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Abstract 
 
Abrupt changes in wind direction and speed can dramatically impact wildfire development and 
spread.  Most importantly, such changes can pose significant problems to firefighting efforts and 
have resulted in a number of fire fatalities over the years.  Frequent causes of such wind shifts 
are thunderstorm and convective system outflows, known as gust fronts, and the identification 
and prediction of these present critical challenges for fire weather forecasters.  Anticipating and 
warning of these phenomena in wildland fire situations thus represent opportunities for 
enhancing the safety of incident personnel and the effectiveness of the firefighting operations.  
With these considerations we have developed a software tool to identify and depict convective 
outflow boundaries in high-resolution numerical weather prediction (NWP) models to provide 
guidance for fire weather forecasting.  The tool consists of software to process model output, 
algorithms to objectively identify gust fronts, and a graphics utility to display the detected 
boundaries.  For testing, development, and evaluation, the tool is applied to both deterministic 
and ensemble NWP modeling systems, with the latter providing probabilistic forecast 
information.  The NWP systems used are the High-Resolution Rapid Refresh system, run by 
NOAA’s National Centers for Environmental Prediction, and the National Center for 
Atmospheric Research high-resolution ensemble.  Both systems employ the widely-used 
Weather Research and Forecasting Model.  The tool produces various products revealing model-
predicted gust fronts.  It shows success with forecasts of convective events occurring in both 
simple and complex terrain, both with and without concurrent wildfire activity.  With accurate 
underlying model forecast output, the tool can indicate areas of potential gust front activity and 
provide valuable information to wildfire meteorologists and incident command personnel. 
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Objectives 
 
Real-time NWP systems can deliver meteorological guidance to provide fire weather forecasters 
and incident responders with critical information on the atmospheric conditions affecting fire 
movement and evolution.  One such condition is the presence of thunderstorm outflows— gust 
fronts— which may have critical impacts on fires and which can be represented in high-
resolution models.  In this NWP setting, we recognize two modeling approaches that may be 
exploited to improve gust front guidance: deterministic and ensemble.  While high-resolution 
modeling systems of both types are able to deliver forecast outflow boundaries, capabilities are 
needed to identify and display the features in wildfire-relevant situations and across varied 
terrain settings (i.e., from simple to complex topography).  Given this background, the objectives 
of this effort are to: 1) develop algorithms and a software tool to objectively identify and depict 
forecast thunderstorm outflows in high-resolution NWP model output; 2) apply and evaluate the 
output of deterministic and ensemble modeling systems in selected convective events, both with 
and without wildfires and occurring in both simple and complex terrain; and 3) apply the tool in 
the varied test cases and evaluate its outputs; and 4) communicate the capability developed and 
the results of its applications to the scientific and wildland fire communities.   
 
The objectives of the effort were met.  We have developed software that processes output from 
both deterministic and probabilistic model forecasting systems, identifies forecast gust fronts the 
model meteorological fields, and generates graphical depictions of the boundaries.  We have 
reviewed both deterministic and ensemble forecasts in a variety of convective cases and 
evaluated tool performance in them.  Also, we have communicated the results in a range of 
settings: at the 2018 American Geophysical Union annual meeting, at the 6th International Fire 
Behavior and Fuels Conference, with the Southern Rockies Fire Science Network, and to the 
USFS NOAA Fire Weather Research Working Group. 
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Background 
 
Abrupt changes in wind direction and speed can dramatically impact wildfire development and 
spread and, consequently, have been implicated in a number of fatality fires.  A prominent 
example is the Yarnell Hill fire (Arizona, 2013), which claimed 19 firefighters when a 
thunderstorm outflow overtook the fire and changed its direction and rate of spread, driving it 
over them.  Similar cases are the Dude Fire (Arizona, 1990) and Frog Fire (California, 2015).  
Such outflows can also cause unanticipated fire growth.  Two examples are the Las Conchas Fire 
(New Mexico, 2011), involving expansion by 10,000 acres overnight, and the Waldo Canyon 
Fire (Colorado, 2012), which consumed a dense residential section of Colorado Springs, CO.  
 
A frequent driver of such wind shifts is outflow from thunderstorms or organized convective 
systems (Cotton et al. 2010; Houze 1993), which produce propagating mesoscale atmospheric 
boundaries in temperature, moisture, and momentum.  For instance, with the Yarnell Hill Fire 
that occurred in the complex terrain of west-central Arizona (Karels 2014), in the afternoon of 
the event on June 30, 2013 the fire was north and west of the crew, with winds from the south-
southwest at 4.5–6.7 ms-1.  The development of extensive thunderstorms north and east of the 
fire in the later afternoon, however, generated outflow winds exceeding 9 ms-1 (20 mph), with 
gusts to 19 ms-1 (42.5 mph) from the north-northeast.  This outflow drove the fire over the 
position of the trapped crew. 
 
The 2015 Frog Fire in northeastern California presented a similar situation of a wildfire in 
complex terrain in an atmosphere supportive of afternoon thunderstorms (Draeger 2016).  There, 
an isolated, and not particularly strong, thunderstorm cell produced significant outflow that 
pushed into the fire and was sufficient to change its spread direction from northwest to west-
southwest, driving a segment of the burn over an area with a lone firefighter.  In both the Yarnell 
Hill and Frog incidents, convection erupted near the fires, and the outflows produced wind shifts 
creating unexpected fire movement, trapping members of the firefighting crews.  An ability to 
forecast gust fronts and the conditions conductive to them, therefore, would be of key importance 
to firefighting efforts and, more specifically, to fire weather meteorologists providing critical 
guidance on environmental conditions. 
 
Given the influence of convective outflow boundaries on wildfires, their identification and 
prediction present both challenges and opportunities for fire weather forecasters, on whom 
response units and public safety officials depend for accurate and useful information on the 
evolution of the fire environment.  Often, spot forecasts communicated one to two days in 
advance may indicate that conditions for such boundaries are possible or likely, and they can 
even suggest estimates of wind velocities and gusts.  While algorithms have been developed to 
detect outflow boundaries with radar data (where available, and primarily in relatively flat 
terrain), predicting the presence of specific gust fronts, their movement, and their impacts on the 
winds affecting fires remains a challenge. 
 
High-resolution numerical weather prediction (NWP) systems are now providing detail and 
fidelity sufficient for reliable forecasts of not only convection, but also their resultant outflows.  
Here, “high-resolution” refers to model configurations in which the model horizontal grid 
spacings can simulate atmospheric convection realistically without the need to run 
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parameterizations of the process, known as cumulus parameterizations, and in which the model’s 
microphysical process scheme alone can adequately capture cloud and precipitation processes.  
These configurations are commonly referred to as “convection-permitting”, and they apply 
horizontal grid spacings of 4 km (2.5 mi) or less (Weisman 1997; Smith et al. 2008; Prein et al. 
2015).  Schwartz and Sobash (2019) have recently summarized studies showing the utility of 
NWP simulations with grid spacings of 4 km or less in predicting thunderstorms and their 
rainfall.  Such model configurations are now applied for operational forecasting, with a key 
example being the High Resolution Rapid Refresh (Benjamin et al. 2016) system implemented 
by NOAA’s National Centers for Environmental Prediction (NCEP) for the National Weather 
Service.  Convection-permitting NWP model setups also have been applied in numerous other 
real-time contexts, such as the NCAR high-resolution ensemble (Schwartz et al. 2015) (detailed 
below) and in targeted program support (e.g., Antarctic weather forecasting (Powers et al. 2012) 
or in scientific field campaign support (e.g., the Mesoscale Predictability Experiment (MPEX); 
Weisman et al. 2015).  
 
