that was just off the western US coast advected 

the dry air southwestward toward the California coast; 3) the increasing curvature of the 

upper-level jet-front system and the strong cold advection over the southwestern US 

strengthened the meso-α scale subsidence; 4) the first dry air surge within the PBL in 

southern California before 0000 UTC 26 October was caused by moisture divergence 

associated with the surface cold frontal passage; 5) the second dry air tongue arrived in 

southern California around 1200 UTC 26 October as a result of prolonged horizontal 

advection and in-phase meso-α to meso-β scale subsidence throughout the troposphere.  

The 32-km NHMASS NE-SW cross section analyses of wind speed, ageostrophic 

circulations and potential temperatures show an interesting adjustment process in the exit 

region of the upper-level jet streak (Fig. 28). At 0300 UTC 25 October, the jet streak is a 
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nearly straight jet (Fig. 14a), therefore a thermally indirect circulation is seen in the exit 

region with rising on the cold side to the northeast and sinking on the warm side to the 

southwest (Fig. 28a). However as the curvature increases at 1800 UTC 25 October, the 

circulation pattern associated with the jet streak evolves from four-cell pattern to two-cell 

pattern due to the increasing nonlinear effect of horizontal advection of kinetic energy 

along the flow (Uccellini and Johnson 1979; see Lin 2007 for a review) therefore the 

downward motion dominates the exit region of the anti-cyclonically curved jet streak (Fig. 

28b). Note that 18 hours later, the sinking motion beneath the 300 hPa jet streak over the 

lee of the mountain peak of the Sawatch Range in the southern Rockies increases 

significantly and penetrates downward to about 700 hPa (Fig. 28c). There appears to be 

some wave activity on and above the jet streak level over the lee and beneath the jet streak 

level above the mountain peak (Fig. 28c). We will look at how the mesoscale wave activity 

near the coastal ranges affect the Santa Ana wind in the next section. 

 

5.3 Generation of the Severe Downslope Winds: a Santa Ana 

Event 

In the following section we will focus on the mesoscale environment near southern 

California to investigate the possible coupling mechanism between the meso-α scale 

subsidence and lower-level environment, which likely induced the Santa Ana winds on the 

leeside of coastal ranges. 

Figure 29 indicates that the Santa Ana winds occurrence is well simulated by the 

NHMASS modeling system. The surface pressure distribution in Fig. 29a denotes that a 
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high pressure developed in the Great Basin area and a low pressure system located in 

southern California and southwestern Arizona, similar to that in the observations depicted 

in Fig. 2. The primary surface wind near southern California was from the northeast. Such a 

surface pattern persists during the entire time period from 0000 UTC 25 October to 0000 

UTC 27 October (not shown) which is consistent with the observations (Fig. 2) (refer to the 

Santa Ana occurrence description in chapter 1).  

Figures 29b and 29c show the 2-km NHMASS simulated surface wind barbs, 

temperature and mixing ratio valid at 1200 UTC and 2100 UTC 26 October. Strong 

northeast winds of 20 ms-1 prevail along the coast northwest to Los Angeles as well as 

inland over southern California east of San Diego on the lee side of the coastal range and 

the nearby US-Mexican border (Fig. 29b). A few small dry “bubbles” with mixing ratio 

values less than 2 g/kg are evident on the downwind side of the coastal range, among which 

a very small one is near San Diego downstream from the above mentioned strong 

northeasterly winds. The temperature at this time along the southern California coast was 

between 18°C and 21°C. As the daytime surface sensible heating increases, aided by the 

adiabatic warming accompanying the severe downslope wind, the afternoon temperature in 

this region climbed to higher than 27°C and the upstream wind speed increased to 25 ms-1 

at 2100 UTC 26 October (Fig. 29c). The warming caused the surface RH to remain below 

15% even though the surface mixing ratio has increased to above 2 g/kg (Fig. 29d).  

Cross section analyses (refer to Fig. 29d for location) of potential temperature, RH 

and ageostrophic circulation vectors (Figs. 30a-b), Brunt-Vaisala frequency squared ( 2N ) 

(Figs. 30c-d) and Bulk Richardson number (Ri) and wind barbs or circulations (Figs. 30e-f) 

from the 8-km NHMASS simulation reveal that there was an early dry tongue on the lee 
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side of the coastal range due to isallobaric adjustments associated with the cold front (Fig. 

30a), before the extremely dry air (RH < 5%) from the meso-α to meso-β scale subsidence 

under the jet exit region reached the PBL (Fig. 30b). Very strong downslope winds of 

velocity greater than 30 ms-1 near the surface have developed on the lee side (Fig. 30b). 

Also evident are the overturning isentropes in the 850-750 hPa layer with a Ri < 0.25 in a 

region on the lee side characterizing wave breaking and strong turbulent mixing (Figs. 30e-

f). The lower troposphere was statically stable everywhere except in the vicinity of the 

wave breaking zone (Figs. 30c-d), which indicates strong turbulent mixing there. The wave 

breaking region can act as an internal boundary, according to the resonant amplification 

mechanism, which reflects the wave energy back to the ground and produces a high-drag 

state through partial resonance with the upward propagating mountain waves (Clark and 

Peltier 1984; see Lin 2007 for a review).  