Given this NWP landscape, we recognized the potential to exploit current systems’ detailed 
predictive information to address the fire weather problem of gust fronts.  Specifically, high-
resolution forecasts offer a basis for automatically identifying and depicting the presence and 
evolution of convective outflows in fire environments.  In contrast to the use of radar imagery to 
detect such boundaries, there has been no tool with algorithms to objectively identify (i.e., 
without the subjective inspection of a forecaster) and display such boundaries in NWP model 
output.  We thus proposed developing, testing, and providing such a capability. 
  
As the referenced cases illustrate, the impacts of gust fronts on wildland fires can be 
catastrophic.  While gust fronts can, and do, occur in all types of terrain, their identification in 
complex terrain poses particular challenges, and furthermore their behavior and effects in such a 
setting are typically more varied and volatile.  And, the problem of reliably identifying the 
boundaries applies whether one attempts to diagnose them using in-situ observations from 
surface networks (e.g., RAWS— Remote Automated Weather Stations (Zachariassen et al. 2003) 
or using output from NWP models.  An inherent difficulty with applying surface information is 
that elevations vary across complex topography, and thus isolating the signal of an actual 
outflow boundary from the influences of the terrain variations can be difficult.  Another 
limitation of in-situ surface observations lies in their networks: the data may be insufficiently 
dense or frequent to identify and track the features.  In addition, the weather sensors on platforms 
in unpopulated wildland areas can develop errors, and thus may provide inaccurate or misleading 
information.  On the other hand, while high-resolution atmospheric models can provide excellent 
spatial and temporal coverage, their information has an inherent caveat: the underlying accuracy 
of the numerical prediction. 
 
While we note these challenges to an ability to clearly and accurately determine outflow 
boundaries that can affect wildfires, in light of the underlying firefighting forecast needs, of the 
maturity and increasing availability of convection-permitting NWP, and of our backgrounds in 
model development and analysis, we have pursued the creation of a model-based tool to identify 
and display predicted gust fronts.  We have explored cases occurring in both simple and complex 
terrain, as, while complex terrain settings have featured the above-noted tragedies in recent 
years, wildland fires are ubiquitous.  For our development purposes, this work has applied the 



5 
 

tool in cases with and without wildfires, as the fundamental challenge of boundary detection is 
independent of fire presence.  We neglect in this work the possibility of some modification of 
convective outflows due to interaction with the fires themselves, and thus the possibility of 
incorporating into the forecast outputs changes in near-surface air due to heating and other 
attendant fire processes or conditions.  Below we describe the tool’s development, components 
and usage, test cases and applications, with results and findings incorporated. 
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Materials and Methods 
 
NWP Model Output 
Contemporary computing capabilities permit the operational application of high-resolution NWP 
models with horizontal grid spacings fine enough to explicitly represent the primary circulations 
associated with convective weather systems (e.g. Weisman et al. 1997; Clark et al. 2016).  In 
2014, the National Oceanic and Atmospheric Administration (NOAA) implemented one such 
capability, the High-Resolution Rapid Refresh (HRRR) system (Benjamin et al. 2016), primarily 
in support of National Weather Service (NWS) forecasting needs.  Covering the continental 
United States with a grid spacing of 3 km, the HRRR is run hourly and thus offers regularly-
updated forecasts, which allows the evolving atmosphere to be captured in new model initial 
conditions and thus with new forecasts.  The HRRR’s 3-km convection-permitting grid 
configuration can generate atmospheric detail on the scale of thunderstorms and their outflows, 
and thus the output can support attempts to identify gust fronts and their movements.  The HRRR 
is one of our two model inputs for the development and demonstration of our gust front 
identification tool. 
 
Because of the stochastic nature of atmospheric evolution and the attendant limits on weather 
predictability, the uncertainty and error in the unique initial conditions of single model forecasts, 
and the un avoidable errors from approximations relied on in models, ensemble forecasting has 
developed an important role in predictive weather guidance, and the probabilistic output 
ensemble systems can, in aggregate, outperform that of single-forecast deterministic predictions.  
Regarding the thunderstorm gust front focus here, Schwartz et al. (2015) demonstrated 
specifically the utility of an ensemble of real-time 3-km model forecasts in predicting 
convection.  Thus, given the gust front fire weather problem, we recognize that ensemble NWP 
systems can be exploited to provide another dimension of guidance on convective outflows for 
fire forecasting support. 
 
Our gust front tool was developed using output from two NWP systems: (i) NOAA’s operational 
HRRR system (Benjamin et al. 2016), and (ii) the National Center for Atmospheric Research’s 
(NCAR) real-time ensemble (Schwartz et al. 2015).  The specific NWP model employed in both 
of these systems is the Weather Research and Forecasting (WRF) Model (Skamarock et al. 
2019), which is relied on worldwide for research and real-time forecasting (Powers et al. 2017). 
 
The HRRR is run hourly by the National Centers for Environmental Prediction (NCEP) to 
support operational forecasting by the National Weather Service, and thus our driving the tool 
with HRRR output demonstrates the feasibility of its real-time use by fire weather forecasting 
groups.  The tool software processes HRRR output of atmospheric fields at the surface and on 
pressure levels fields that are in GRIB (GRIdded Binary) format, which here we obtained from 
an NCAR data archive. 
  
As noted above, while individual deterministic forecasts can deliver one picture of gust front 
guidance, exploitation of ensemble NWP systems can offer probabilistic guidance.  To this end, 
we have also employed the NCAR mesoscale ensemble (Schwartz et al. 2014; Schwartz et al. 
2015) in tool development and testing.  Running from 2015–2017, this system was configured 
with a 3-km WRF grid as in the HRRR, but it consisted of 10 model members generating 48-hr 
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forecasts initialized at 0000 UTC each day.  Our development uses system output of two-
dimensional atmospheric surface fields in NetCDF (Network Common Data Format) format, 
obtained from the NCAR archive. 
 
Gust Front Boundary Identification Fields 
While gust fronts and cold fronts share many characteristics, they reflect different spatial and 
temporal scales.  Cold fronts— zones of temperature gradient with a colder air mass displacing a 
warmer one— are typically of synoptic or meso-α scale (approx. 200–1000 km) extent and have 
lifetimes of days or longer.  In contrast, gust fronts, while also typically characterized by a mass 
of advancing cooler air, are of meso-β (approx. 20–200 km) to meso-α scales.  And, they can last 
from minutes to several hours, depending on the duration and intensity of the generating 
convective system.  Given those differences in boundary characteristics and behavior, in the 
development of objective algorithms to identify gust fronts in model output some existing 
methods for cold front identification may not be wholly applicable.  Because the latter are still 
relevant for our problem, however, and are borrowed from in our design, we summarize them 
here. 
 