Figure 30e also indicates that a local wind reversal level exists in the vicinity of 

wave breaking region at about 750 hPa. For a stationary mountain wave (phase-speed 

0c = ), this wind reversal level coincides with the critical level (where phase-speed and 

basic wind speed are equal) and thus is called a wave-induced critical level. This critical 

level, with the Ri number being smaller than 0.25, may reflect or even over-reflect the wave 

energy back to the ground. The over-reflected wave may be in phase, or partially in phase 

with the upward propagating mountain waves therefore wave instability may develop thus 

contributing to the development of severe downslope winds over the lee side as seen in Fig. 

30.  

Later at the above cross section the wave breaking zone is seen to expand upward to 

~ 600 hPa and some weak hydraulic jumps have developed over the mountain peak and 



 38

downstream over the lee side (Fig. 30f). The hydraulic jump develops as a result of the flow 

regime at the upwind side, which transitioned from a subcritical state to a supercritical state 

(Smith 1985; see Lin 2007 for a review). The wave breaking region expanded possibly due 

to the wave duct that is supported by the critical level.  

An animation of the cross section analyses of RH, circulation and potential 

temperature (not shown) suggests that the wave-induced critical level phased with the 

upstream descending dry tongue under the exit region of the upper-level jet streak at 1000 

UTC (local standard time (LST) 2:00AM) 26 October to transport and mix down the 

extremely dry air to the PBL over the lee side. The high momentum from the jet streak 

helped the flow on the upwind side transition from a subcritical state to a supercritical state 

as well as increased the vertical wind shear on the lee side thus contributing to the 

formation of the severe downslope winds. The role of the meso-α scale subsidence is to 

transport the extremely dry air from the upper troposphere toward the surface as well as to 

warm up the air column through adiabatic compression.  

The severe downslope winds passed the canyons and warmed adiabatically. Aided 

by the so called "drainage effect", when reaching the flatter plains, the winds become hot, 

very dry and gusty. These severe downslope winds in southern CA are known as Santa Ana 

winds. Once the Santa Ana winds develop, hazardous fire weather conditions are 

anticipated. Figure 31 denotes the skewT-LogP thermodynamic diagrams at Miramar, CA 

(KNKX) simulated by the 8-km NHMASS model valid at 1800 UTC 25 October (Fig. 31a) 

and 1000 UTC 26 October (Fig. 31b). A nocturnal temperature inversion is evident in both 

soundings due to the diabatic cooling at the surface after sunset. The temperature and dew 

point profiles at these times depict a dramatic drying of the lower troposphere between 800 
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hPa and 950 hPa, especially at 1000 UTC 26 October at the 900 hPa level when the dew 

point depression increased to 43°C. As discussed above, the unusual drying process is 

likely due to the phasing of the wave-induced critical level and the descending dry air 

tongue from the meso-α to meso-β scale subsidence associated with the upper-level jet 

streak.  

We can summarize the above discussion of the meso-scale environments as follows: 

1) the Santa Ana wind occurrence is simulated reasonably well by the NHMASS modeling 

system; 2) a wave breaking region in the lower troposphere on the lee side of the coastal 

range acted as an internal reflecting boundary to reflect the mountain wave energy back to 

the ground and created the severe downslope winds through partial resonance with the 

upward propagating mountain waves; 3) a wave-induced critical level coupled with the 

upstream dry air tongue from the meso-α to meso-β scale subsidence to transport and mix 

down the extremely dry air to the PBL on the lee side; 4) the high momentum from the jet 

streak plays a role in this process by increasing the kinetic energy of the flow on the 

upwind side as well as the shear instability on the lee side of the mountain.  
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Chapter 6  

Comparison of the NCSU Fire Indices and 

Haines Index  

 
Chapters 1 and 2 introduced the Haines Index (HI) and the NCSU Fire Indices. The 

formula and the calculation method of the HI can be found in Appendix A. Definitions and 

discussion of the physical meanings of the NCSU2, NCSU3 and NCSU4 indices can be 

found in Appendix B. In this chapter we will examine the performance of these indices in 

predicting the potential for large fire growth during the October 2003 extreme fire event in 

southern California.  

 As discussed in Appendix B, the NCSU3 index maximizes when sinking motion 

which is associated with dry air increases vertically and phases with a deep well-mixed 

boundary layer and strong wind shear zone where Ri minimizes. This is the scenario in the 

October 2003 extreme fire event in southern California. From the discussion in Chapter 5 

we know that the meso-α scale subsidence increased vertically over southern California 

(Figs. 18 and 19) and the meso-α scale descending air phased with a wave-induced critical 

level and strong shear instability zone within the planetary boundary layer (PBL) at about 

1000 UTC 26 October (Fig. 30). One can see that at this time a deep well-mixed layer from 

900 hPa to 750 hPa has developed over a temperature inversion near the surface (Fig. 31b). 