Thomas and Schultz (2019) looked at methods to identify fronts in gridded NWP model output 
and to automate the generation of surface frontal analyses.  They recognized that objectively 
identifying synoptic fronts— and, similarly, gust fronts— requires analysis of the quantities that 
define the boundaries involved, such as temperature gradients and wind shifts.  They focused on 
potential temperature and considered it in three analytic formulations: (i) the magnitude of its 
horizontal gradient; (ii) the thermal front parameter— the directional derivative of the magnitude 
of the temperature gradient; and (iii) frontogenesis— the rate of change of the magnitude of the 
horizontal temperature gradient.  They found that the use of potential temperature in frontal 
analysis was generally superior to the use of temperature, as the former can identify surface 
gradients across complex terrain.  This is because while temperature can vary with elevation, 
potential temperature accounts for height variations through the adiabatic adjustment to a 
standard pressure (1000 mb).  We employ the potential temperature gradient as one option for 
the target field in our tool (e.g., as used for the MDNMS method, described below). 
 
Chipilski et al. (2018) developed an algorithm to identify convective outflows in model output 
using a multivariate approach that focused on the detection of atmospheric undular bores over 
flat terrain.  While their testing used a 1-km model grid, they suggested their scheme should be 
useful for grid spacings of 4 km or less.  However, their use of 15-min interval data and their 
tuning of their algorithm specifically for density currents and bores was not sufficiently general 
for our purposes. 
 
For the development of our tool, we tested a number of meteorological fields that reflect 
attributes of gust fronts and that we could key off of for detecting the boundaries.  Table 1 lists 
those considered, and they include surface winds, temperature, relative humidity, and potential 
temperature.  We note that a number of model-derived or calculated fields can be relevant in 
assessing the presence of gust fronts, such as radar reflectivity, frontogenesis, planetary 
boundary layer (PBL) height, temperature advection, and moisture convergence.  From our 
analysis of the range of fields and parameters in tool development, we found three quantities to 
be most effective in identifying gust fronts: (i) frontogenesis; (ii) hourly vector wind difference; 
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and (iii) the horizontal potential temperature (θ) gradient.  These terms, which only include 
surface variables, were found to be sufficient to identify most outflow boundaries.  We 
incorporated these in our tool framework so that different options are available, as the 
metric/quantity that is most revealing can vary across cases and meteorological situations. 
 
The first quantity, frontogenesis, is essentially the formation of a frontal zone and is defined as 
the time rate of change of the horizontal gradient of potential temperature (Bluestein 1993).  
Because gust fronts are a type of cold front, with cool, downdraft air displacing warmer 
environmental air at the surface, they can be diagnosed using a frontogenesis function, or key 
elements of it.  The full mathematical expression for frontogenesis includes terms for advection, 
divergence, deformation, tilting, and diabatic heating/cooling (Bluestein 1993).  While there are 
different formulations for frontogenesis, the one applied here in the tool is as follows. 
 

FG = −0.5
𝑆𝑆
��𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�
2

+ �𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�
2
� �𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
+ 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
�     (1) 

 
−0.5
𝑆𝑆

��
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�
2

− �
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�
2

� �
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

−
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕�

−  
1
𝑆𝑆
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 �

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕�

  (2) 

𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒  𝑆𝑆 =  ��
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�
2

+ �
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�
2

�

1
2
 

 
Frontogenesis (FG) as used here is composed by the sum of terms (1) and (2).  As applied here, x 
and y are the two model grid directions, which are usually east-west and north-south, and u and v 
are the components of the wind in these directions.  θ is surface potential temperature, and thus 
the x and y θ-derivative terms represent the potential temperature gradients in those directions. 
 
Tab 1:  List of Candidate Fields for Gust Front Detection 
Meteorological Field Purpose Characteristics/Limitations 
   
PBL height Downdrafts suppress PBL 

height 
Impact of downdrafts can be 
obscured by diurnal cycle 

1 h 2-m temperature change Detect downdraft cooling Other sources of cooling are 
possible 

Surface convergence Detect convergence on 
leading edge of gust front 

Other sources of convergence 
are possible, especially in 
complex terrain 

2-m potential temperature 
gradient 

Detect downdraft cooling Indicates leading edge of 
downdraft cooling 

Vertical velocity at 1 km Upward motion forced at 
edge of gust front 

Noisy field in complex terrain 

1 h 10-m horizontal wind 
vector difference 

Detect significant changes in 
wind direction and speed 

Detects gust fronts in addition 
to other causes of wind shifts 

2-m equivalent potential 
temperature gradient 

Detect downdraft cooling and 
moistening 

Pre-existing moisture disrupts 
the patterns 

Composite radar reflectivity Indicates areas of rain Cannot be used independently 
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Frontogenesis advective term Detect gust front edge Field too noisy 
Frontogenesis divergence 
term 

Detect gust front edge Successfully detects gust 
front 

Frontogenesis deformation 
term 

Detect gust front edge Successfully detects gust 
front 

 
To facilitate the real-time calculations from this expression, and because they are of secondary 
influence, the tilting term that appears in the full expression for frontogenesis (involving vertical 
gradients of temperature) and the diabatic term (involving local heating and cooling) are 
neglected in our formulation for the tool.  This simplification still captures the dominant 
processes, while it facilitates application.  And, by using only the two-dimensional fields 
normally available in operational NWP model output files, we reduce the download time, 
storage, and computational costs needed to produce a real-time forecast product.  
 
MDMNS Method 
As will be seen, plots from tool displaying the selected gust-front-revealing fields of 
frontogenesis and potential temperature gradient can be used by forecasters to identify predicted 
boundary zones.  We have determined, however, that a more objective identification method, and 
one that can narrow the displayed gust front edges, can be helpful in processing ensemble 
forecasts or frequently-updated forecasts and in efficiently producing renewed guidance on 
outflows.  Thus, to this end we have integrated into the tool a powerful objective method to 
identify boundaries in gridded model output: Multiple Directional Non-Maximum Suppression 
(MDNMS) (Sun and Vallotton 2009).   
 
The computationally-fast MDMNS algorithm was developed to detect linear features in digitized 
sources by applying linear analysis windows across candidate points.  The process is applied to 
fields which present relative maxima in the quantities to be considered in defining the target 
features.  The analysis fields we have built into the use of the MDNMS algorithm are surface 
potential temperature gradient and frontogenesis.  In MDNMS the analysis windows are used for 
directional searches around a grid point in which the values of neighboring points, within a 
specified distance, are compared sequentially to that of the value of the base point.  The 
comparisons determine which neighbors can be considered to be in the set representing a 
continuous feature, and through this sequential comparison the set of points comprising the 
boundary is determined.  Sun and Vallotton (2009) provide full details.  In our application, the 
linear boundary to be identified is the gust front or thunderstorm outflow.  The “non-maximum 
suppression” aspect of the method refers to suppressing, or removing from consideration, points 
in the linear search windows that do not meet an applied threshold or intensity criterion.  Thus, in 
this way the grid points constituting a feature can be identified in sets, which can then be 
depicted graphically as lines. 
 