Therefore the NCSU3 Index is expected to have very large values over these regions. To 

investigate how important the vertical convergence (i.e., the second term of Eq. (B1)) is, 
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relative to the horizontal convergence (i.e. the first term of Eq. (B1)) at different scales of 

motion, we will still calculate the NCSU2 and NCSU4 Indices and compare them to 

NCSU3. A comparison of the NCSU2 and NCSU4 indices reveals that there is little 

difference between them (not shown). Therefore only the NCSU4 index will be presented 

here because its physical meaning is easier to understand. 

To avoid the complexity of high terrain in the western US, we will use data on σ-p 

surfaces for the calculation of NCSU2, NCSU3 and NCSU4 indices whereas the HI will be 

calculated on pressure surfaces consistent with its definition. The terrain-following σ-p 

coordinate is adopted in many modeling systems such as MM5 and NHMASS and the 

detailed information can be found in related manuals and documents (Grell et al., 1994; 

Kaplan et al. 2000; MESO Inc. 1994).  

In their study Werth and Ochoa (1993) pointed out that HI relates only to the 

potential of rapid fire growth, not fire danger (i.e., the probability of fire starts). This is 

because fire danger relates to prevailing fuel conditions and the recent historical and current 

atmospheric conditions. However, the HI is only an instantaneous diagnostic of the 

potential for certain types of fire behavior in certain conditions (the so-called plume-

dominated fire; Potter et al., 2002). It can be an element of fire danger determination, but it 

is not a fire danger index by itself (Charney, personal communication). Therefore in this 

study we will mainly compare the performance of the three indices after the California fires 

started, which was roughly at 0000 UTC 26 October 2003 for the Cedar fires in San Diego 

County (see Fig. 1 for fires’ location) in southern California (Johnson 2004). The MODIS 

satellite imagery shows that at about 2100 UTC 25 October, there were also some active 

fires in south-central California near Los Angeles (LAX) (not shown). We will utilize the 
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MODIS imagery to locate the fires in order to compare how well these indices predicted the 

fires’ growth.  

Figures 32 and 33 represent the three fire indices derived from the 32-km NHMASS 

simulation from 2100 UTC 25 October to 1800 UTC 26 October and superimposed with 

the approximate locations of the fires retrieved from the MODIS satellite imagery. At 2100 

UTC 25 October, the HI predicted a moderate potential for large fire growth for the central 

to southern California coast and northwestern to southern Arizona, with extreme southern 

California and southern Arizona being in high potential for large fire growth (Fig. 32a). The 

NCSU3 and NCSU4 indices placed maxima over southern Utah and south-central Arizona 

(Figs. 32c and 32e). While the NCSU3 index almost missed predicting potential for the 

large fire growth in south-central California (Fig. 32c) the NCSU4 index was able to 

predict it although with a relatively low value (Fig. 32e).  

At the time near the Cedar fires in southern California, which started at about 0000 

UTC 26 October, the fire indices performed similarly to what they did three hours earlier 

(Figs. 32b, 32d, and 32f). The HI forecasted a low to moderate potential for large fire 

growth for the three major fires seen in the figures. The NCSU3 and NCSU4 indices placed 

a potential large fire growth with relatively low values for these fires.  

At 1800 UTC 26 October, the HI predicted a low potential large fire growth for the 

southern California fires except placing a moderate potential for the northern most one near 

LAX (Fig. 33a). Considering the fact that the superimposed fires were at 1840 UTC 26 

October, which was about 40 minutes later than the valid time of Figs. 33, the NCSU3 and 

NCSU4 indices appeared to predict reasonably well the potential for large fire growth in 

southern California (Figs. 33b-c).  
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At all three times the general patterns between the NCSU3 and NCSU4 indices are 

very similar except in southern California at 1800 UTC 26 October. This indicates that the 

second term in the NCSU3 formula, which represents the vertical convergence of dry air, is 

not significant unless there is a phasing between the vertically increasing sinking motions, a 

deep well-mixed boundary layer and a strong vertical wind shear zone (Figs. 33b-c). The 

reason why the NCSU3 index almost missed predicting the large fire growth in southern 

California at 2100 UTC 25 October (Fig. 32c) is likely because the grid resolution of the 

model at this scale is not fine enough to resolve the above mentioned smaller scale phasing.  

Figures 34 and 35 depict the three indices at the same time as in Figs. 32 and 33 but 

from the 8-km NHMASS simulation. The HI still predicted a moderate potential for large 

fire growth for the fires in southern California at 2100 UTC 25 October and 0000 UTC 26 

October (Figs. 34a-b) and a low to moderate potential for large fire growth at 1800 UTC 26 

October (Fig. 35a). However the NCSU3 and NCSU4 indices better matched the potential 

for large fire growth with the actual fires’ locations (Figs. 34c-f) especially after the meso-α 

scale subsidence phased with the deep well mixed layer and strong wind shear zone (Figs. 

35b-c). The improvement of the NCSU fire indices’ prediction of potential for large fire 

growth is likely due to the increased grid resolution of the modeling system consistent with 

the concept that mesoscale patterns of moisture and mass divergence are highly scale 

dependent phenomena (the NCSU fire indices have spatial derivatives therefore are more 

sensitive to grid resolution as the scale of motion becomes smaller).  

The influence of grid resolution of the modeling system on the performance of the 

indices can be seen best in the 2-km NHMASS results (Figs. 36a-c). One can see that how 
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the potential for large fire growth predicted by the three indices, especially by the NCSU3 

and NCSU4 indices, coincides well with the fires’ location.  

An analysis involving decomposing the HI into an instability term (term A) and 

dryness term (term B) reveals that the general pattern of HI follows term B while the 

maxima of HI are consistent with term A (Figs. 37-38). This is consistent with the common 

awareness of these two facts: 1) air near the surface must be very dry so that it can dry the 

fuel to produce the potential for the large growth of forest fires; 2) atmospheric instability 

in the lower troposphere gives dry air vertical accelerations for ongoing plume-dominated 

fires to grow erratically. The fact that the Cedar fire in southern California was not 

predicted by “Haines 6” after the fires occurred indicates that the strong Santa Ana winds 

had an important impact on the fire’s growth as the mesoscale wind field played a key role 

in that growth.  

      As pointed out by Potter et al. (2002), the HI is intended to predict potential for 

large or erratic fire growth only in plume-dominated fires. And HI is not expected to 

perform well in a Santa Ana winds prevailing environment (Werth and Ochoa, 1993). A 

temperature inversion was present above a near surface well-mixed layer and was capped 

by another well-mixed layer near San Diego during most of the daytime on 25 October and 

26 October (Fig. 39). An inspection of the sounding profile at the same location during this 

two day period (not shown) reveals that this type of temperature profile prevailed, except 

from the late night to early morning when it evolved to the type of profile as seen in Figs. 

31a-b. The kind of sounding profile in Figs. 39a-b is ideal for plume-dominated fire 

development because the temperature inversion prevents the upper-level windy air from 
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reaching the surface. This is part of the reason HI predicted reasonably well the potential 

for large fire growth before the Santa Ana winds took over the control of the fires’ growth.  

Summarizing the above discussion, we can conclude that: 1) all three indices 

predicted reasonably well the potential for large fire growth during the October 2003 

extreme fire event in southern California; 2) the NCSU3 and NCSU4 indices predicted very 

similar patterns of potential for large fire growth until the phasing between the meso-α scale 

subsidence, the deep well-mixed boundary layer and strong shear instability zone 

developed; 3) the grid resolution of the modeling system has an influence on the 

performance of the indices; 4) the general pattern of HI follows the dryness term while the 

maxima follows the instability term; 5) a temperature inversion above a near surface well-

mixed layer in San Diego (NKX) is part of the reason why HI predicted reasonably well the 

potential for large fire growth before the Santa Ana winds took the control of the fires 

growth.  
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Chapter 7 

Conclusion 

 
      In this study both observational data and numerical simulations have been employed 

to diagnose the synoptic- through mesoscale atmospheric environments conducive to forest 

fires during the October 2003 extreme fire event in southern California.  

The synoptic-scale environments include an intensifying upper-level high pressure 

ridge just off the northwestern US coast, an upper-level jet streak on its northeast periphery 

and a downstream deepening trough over the north-central US. The mesoscale 

environments in southern California near San Diego (NKX) are favorable for the 

development of severe downslope winds where a wave breaking region in the lower 

troposphere on the lee side of the coastal range acted as an internal reflecting boundary to 

reflect the mountain wave energy back to the ground, which created the severe downslope 

winds through partial resonance with the upward propagating mountain waves. The 

coupling between the synoptic scale and mesoscale environments can be summarized as a 

three-stage process depicted in the schematics of Figs. 40 a-c.  

During stage I, the meso-α scale subsidence of the transverse ageostrophic 

circulation in the jet exit region transported dry air in the mid-upper troposphere toward the 

surface. Due to adiabatic compression the dry air warms up as it sinks and surface pressure 

rises under the converging flow aloft. The first dry air surge arrived in southern California 

within the PBL before 0000 UTC 26 October as a result of moisture divergence and 

isallobaric adjustments behind the surface cold front. The isallobaric wind increases as a 
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result of the integrated pressure rising behind the surface cold front. Isallobarically-induced 

moisture divergence was a factor in drying the air behind the cold front. The mid-upper 

level and lower-level dry air were not in phase at this stage.  

During stage II, the anticyclonic curvature of the jet streak increased and the strong 

northeasterly winds in the exit region advected the dry air southwestward toward the 

California coast. The curvature of the jet streak and the strong cold air advection over the 

southwestern US strengthened the meso-α to meso-β scale subsidence over these regions. 

The upper-level sinking motions penetrated down to lower troposphere over southern 

California and north-eastern Arizona around 1200 UTC 26 October. The second dry air 

tongue reached southern California as a result of prolonged horizontal advection and strong 

mesoscale subsidence but did not yet directly couple to dry air region behind the surface 

dry cold front.  