One caveat in the application of the MDNMS method to our gust front context is that other local 
atmospheric conditions may also produce boundaries or gradients that could be signaled as gust 
fronts based on our input fields (e.g., temperature gradients, frontogenesis).  One example would 
be that of sea breeze fronts: low-level flow boundaries where marine and terrestrial air converge.  
As they are small-scale features that display both wind and temperature shifts, these would 
present as gust fronts using our key fields.  Thus, to filter the identification of such non-
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convective boundaries, we first screen the candidate MDNMS grid point with requirements of 
the presence of additional criteria that are characteristic of convective areas.  These criteria, 
which must be found near each point analyzed, are conditions that can readily be derived from 
model output.  Table 2 lists these, and they include: minimum radar reflectivity values within a 
radius of the target point, a minimum precipitation accumulation near the point, and a minimum 
wind shift near the point.  Our software allows the user to select the criteria and criteria threshold 
to apply in the MDNMS identification process.    
 
Table 2.  Example Threshold Criteria for MDNMS Method  
Variable Description Value 
   
Precip_thresh Minimum 1-hourly precipitation 0.1 mm 
Search_radius_precip Maximum distance to precipitation 40 km 
Refl_thresh Column-maximum reflectivity required 20.0 dBZ 
Search_radius_refl Distance to search for column-maximum 

reflectivity 
40 km 

Wind_diff_min_mag Minimum 1-h vector wind difference 3.0 ms-1 

Wind_diff_min_ang Minimum 1-h wind direction shift 22.5 
degrees 

Nms_window_size Window size for NMS algorithm 6 grid 
points 

Min_gf_size Minimum number of NMS-detected points for 
gust front 

9 grid 
points 
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Results and Discussion 
 
Through this effort, and to assist fire weather forecasting, we have built a tool to objectively 
identify convective outflow boundaries in high-resolution NWP model output.  This tool consists 
of software that (i) analyzes gridded meteorological fields output from the models and (ii) 
graphically depicts the identified forecasted outflow boundaries. The tool works with output 
from both deterministic and ensemble modeling systems, and we show examples from both types 
of modeling configurations.  We present the results from the tool’s application in events of 
observed convection and gust fronts that cover a variety of situations.  This illustrates the tool’s 
potential for application in different wildland fire and weather regimes.  We summarize the 
underlying model forecast accuracy in the cases, followed by the results of application of the tool 
capabilities.   
 
To best show the tool’s behavior and outputs, we have addressed convective events over both 
simple and complex terrain and both with and without wildfire activity.  Regarding the latter, 
while our ultimate goal is tool application in fire situations, the existence of gust fronts and the 
variability in their conditions are independent of the presence of a fire, and only testing in fire 
events for which we had the necessary HRRR and NCAR ensemble input would have been 
limiting.  Furthermore, we want to ensure that the algorithms and graphics can work in different 
convective setups— individual cells, organized systems, and mountain or rangeland settings. 
With respect to testing across different topographies, this reflects the reality of wildland fires 
occurring anywhere, with typically more risky positions facing firefighting crews and resources 
in mountainous environments.  As noted, gust front identification in complex terrain is 
challenging, due to surface elevation changes that introduce their own signal into the 
meteorological variables and gradients. 
 
Before presenting the tool application results, we note that for our development and testing 
purposes, and as something for the fire weather community to consider, we have produced a real-
time environment for running the software and displaying outputs.  The framework ingests 
HRRR forecasts and produces a range of fire weather plots, including those for gust fronts.  Our 
“Experimental Fire Weather Products” web page displays the output: 
https://www2.mmm.ucar.edu/prod/rt/pages/jfsp.html.  Because the setup is for primarily for 
development purposes, and given the constraints of the project, it is currently limited to 
displaying tool and other plots in fixed geographic regions, as opposed to being able to show any 
desired area on demand.  At the time of this writing, the focus regions are subareas of California 
and Nevada.  
 
The following cases used in development are discussed here, with their terrain and wildland fire 
settings noted: (1) Great Plains gust front— 3 July 2017 (simple terrain, no fire), (2) Mountain 
gust front in Colorado— 7 May 2017 (complex terrain, no fire), (3) Chetco Bar Fire, Oregon— 
25 July 2017 (complex terrain, fire), (4) Highline Fire, Idaho— 8 September 2017 (complex 
terrain, fire), and (5) Frog Fire, California— 30 July 2015 (complex terrain, fire).  These events 
illustrate some of the range of fire and topographic environments settings described in 
“Background”. 
 
Great Plains Gust Front 
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Gust fronts produced from convection over the Great Plains have been studied extensively and 
can be strong and well-defined due both the strength and organization of the forcing systems and 
the lack of flow-disrupting mountains.  A convective event on 3–4 July 2017 produced a classic 
strong gust front over the flat terrain of western Oklahoma and the Texas Panhandle and is ideal 
for the development and first test of the tool.  This case featured a long-lived boundary of 
approximately 6-hr duration created by a mesoscale convective system in northwest Oklahoma 
that developed in the afternoon (local time) of 3 July.   
 
Figure 1 shows the MesoWest surface observations for 0000 UTC 4 July 2017 (7 p.m. on 3 July, 
local time) with the gust front, analyzed subjectively here, delineated by a sharp change in wind 
speed and direction and a drop in air temperature.  This boundary propagated south and east 
through the evening hours.  A time series plot of the surface observations from Gage, OK (Fig. 2; 
location of Gage shown in Fig. 1) reveals just how rapidly the conditions changed with the gust 
front passage.  The wind direction shifted from south to north in a span of approximately 10 
minutes, and the boundary’s passage at Gage was accompanied by gusts to 30 ms-1 (67 mph), a 
temperature decrease of 14º C, a jump in relative humidity, and a pressure rise of 7 hPa (not 
shown). 
   

 
Fig. 1: Surface mesonet observations at 0000 UTC 4 July 2017 over Texas (TX) and Oklahoma 
(OK). Temperature in °C and winds (full barb= 5 ms-1) are shown.  Gust front location is 
indicated by the thick blue line.  Data plot courtesy of MesoWest, University of Utah. 
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(a) 

 
(b) 
Fig. 2: Surface observations from 1200 UTC 3 July–1200 UTC 4 July 2017 from Gage, OK 
(location in Fig. 1).  (a) Temperature (°C, red), dewpoint temperature (°C, blue), and relative 
humidity (%, green).  (b) Wind speed (ms-1, red), direction (blue, right axis), and gust (ms-1, 
green).  
 
Figure 3 shows gust front tool fields at 0100 UTC 4 July based on the 4-hr HRRR forecast (21 
UTC 3 July initialization) of 2-m temperature and 10-m winds.  Figure 3(a) presents the one- 
hour surface vector wind difference (blue shaded field), which is one option as a tool metric for 
identifying gust fronts.  As seen here, relatively broad zones exhibit significant one-hour wind 
differences, and these reflect areas that were forecast to be impacted by the gust front during the 
previous hour.  Figure 3(b) presents the results from another option for the target metric, surface 
frontogenesis (formulation described “Methods”), to reveal the model-forecast outflow 
boundaries.  This product delivers a much sharper analysis of the forecast gust front zone.  The 
boundary runs southwest-northeast through western OK and the eastern TX panhandle, 
presenting as a continuous zone of frontogenesis (red shading).  From our testing in this and the 
other cases, we have found this gust front discriminator field of frontogenesis to yield clearer, 
more discrete identifications and renderings of the boundaries.  Thus, we favor it in the 
remainder of the cases presented, and along with the θ-gradient metric, recommend it in tool 
usage.  
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Fig. 3: Outflow boundary fields diagnosed from the 4-hr HRRR forecast valid 0100 UTC 4 July 
2017 (2100 UTC 3 July initialization).  Surface wind field (full barb= 5 ms-1) also shown.  GAG 
marks Gage, OK.  (a) One-hour vector wind difference (ms-1) (shaded, scale at bottom).  (b) 
Surface frontogenesis (K 100 km-1 h-1) (shaded, scale at bottom), per expression described in 
text.  Surface elevation is color-shaded (brown–gray–green shading). 
 

 
Fig. 4: 24-hr forecasts of surface frontogenesis (K 100 km-1 h-1) and 10-m winds (full barb = 5 
ms-1) valid 0000 UTC 4 July 2017 from three members of the NCAR WRF ensemble (color 
shading). 
 
Applying the tool to ensemble output, Fig. 4 presents the results for a sample of three members 
of the NCAR high-resolution ensemble, with the input being 24-h forecasts valid 0000 UTC 4 
July.  Note that the view is of a portion of the full WRF Model domain, which covers the 
CONUS.  These plots reflect the frontogenesis formulation target field, and the plotted maxima 
(orange-red shading) reveal the gust front boundaries.  We see here that with multiple forecast 
outlooks come a range of forecast boundaries, in contrast to the result from the single HRRR run 
presented in Fig. 3.  Thus, the results of running the tool from an ensemble of forecasts show the 
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variation in gust front possibilities that multiple input predictions can yield.  Here the ensemble 
results as a whole convey a strong likelihood of a gust front in this region in this time period. 
 
The important results thus far here are that the tool can detect the outflows across varying 
forecasts of a convective system, and that both deterministic and ensemble model forecasts can 
alert meteorologists and incident command to the potential for gust fronts in areas of concern.  
Also, while this example is a non-fire event, it does illustrate the types of guidance the tool can 
provide through applying the different tool capabilities/identification algorithms or using in in 
deterministic v. ensemble mode. 
 
Figure 5 shows the operation of the tool’s edge-detecting MDNMS capability applied in the 
ensemble setting for this case.  Here the target meteorological field for the MDNMS algorithm is 
the surface potential temperature (θ) gradient, and filtering criteria for the presence of convective 
conditions in the vicinity have been invoked in the analysis.  Thus, before the tool’s checking the 
points via the MDNMS, the conditions listed in Tab. 2 must be met at or around the model point.  

 
Fig. 5: 24-hr forecast valid 0000 UTC 4 July 2017 of gust front locations for three ensemble 
members from the tool applying the MDNMS algorithm to the surface potential temperature 
gradient target field. Identified boundaries are the lines segments.  Surface wind field (barbs) 
also shown (full barb= 5 ms-1).   
 
Illustrated in Fig. 5, we have found that the MDNMS function of the tool is effective in returning 
displays of discrete, well-defined boundaries in the model forecasts.  The finer edge localization 
that the MDNMS renders may or may not be preferred by forecasters to the depictions of broader 
zones from the tool’s frontogenesis-based products, as the MDNMS approach can result in a 
multiplicity of boundaries meeting the threshold filtering criteria.  Examples are seen in the short 
features detected in Fig. 5.  However, as will be confirmed in wildland fire examples below, 
these products may more strongly alert fire weather forecasters to potential gust fronts. 
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(a) 

 
(b) 
Fig. 6:  Paintball plot of gust front locations and probability plot of gust fronts at hr 24 of NCAR 
ensemble forecast valid 0000 UTC 4 July 2017 (ensemble initialized 0000 UTC 3 July).  (a) Gust 
front boundaries identified by MDNMS algorithm with each ensemble member a different color.  
(b) Probability of a gust front within 40 km of a given point.  Probabilities run from 0% (white) 
to 100% (red), color probability scale (0–1) at bottom.  
 
Figure 6(a) shows the MDNMS results from the full, 10-member NCAR ensemble across the full 
WRF domain used, with the gust fronts identified by applying the method to the forecast θ-
gradient fields.  This display type is known as a paintball plot, and the boundaries in each 
ensemble member are assigned a different color.  As might be expected, the ensemble produces a 
wide range of gust front solutions, although clustering, reflecting where the model convection is 
probable, is clear.  To consolidate such information into a single product, the set of individual 
member outputs can be combined into an overall forecast probability.  Figure 6(b) shows this as 
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a plot of the probability of a gust front occurring within 40 km of a given point at this forecast 
hour (0000 UTC 4 July 2017).  Red-shaded regions are those in which all ten members produced 
a gust front within the radius.  For this case, the region of interest is western OK and the TX 
panhandle.  Thus, had this been a wildfire area, the tool tells forecasters of a high gust front 
likelihood there. 
 
We note here that the identified gust front location produced by the single, deterministic HRRR 
model run (Fig. 3) was different from the individual locations produced by the ten of the 
ensemble members (e.g., Figs. 5,6(a)).  While both the HRRR and the NCAR ensemble have 3-
km configurations, the model physics, initializations, and forecast lead times are different in the 
two NWP systems, and so their forecasts are different.  With different forecast inputs, the tool 
outputs will vary, even when the same capabilities and identification fields (e.g., frontogenesis or 
surface potential temperature) are used.  Another source of difference is the model initialization 
time.  As in this project we are constrained to not re-run models, we have used the available 
NCAR ensemble data.  For this case that translates to our use of the ensemble suite initialized on 
0000 UTC 3 July, yielding 24-hr gust front forecast products, while the HRRR output considered 
was a 4-hr forecast initialized at 2100 UTC 3 July.  In general, model forecasts are more accurate 
for shorter lead times, as errors grow over time, and the quality of that specific, shorter HRRR 
forecast was the motivation for choosing it.  A plus for use of the HRRR is that it does offer 
forecasters frequent updates to exploit in using the tool for near-term gust front prediction and 
identification. 
 