During stage III, a wave-induced critical level coupled with the upstream dry tongue 

from the meso-α to meso-β scale subsidence (in stage II) to transport the extremely dry air 

to the PBL on the lee side of the coastal range near San Diego. Wave breaking and strong 

turbulence acted as an internal boundary to reflect the mountain wave energy back to the 

ground and created Santa Ana winds. The very dry, hot and gusty conditions near surface in 

southern California pose a great danger for the potential erratic development of major 

blowup fires.  

The performance of the widely used Haines Index and the newly developed NCSU3 

and NCSU4 fire indices are compared in this study. All three indices were able to predict 

the potential for large fire growth during the October 2003 extreme fire event in southern 

California. The patterns predicted by the NCSU3 and NCSU4 indices were very similar 
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except when the phasing between the vertically increasing sinking motions, a deep well-

mixed boundary layer and a strong vertical wind shear zone developed.  

The grid resolution of the modeling system has an influence on the performance of 

the indices, particularly the NCSU3 and NCSU4 indices. Finer grid resolution results in 

better prediction of potential for large fire growth.  

The pattern of the Haines Index follows the dryness term while the maxima follow 

the distribution of the instability term. A temperature inversion above a near surface well-

mixed layer in the vicinity of NKX helps to develop a favorable environment for plume-

dominated fires to grow large or erratic. This is part of the reason why Haines Index 

predicted reasonably well the potential for large fire growth in these regions before the 

Santa Ana winds dominated the fires’ growth.  
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Appendix A Haines Index 

 
      Haines (1988) constructed a lower atmosphere severity index (LASI) based on the 

knowledge that dry and unstable air increases the probability that wild land fires will 

become large and/or erratic. The index is known as the Haines Index (HI) and is calculated 

based on the environmental lapse rate of a layer of air and its moisture content:  

1 2( ) ( ) ( )p p p dpLASI HI a T T b T T= − + −  

where T  is the temperature at two pressure surfaces (p1, p2); pT  and dpT  are the 

temperature and dew point temperature at one of the levels. We will call the first term at the 

right hand side of the above equation “A” and the second term “B”. 

      In reality two steps are involved to calculate the LASI/HI. In the first step, one 

needs to select the proper index variant based on surface elevation. Haines (1988) roughly 

divided the US into three categories (Fig. A1) and calculated HI for each station based on 

its location. Here we will calculate HI based on the actual elevation of stations or grid 

points, instead of following the categorical division: 

i. If the station is at a low elevation (≤ 500 m), A is computed by 950 850( )hPa hPaT T−  

and B is computed by ( )p dpT T−  at the 850 hPa level.  

ii. If the station is at a middle elevation (500m ~ 1500m), A is computed by 

850 700( )hPa hPaT T−  and B is still computed by ( )p dpT T−  at the 850 hPa level. 

iii. If the station is at a high elevation (≥ 1500m), A is computed by 700 500( )hPa hPaT T−  

and B is computed by ( )p dpT T−  at the 700 hPa level. 
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The detailed criterion values in each category are given in Table A1.  

In the second step, one needs to add the values of term A and B together. This gives 

a value of HI from a minimum of 2 to a maximum of 6. The values of HI correspond to 

different classes of days for the potential of large fire growth and the information is given 

in Table A2.  

One has to keep in mind that the HI doesn’t take into account the third factor that 

Haines (1988) suggested in his study – the vertical wind shear because of disagreement 

among researchers over the meteorological importance of various wind profiles and is 

intended only for prediction of large or erratic fire growth for plume-dominated fires (Potter 

et al., 2002). When strong horizontal winds cause fire-induced winds to shear ahead of the 

fire in wind-driven fires, HI can tell you very little about the potential of large fire growth.  
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Table A1:  Criterion values for A and B in each category of HI calculation 

Term A Term B 
Station Elevation 

Category 
1 2( )p pT T−  

value (°C) 

Term A 

value 

( )p dpT T−  

value (°C) 

Term B 

value 

< 4 1 < 6 1 

4 ~ 8 2 6 ~ 10 2 Low 

≥ 8 3 ≥ 10 3 

< 6 1 < 6 1 

6 ~ 11 2 6 ~ 13 2 Middle 

≥ 11 3 ≥ 13 3 

< 18 1 < 15 1 

18 ~ 22 2 15 ~ 21 2 High 

≥ 22 3 ≥ 21 3 

 

 

Table A2:  Correspondence of HI values and potential for large fire growth 

HI value Potential for large fire growth 

2 or 3 very low 

4 low 

5 moderate 

6 high 
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Appendix B NCSU Fire Indices 

 
      Kaplan et al. (2005; 2007) have developed an index based on a fire case study in the 

eastern US involving the development of extremely dry surface air due to vertical 

exchanges under the exit region of an upper-level jet streak. The NCSU3 Index is defined 

as: 

0
3 ( ) ( )TH PBL

h h
HNCSU dz w

RH Ri z RH
ρ ρ∂

= −∇ ⋅ −
∂∫ V   (B1) 

where h i j
x y
∂ ∂

∇ = +
∂ ∂

 and h ui v j= +V ; TH  is the height of tropopause, PBLH  is the 

planetary boundary layer (PBL) height, and Ri is the bulk Richardson number. Other 

notations are the same as common meteorological symbols.  

      In the above equation, the first term at the right hand side is the formerly known as 

the NCSU2 index. We can define a NCSU4 index as following because its physical 

meaning is easier to understand: 

0
4 ( )TH

NCSU dz
RH
ρ

= −∇⋅∫ V  

where i j k
x y z
∂ ∂ ∂

∇ = + +
∂ ∂ ∂

 and ui v j wk= + +V . 

      The physical meanings of these indices can be interpreted as following. Consider 

the mass continuity equation: ( ) 0
t
ρ ρ∂
+∇⋅ =

∂
V   

      Rearranging the above equation gives: ( )
t
ρ ρ∂
= −∇⋅

∂
V .  
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Integrating the above equation from surface to the tropopause regarding the depth 

dz  gives: 

0 0
( )T TH H

dz dz
t
ρ ρ∂

= −∇⋅
∂∫ ∫ V  

In the right hand side of the above equation, if we multiply the term inside the 

parenthesis with 1
RH

 then we get the NCSU4 index. Therefore the NCSU4 index denotes 

the local rate of change of dry air mass through an air column, in other words, the local 

mass gain or loss per second of dry air through an air column. The mechanism for mass 

gain or loss, as indicated by the right hand side of the above equation, is through mass flux 

convergence or divergence. Large positive values of the NCSU4 index imply that 

substantial dry air converges into an air column therefore said column has the ability of 

becoming a favorable atmospheric environment for large fire growth.  

In the case study that NCSU3 Index was developed, the second term in its formula 

accounts for the mid-level sinking in the thermally indirect circulation in an upper-level jet 

streak exit region ahead of an elevated mixed layer (Kaplan et al., 2005). In general this 

term represents the vertical convergence of dry air within the PBL that is weighted by the 

inverse Ri number.  

In an ideal atmosphere that is in quasi-geostrophic balance, the air motion is nearly 

non-divergent, therefore the mass flux convergence or divergence is mainly caused by the 

density gradient, which is generally very small. However, the above situation is not true 

near a jet streak, where the along stream ( h

x
∂
∂
V ) and cross stream ( h

y
∂
∂
V ) wind shear as well 
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as the vertical wind shear ( h

z
∂
∂
V ) are all substantial, or near a front, where the temperature 

gradient (and subsequently density gradient) is strong. Therefore in these regions the 

NCSU4 index will be large. Additionally, if the sinking motion associated with the dry air 

increases vertically accompanying vertical stretching of the air column and phases with a 

deep well-mixed layer and strong vertical wind shear zone where Ri minimizes, as is 

typical near the top of well-mixed layers, the NCSU3 index maximizes. 

Because these indices are developed based on one case study, they are still in their 

preliminary status to be mature indices and need further improvements. The NCSU2 and 

NCSU3 indices are being tested in the Eastern Area Modeling Consortium real-time 

modeling system. In the future a database for statistical study can be constructed to examine 