Mountain Gust Front 
On 7 May 2017 a NW–SE-oriented line of convection developed along the Continental Divide in 
the Colorado Rockies and produced an eastward-propagating outflow boundary that persisted for 
over five hours, ultimately surviving to advance into Nebraska and Kansas.  Figure 7 shows the 
surface observation time series from Boulder, CO (marked “BL” in Fig. 9) for the event, where a 
23 m s-1 wind gust (Fig. 7(a)) was accompanied by an abrupt 12º C temperature decrease (Fig. 
7(b)) at around 2100 UTC (1500 local time).  While Boulder sits along the Front Range and the 
foothills of the Rockies, and is thus not fully surrounded by mountains, this case does serve as an 
example of how gust fronts can be coherent and identified in complex terrain.  For example, Fig. 
8 reveals the gust front’s passage at Central City, CO, west of Boulder in the mountains and 
close to the Continental Divide (marked “CC” in Fig. 9).  Here, despite the rugged surrounding 
terrain, there was a distinct wind shift, a gust of 18 ms-1, and a temperature drop of 10°C as the 
boundary passed. 
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(a) 

 
(b) 
Fig. 7: Surface observations from 1200 UTC 7 May–1200 UTC 8 May 2017 from Boulder, CO 
(marked “BL” in Fig. 9).  (a) Temperature (°C, red), dewpoint temperature (°C, blue), and 
relative humidity (%, green).  (b) Wind speed (ms-1, red), direction (blue, right axis), and gust 
(ms-1, green). 
 

 
(a) 

 
(b) 
Fig. 8: Surface observations from 1200 UTC 7 May–1200 UTC 8 May 2017 from Central City, 
CO (marked “CC” in Fig. 9).  (a) Temperature (°C, red), dewpoint temperature (°C, blue), and 
relative humidity (%, green).  (b) Wind speed (ms-1, red), direction (blue, right axis), and gust 
(ms-1, green). 
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Before applying the tool in this case, one can get an initial idea of the potential for a gust front by 
first simply surveying the forecast output for thunderstorms in the relevant region.  Here, we 
look for model-generated afternoon convection in the south-central Colorado Rockies that is 
consistent with observations.  While the HRRR did forecast convection in the correct time frame 
and region, there was a difference from that observed.  In contrast to the single area of actual 
thunderstorms, the model produced two, one over the south-central Colorado Rockies and one to 
the east (not shown, but producing outflows marked A and B in Fig. 9, below).  Thus, apart from 
what the tool can identify in any case, we note a fundamental finding: the accuracy of the model 
forecast ultimately limits the quality of gust front identifications from it.  If the NWP system 
fails to simulate convection and its by-products (e.g., cold outflows, wind shifts, and gusts) near 
the area of interest, there will be nothing for the tool to identify and therefore no indicated gust 
front.  Conversely, if the modeling system produces spurious or misplaced convection, 
application of the tool can deliver erroneous or inaccurate guidance. 
 

     
(a)             (b) 
Fig. 9: Outflow boundary fields diagnosed from the 4-hr HRRR forecast valid 2000 UTC 7 May 
2017 (1600 UTC 7 May initialization).  Surface wind field (full barb= 5 ms-1) also shown.  
Surface elevation is color-shaded, with brown shades indicating the plains and greens indicating 
mountains (highest elevations in light green).  County outlines also shown.  “BL” marks 
Boulder, CO, and “CC” marks Central City, CO.  (a) One-hour vector wind difference (ms-1) 
(shaded, scale at bottom).  (b) Surface frontogenesis (K 100 km-1 h-1) (shaded, scale at bottom), 
per expression described in text.   
 
Figure 9 shows the tool output using the target field options of hourly vector wind difference 
(Fig. 9(a)) and surface frontogenesis (Fig. 9(b)) for 2000 UTC 7 May 2017 (HRRR forecast hour 
4, 1600 UTC 7 may initialization).  As noted, the HRRR had forecast two areas of convection: 
over the south-central Colorado mountains and one to the east over the simple terrain (brown 
area in Fig. 9).  The model eastern area generated an outflow boundary (labelled “A”) that 
appears in the zones of frontogenesis and wind shift shaded blue and red, respectively, in Figs. 
9(a) and 9(b).  This area moved east over the Plains.  The second area (labelled “B”) was indeed 
over the mountains, and it created an outflow boundary over the complex topography that the 
tool fields identify.  Thus, the HRRR in this case produced a forecast that, while not perfect, did 

B
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feature convection over the mountains that generated a propagating gust front.  Here, the tool 
readily revealed this, and if this were a fire situation, the output would have given guidance on 
the possibility of gust fronts.  This case shows that the HRRR system, with its convection-
permitting resolution, can capture gust fronts in complex mountain topography that the tool can 
then depict.  
 

 
Fig. 10: Paintball plot of gust front locations at hr 22 of NCAR ensemble forecast valid 2200 
UTC 7 May 2017 (ensemble initialized 0000 UTC 7 May).  Gust front boundaries identified by 
MDNMS algorithm with each ensemble member a different color.  Black dot marks the location 
of Boulder, CO. 
 
The NCAR ensemble also ran for this gust front episode, and thus we apply here the MDNMS 
algorithm keying off the θ-gradient field.  The ensemble forecasts do capture convection in the 
Colorado Rockies in the observed time period, and Fig. 10 shows the forecast boundaries 
identified at 2200 UTC 7 May 2017 (22-hr forecast).  The gust fronts are plotted as colored line 
segments, and as can be seen, there are forecast outflow boundaries across central and eastern 
Colorado.  This is realistic, as any area of convection on any scale can deposit a relatively-cool 
outflow inducing a temperature/wind boundary, with the Frog Fire event of an isolated cell 
(discussed below) being a case in point.  This example demonstrates that with a high-resolution 
model ensemble generating convection that is similar in mode to that observed, the tool can 
identify predicted gust fronts impacting the surrounding areas. 
 
Chetco Bar Fire, Oregon 
Oregon had many fires in 2017, with two notable occurring ones in late July— the Whitewater 
Fire in west-central Oregon and the Chetco Bar Fire in the southwest corner of the state.  The 
Chetco Bar incident was north of coastal Brookings and was ignited on July 12th from to a 
lightning strike.  Burning through rugged terrain, it persisted until November.  The nearby 
Whitewater Fire was also caused by lightning, starting on July 23rd burning into October.  

• 
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Fig. 11: Base reflectivity (dBZ) imagery from Medford, OR radar at 0000 UTC on 26 July 2017. 
Location of the Chetco Bar Fire marked “CB”. 
 
On 25 July 2017 thunderstorms broke out in northern California and southern and western 
Oregon near the Chetco Bar and Whitewater blazes.  Figure 11 presents the base reflectivity 
from the Medford, OR radar at 0003 UTC 26 July, and the thunderstorms are seen over northern 
California and central Oregon, east of the Chetco Bar area (location marked in Fig. 11).  We 
chose this case for testing of the gust front tool due to the confluence of convection near active 
fires in complex terrain, and here we present the tool in the ensemble setting. 
 

 
Fig. 12: Paintball plot of gust front locations at hr 24 of NCAR ensemble forecast valid 0000 

C
 

C
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UTC 26 July 2017 (ensemble initialized 0000 UTC 25 July).  Gust front boundaries identified by 
MDNMS algorithm with each ensemble member a different color.  Location of Chetco Bar Fire 
marked “CB”. 
 
Figure 12 shows the MDNMS-identified gust fronts using the 24-h forecasts of the NCAR 
ensemble valid at 0000 UTC 26 July 2017.  The forecasted storms were located southeast and 
east of the Chetco Bar Fire area, and this projection of gust fronts compares favorably with the 
observed thunderstorm locations in the radar imagery (Fig. 11) for that time.  Thus, this model-
based gust front guidance could have proven useful.   
 
Figure 13 shows gust front probability results.  Here the highest likelihood of gust fronts at 2200 
UTC 25 July 2017 was over 70% in areas east of the fire (Fig. 13(a)).  By 0000 UTC 26 July 
(Fig. 13b) the probabilities had increased over the stormy region, although none of the ensemble 
members were predicting a gust front at the actual fire location.  Figure 13 demonstrates that not 
only can the tool indicate regions of gust front danger, but can also indicate when the threat of 
gust fronts in such areas is highest. 
 

    
(a)             (b) 
Fig. 13: Probability plots of gust fronts at hrs 22 and 24 from NCAR ensemble forecasts valid 
2200 UTC 25 July and 0000 UTC 26 July 2017 (ensemble initialized 0000 UTC 25 July).  
Probability of a gust front within 40 km of a given point shown.  Probabilities run from 0% 
(white) to 100% (red), color probability scale (0–1) at bottom. (a) 2200 UTC 25 July 2017.  (b) 
0000 UTC 26 July 2017. 
 
Highline Fire, Idaho 
While many fires burned in Idaho and Montana during the summer of 2017, overall there was 
little impactful thunderstorm activity, and thus no major gust front incident.  One fire, however, 
the Highline Fire in central Idaho’s Frank Church Wilderness, was somewhat affected by 
convective outflows, and the case provides another example of gust fronts in complex terrain.  
Highline began on 28 July 2017 and was allowed to burn naturally.  It was on 8 September that 
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thunderstorms in central Idaho produced outflows impinging on that fire and others in the region.  
 

 
Fig. 14: Base reflectivity (dBZ) imagery from Missoula, MT radar at 2342 UTC on 8 Sept 2017.  
Location of the Highline Fire marked “H”. 
 
While the Highline Fire was located far from radar sites, imagery from Missoula extending into 
central Idaho did indicate convection at 2432 UTC 8 September (Fig. 14) that should have been 
strong enough to produce outflows.  Figure 14 shows this, with the highest reflectivities running 
from east-central ID to southwest MT.  While surface observations in the region are sparse, 
examination of the available data for that time did not show any obvious evidence of gust fronts.   
 

 
Fig. 15: Paintball plot of gust front locations at hr 24 of NCAR ensemble forecast valid 0000 
UTC 9 Sept 2017 (ensemble initialized 0000 UTC 8 Sept).  Gust front boundaries identified by 
MDNMS algorithm with each ensemble member a different color.  Location of Highline Fire 
marked “H”. 
 

H 

H 
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(a)           (b) 
Fig. 16: Probability plots of gust fronts at hrs 22 and 23 from NCAR ensemble forecast valid 
2200 UTC and 2300 UTC 8 Sept 2017 (ensemble initialized 0000 UTC 8 Sept).  Probability of a 
gust front within 40 km of a given point shown.  Probabilities run from 0% (white) to 100% 
(red), color probability scale (0–1) at bottom.  Location of Highline Fire marked “H”. (a) 2200 
UTC 8 Sept 2017.  (b) 2300 UTC 8 Sept 2017. 
 
Applying the tool MDNMS capability to NCAR ensemble output for 0000 UTC 9 September 
2017 (Fig. 15) shows that the system did forecast numerous outflow boundaries positioned to 
influence the Highline Fire.  Gust front probability products from 2200 UTC 8 September (Fig. 
16a) and 0000 UTC 9 September (Fig. 16b) show that all ensemble members produced a gust 
front within 40 km of the fire.  Thus, for this afternoon the tool would have alerted forecasters to 
the probability, and risk, of convective outflows in the fire area. 
 
Frog Fire, California 
The Frog Fire exemplifies some of the motivation for building a tool for identifying gust fronts 
in NWP model forecasts, and a thorough description of the fatality incident is given in the report 
of Draeger (2016).  The fire began with a lightning strike at 0032 UTC 31 July 2013 (1732 local 
time) and grew toward the northwest.  Per Draeger (2016), lightning from convection initiated 
the fire, and the early fire spread was specifically impacted by outflow from the decay of a cell.  
Pushed northwest by thunderstorm outflow winds that went from 3.6 ms-1 (8 mph) to 12.5 ms-1 
(28 mph), the fire expanded rapidly after its first hour (Draeger 2016).   
 

H H 
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Fig. 17: Base reflectivity (dBZ) imagery from Medford, OR radar at 0116 UTC on 31 July 2015.   
Location of the Frog Fire marked “F”. 
 
A second gust front was implicated in the fatality.  The generating cell responsible for that was 
northeast of the fire, and it produced an outflow that hit the fire line at 0230 UTC, with the 
firefighter lost shortly thereafter.  Figure 17’s Medford, OR radar imagery indicates the regional 
convective conditions in the early fire time frame, 0116 UTC 31 July.  This shows scattered, 
mostly weak convection over Northern California.  Critically, however, the base reflectivity 
detects activity in the vicinity of the fire.  
 

    
(a)              (b) 
Fig. 18: Probability plots of gust fronts at hrs 26 and 27 from NCAR ensemble forecast valid 
0200 UTC and 0300 UTC 31 July 2015 (ensemble initialized 0000 UTC 30 July).  Probability of 
a gust front within 40 km of a given point shown.  Probabilities run from 0% (white) to 100% 
(red), color probability scale (0–1) at bottom.  Approximate location of the Frog Fire marked 
“F”. (a) 0200 UTC 31 July 2015.  (b) 0300 UTC 31 July 2015. 
 

F 
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For this event, again, we apply the tool to the NCAR ensemble forecasts.  While probabilities 
were lower than for other cases we have considered, the projected likelihood of a gust front south 
of the Frog Fire location was indicated at a significant 50–75% at 0200 UTC 31 July (Fig. 18(a)).   
The output in Fig. 18(b) shows gust front probabilities around the fire dropping substantially, 
albeit too late, in just the next hour 0300 UTC.  The ensemble results thus indicate that the risk 
for gust fronts was short-lived, but did appear to peak just before the time of the incident. 
 