the performance of these indices and insights for further improvements can be gained.  
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Fig. 1: MODIS satellite image of southern California fires at 1840 UTC 26 October 2003. 
Arrows pinpoint the cedar fire and the location of Goose Valley, CA. Black spots and 
shadings denote the fires’ locations. 
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Fig. 2: Surface weather map valid at 1200 UTC 25 October 2003 (Available from the 
Service Records Retention System (SRRS) in National Climatic Data Center (NCDC)). 
Fires’ locations are along the southern California coast.  
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Fig. 3: North American Regional Reanalysis (NARR)-A of 300 hPa geopotential height 
(solid in m) and wind barbs valid at (a) 0000 UTC 25, (b) 1200 UTC 25, (c) 0000 UTC 26 
and (d) 1200 UTC 26 October 2003. A long (short) wind barb denotes 10 (5) knots. A flag 
denotes 50 knots. 
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Fig. 4: 300 hPa convergence (10-5 s-1) derived from Barnes analyses of radiosonde 
observational data valid at (a) 1200 UTC 25, (b) 0000 UTC 26 and (c) 1200 UTC 26 
October 2003. 
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Fig. 5: Schematics of the dynamics of a (a) straight jet streak, (b) highly anticyclonically 
curved jet stream (shaded without along stream wind speed maximum) and (c) highly 
anticyclonically curved jet streak. Ageostrophic wind is denoted by vectors (magnitude of 
winds denoted by arrow length). Solid lines represent geopotential height ( 1Φ < 2Φ ).   
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Fig. 5 (Continued) 
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Fig. 6: Barnes analysis of temperature at (a-b) 700 hPa, (c- d) 850 hPa and (e-f) 950 hPa 
valid at 00Z (left panels) and 12Z (right panels) 26 October 2003. 
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Fig. 7: Barnes analysis of (a-b) 300 hpa, (c-d) 700 hpa geopotential height (solid lines), 
wind speed (shaded) and wind barbs, and (e-f) surface relative humidity (solid lines) and 
wind barbs valid at 0000 UTC (left panels) and 1200 UTC (right panels) 25 October 2003. 
Geopotential height is in unit of meters, RH in %. A long (short) wind barb denotes 10 (5) 
ms-1. A flag denotes 50 ms-1. 
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Fig. 8: As in Fig. 7 but for 0000 UTC (left panels) and 1200 UTC 26 (right panels) October 
2003. Bold line in (b) denotes cross section location in Figs. 12 and 16. 
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Fig. 9: ASOS recorded surface (a) air relative humidity (%), (b) air temperature (°F), (c) 
fuel moisture (%) and (d) gusty wind speed (mph) time series at Goose Valley, CA from 25 
October to 27 October 2003. Arrows define key times in text. 
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Fig. 10: Meteogram for KSDB from 0000 UTC 26 October 2003 to 2300 UTC 26 October 
2003. 
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Fig. 11: Observed thermodynamic diagrams for Miramar, CA (KNKX) valid at: (a) 0000 
UTC 25, (b) 1200 UTC 25, (c) 0000 UTC 26 and (d) 1200 UTC 26 October 2003. Solid 
line denotes temperature and dash line denotes dew point temperature.  
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Fig. 12: Cross section analysis of RH (%), potential temperature (K) and wind barbs from 
Barnes analysis valid at 1200 UTC 26 October 2003. Wind barb symbols are the same as in 
Fig. 7.  
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Fig. 13: Three domains in the NHMASS simulations and terrain height from domain 1 
(shaded in m). 
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Fig. 14: Analysis of (a-b) 300 hpa, (c-d) 700 hpa isotachs (shaded in ms-1), geopotential 
height (solid in m) and wind barbs (ms-1) and (e-f) surface relative humidity (solid in %) 
and wind barbs (ms-1) from the 32-km simulation valid at 0000 UTC (left panels) and 
1200 UTC (right panels) 25 October 2003. Wind barb symbols are the same as in Fig. 7. 
Bold line in (a) denotes cross section location in Fig. 28a but valid at 0300 UTC 25 
October.  
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Fig. 15: As in Fig. 14 but valid at 0000 UTC (left panels) and 1200 UTC (right panels) 26 
October 2003. Bold line in (b) denotes cross section location in Fig. 28c.  
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Fig. 16: As in Fig. 12 but from the 32-km NHMASS simulation. 
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Fig. 17: Thermodynamic diagram from Barnes analysis of observational data (a-b) and 
from the 32-km NHMASS simulation (c-d) valid at 1200 UTC 25 (left panels) and 0000 
UTC 26 (right panels) October 2003. 
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Fig. 18: Vertical velocity ( 1cm s−⋅ ) at (a-b) 300 hPa, (c-d) 500 hPa and (e-f) 700 hPa from 
the 32-km NHMASS simulation at 1200 UTC 25 (left panels) and 0000 UTC 26 (right) 
October 2003. Solid lines denote updraft and dash lines downdraft. Downdraft stronger 
than -6 1cm s−⋅ is shaded. 
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Fig. 19: As in Fig. 18 but for 1200 UTC (left) and 2100 UTC (right) 26 October 2003. 
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Fig. 20: 32-km NHMASS simulated geopotential height (solid in m), temperature (dash in 
°C) and wind barbs (left panels) and temperature advection by total wind (right panels) at 
(a-b) 500 hPa and (c-d) 700 hPa valid at 1200 UTC 26 October 2003. Warm advection is 
denoted by solid contours and cold advection is shaded for values smaller than 

5 110 10 K s− −− × ⋅ . Wind barb symbols are the same as in Fig. 7. 
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Fig. 21: Ageostrophic wind barbs, total wind speed (shaded in ms-1) and geopotential 
height (solid in m) at (a-b) 300 hPa, (c-d) 500 hPa and (e-f) 700 hPa from the 32-km 
NHMASS simulation valid at 1800 UTC 25 (left) and 0600 UTC 26 (right) October 2003. 
Wind barb symbols are the same as in Fig. 7. Bold line in (a) denotes cross section location 
in Fig. 28b. 
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Fig. 22: Backward trajectories of (a) 24 parcels’ wind; (b) parcel A; (c) parcel B and (d) 
parcel C from the 32-km NHMASS simulation starting at 0000 UTC 27 October 2003 back 
to their original position at about 0300 UTC 25 October 2003. Trajectory caption is 
denoted below the figure. T is temperature in °C; RH is relative humidity in % and P is 
pressure in hPa. Vectors denote winds with length proportional to wind speed.  
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Fig. 23: Surface wind barbs and mixing ratio (g/kg; shaded for dry areas with values 
smaller than 3 g/kg) from the 32-km NHMASS simulation valid at (a) 1200 UTC 25; (b) 
0000 UTC 26; (c) 1200 UTC 26 and (d) 0000 UTC 27 October 2003.  
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Fig. 24: 300 hPa (top), 500 hPa (middle) and 700 hPa (bottom) total winds and mixing 
ratio (shaded for dry areas with values smaller than (top) 0.03 g/kg; (middle) 0.3 g/kg; 
(bottom) 1 g/kg) from the 32-km NHMASS simulation valid at 1200 UTC 25 (left) and 
0000 UTC 26 (right) October 2003.   
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Fig. 25: As in Fig. 24 but valid at 1200 UTC 26 (left) and 0000 UTC 27 (right) October 
2003. 
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Fig. 26: Pressure (solid in hPa) and relative humidity (shaded for dry areas with values 
smaller than 20%) projected on 306 K isentropic surface from the 32-km NHMASS 
simulation valid at (a) 1200 UTC 25; (b) 0000 UTC 26; (c) 1200 UTC 26 and (d) 0000 
UTC 27 October 2003. Bold lines with cold or warm front symbols in (a-b) denote the 
surface fronts.  
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Fig. 27: Surface moisture divergence (a, b) and 850 hPa isallobaric winds and associated 
velocity divergence (c, d) from 8-km NHMASS simulation valid at 1500 UTC 25 (left 
panels) and 0000 UTC 26 (right panels) October 2003. Moisture divergence is in units of 

1( / )kg kg s−⋅ and shaded for values greater than 72 10−× (dash lines denote moisture 
convergence). Isallobaric wind divergence is in units of 1s− and shaded for values greater 
than 31 10−× . Wind barb symbols are the same as in Fig. 7. 
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Fig. 28: Vertical cross section analysis of total wind speed (shaded for values greater than 
40 ms-1; winds are out of paper), ageostrophic circulations (vectors) and potential 
temperature (solid in K) from the 32-km NHMASS simulation valid at (a) 0300 UTC 25; 
(b) 1800 UTC 25 and (c) 1200 UTC 26 October 2003. Bold arrows denote the circulations. 
Locations of cross sections are denoted in Figs. 14a, 21a and 15b, respectively.  
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Fig. 29: (a) Sea level pressure (solid in hPa) and wind barbs at 1200 UTC 25 October 2003 
from the 32-km simulation; (b)surface mixing ratio (shaded for dry areas with values 
smaller than 2 g/kg), temperature (solid in °C) and wind barbs valid at 1200 UTC 26 
October 2003 from the 2-km simulation; (c) same as (b) but for 2100 UTC 26 October 
2003 and (d) surface relative humidity (shaded for dry areas with values smaller than 15%) 
and wind barbs valid at 2100 UTC 26 October from the 2-km simulation. Wind barb 
symbols are the same as in Fig. 7. The bold solid line in (d) denotes the location of cross 
section in Fig. 30. 
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Fig. 30: Cross section analyses along GH (denoted in Fig. 29) from the 8-km simulation of 
(a-b) RH (shaded for values smaller than 10%), circulations (vectors) and θ  (solid in K) 
valid at (a) 1800 UTC 25 and (b) 1000 UTC 26 October 2003; (c-d) 2N (shaded for values 
smaller than 5 25 10 s− −− × ) valid at (c) 1000 UTC 26 and (d) 1800 UTC 26 October 2003; 
(e) Ri (shaded for value smaller than 2), θ  and wind barbs valid at 1000 UTC 26 October 
and (f) Ri, θ  and circulations (vectors) valid at 1800 UTC 26 October 2003. Wind barb 
symbols are the same as in Fig. 7. 
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Fig. 31: Thermodynamic diagram of temperature (solid) and dew point temperature (dash) 
and wind profile at Miramar, CA (KNKX) valid at (a) 1800 UTC 25 and (b) 1000 UTC 26 
October 2003 from the 8-km NHMASS simulation.  
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Fig. 32: The (a-b) Haines Index (HI), (c-d) NCSU3 Index and (e-f) NCSU4 Index from   
the 32-km NHMASS simulation valid at 2100 UTC 25 (left panels) and 0000 UTC 26   
(right panels) October 2003. Black dots along California coast in each figure denote 
approximately the fires’ locations.  
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Fig. 33: Panels (a-c) are the same as Figs. 32 (a), (c) and (e) except at 1800 UTC 26 
October 2003. Black dots and contours along the CA coast denote fires’ locations at about 
1840 UTC 26 October 2003.  
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Fig. 34: As in Fig. 32 but from the 8-km NHMASS simulation. 
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Fig. 35: As in Fig. 33 but from the 8-km NHMASS simulation. 
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Fig. 36: As in Fig. 33 but from the 2-km NHMASS simulation valid at 1830 UTC 26 
October 2003. Fires’ locations are at the same time as in Fig. 33.  
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Fig. 37: The (a-b) HI, (c-d) term A in HI and (e-f) term B in HI from the 32-km NHMASS 
simulation valid at 2100 UTC 25 (left panels) and 0000 UTC 26 (right panels) October 
2003. Black dots in a-b denote fires’ approximate location.  
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Fig. 38: As in Figs. 37 (a), (c) and (e) but valid at 1800 UTC 26 October 2003. 
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Fig. 39: As in Fig. 31 but valid at (a) 0400 UTC and (b) 1800 UTC 26 October 2003. 
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Fig. 40: (a) Stage I; (b) Stage II; (c) Stage III of a three-stage adjustment process within 
the exit region of an upper-level jet streak.  
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Fig. A1: Haines Index elevation map in the United States. 

 
 