A take-away from this test case is that the guidance on gust front potential for fire weather 
forecasting needs can change significantly as the forecasted environmental conditions and 
convective outlooks evolve on short time scales.  Thus, NWP modeling systems with hourly 
output frequency, or in the case of the HRRR with hourly initialization, can provide valuable 
information to fire forecasting and management operations.  High-frequency systems can be used 
for alerting of changes or trends in probabilities for gust front risks.  
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Conclusions and Implications for Management/Policy and Future Research 
 
Conclusions 
Gust fronts from thunderstorms can present radical changes in wind direction and speed and, 
upon encountering wildland fires, can present real dangers to firefighting crews with fatal 
impacts.  Thus, advance knowledge of the potential for gust fronts in fire areas can be of critical 
benefit.  For fire forecasting and operation applications, therefore, we have successfully 
developed a software tool for objectively identifying gust fronts in the output of numerical 
weather prediction (NWP) models.  The software has an ingest component for reading and 
processing the model data, algorithms to analyze target meteorological fields for identifying 
boundaries, and graphics capabilities to produce plots of boundaries and their probabilities.   
 
As drivers of our capability, we conclude that high-resolution NWP systems can provide reliable 
guidance that can be exploited for gust front detection and notification.  We have reviewed and 
formulated target meteorological fields using their output from which convective outflow 
boundaries can be identified.  Through our testing and analysis we have found the most effective 
fields to be: (i) a modified frontogenesis function and (ii) the horizontal gradient of surface 
potential temperature (θ).  Output plots from either of these can be used by forecasters to see 
where the boundary zones are projected to be.   
 
Our tool can identify model gust fronts in both simple and complex terrain.  We have tested it in 
fire and no-fire cases in varied topographic settings, and we find that it is able to discern the 
boundaries of concern across environments.  As one motivation for the work was gust front 
incidents in mountainous terrain, that the capability works across terrain types is an 
accomplished goal. 
 
Apart from the tool’s producing boundary plots based on the target meteorological fields, we 
have built in it a capability to apply the objective MDNMS (Multi-Dimensional Non-Maximum 
Suppression) method to isolate the edges of forecast outflows.  This capability considers either of 
the target fields and uses a search algorithm to determine the sets of points that constitute the 
features.  Furthermore, we have built into the MDNMS component the ability to consider 
threshold criteria in environmental conditions in the determinations.  This aspect improves the 
relevance and robustness of the method’s analyses through ensuring that settings characteristic of 
convection are present and that the desired signals are returned.  We conclude that the MDNMS 
capability works well and delivers clear, discrete depictions of gust front locations.   
 
The tool operates in both deterministic forecast and ensemble forecast NWP model 
configurations.  The former is the more basic mode for official numerical guidance from 
NOAA/NWS and such output would be available to fire weather forecasters and incident teams.  
The latter is also produced, however, in operational NOAA modeling systems (e.g., the SREF 
(Short-Range Ensemble Forecast)) and the developing HRRR Ensemble (HRRRE)).  Ensembles 
can provide probabilistic guidance on the development of convection, which, via the tool’s 
processing, can be translated into likelihoods of gust fronts in wildfire areas.  We find that our 
tool can process the multiple grid information efficiently, and that the ensemble operation can 
depict arrays of individual forecast boundaries as well as aggregate probabilities.  
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We have found that as the tool is model-reliant, an inherent limitation on, and determinant of, its 
performance is the accuracy of the underlying NWP model forecasts.  This, however, is true of 
all applications of forecast models; it is the fundamental caveat in their use.  Thus, in our setting 
we find that inaccurately-forecast convective conditions can lead to the tool yielding undetected 
or wrongly-placed outflow boundaries.  This sensitivity encompasses a model’s ability to 
sufficiently represent (e.g., resolve) gust front features even where the convective forecast is 
accurate, with that ability a function of the grid spacing and physics employed.  We find, 
however, that the tested 3-km HRRR WRF and NCAR ensemble WRF modeling systems can 
address the convective gust front detection problem.  And, the former offers a readily-accessible 
data source for the real-time application of the tool by fire weather forecasters.  
 
Management Implications 
As our results show, the gust front tool can be effective in providing advance information on gust 
front activity in both simple and complex terrain environments.  We believe DOI and NWS 
management in wildland fire command, suppression, and forecasting activities would benefit 
from implementations of the tool in the appropriate organizational units.  The software’s 
warnings on gust fronts— phenomena documented to be potentially dangerous in fire 
situations— offer the promise of reducing, foremost, risks to firefighters, but also to firefighting 
assets and resources.  The information can be used not only for defensive or risk mitigation 
purposes, but also potentially for gaining tactical advantage in suppression efforts.  The tool can 
leverage NOAA’s HRRR system, already consulted by NWS forecasters, and its application 
could involve enlisting meteorologists in incident support.  Furthermore, we note that a current 
experimental ensemble mode of HRRR operation (the HRRRE (HRRR Ensemble); Dowell et al. 
2018) could provide a real-time input source for the tool’s ensemble products and outlooks. 
 
The tool software has been provided, along with documentation, as part of the delivery product 
set for this project.  There are no restrictions on its use and dissemination by the JFSP, and we 
encourage JFSP to reach out to the wildland fire management community and invite appropriate 
groups to explore the materials.  Though this project will end, we can, to an extent, assist 
interested fire groups in using the capability.   
 
We have presented the tool and our research results to a number of different audiences 
(Appendix B), ranging from NWCG fire experts, to managers in wildland fire, to fire weather 
forecasters, and to atmospheric scientists.  Thus, within the bounds of the project’s resources and 
time frame we have been advocates for the product and results.  We encourage DOI and NWS 
personnel in fire science, fire weather forecasting, and wildfire management to explore use of the 
tool with personnel and resources in their units.  We believe use of the software can improve the 
management of, and outcomes in, wildland fire operations.   
 
Future Research 
There are a number of areas for future research from this work.  One would be the more 
extensive analysis of the performance of NWP model forecasts in convective fire weather 
settings, and specifically their representation of gust fronts.  Related to this would be the wider 
review of the tool’s gust front identifications across such cases.  We have necessarily been 
limited to a few events in this study, but exploring both deterministic and ensemble model 
systems’ handling of convective outflows in fire environments, particularly in complex terrain, 
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and building experience with the tool’s output, would allow for algorithm and product 
refinement.  A good test vehicle for capturing more cases and improving the tool would be 
setting up an automated real-time framework with regular model input and tool application.  This 
could use, for example, the HRRR.  It would be important to have personnel to monitor it and 
analyze the results, such as NWS fire weather meteorologists and staff in fire operations units.  
As noted earlier in “Results”, we have built a limited version of such a capability.  It is set up 
with fixed plotting domains, which as of this report cover California and northern Nevada.  The 
web page is https://www2.mmm.ucar.edu/prod./rt/pages/jfsp./html.  For a system to support 
further development, one would want to add a capability to easily change the displayed regions, 
in order to cover active fires.   
 
The tool software has different components for its various plot outputs and relies on a couple of 
utilities for its graphics (viz., Python, NCL).  Future work could attempt to remove the NCL 
component and rely solely on Python tools.  Furthermore, the tool scripts are hard-wired now for 
the specific target fields and plot types presented.  For flexibility, the system could be modified 
to accept user-input namelists, where options could be easily changed.  
 
Our implementation of MDNMS is done with a consideration of environmental criteria that 
require threshold conditions for considering points to be gust-front relevant.  For this version of 
the tool we have selected threshold and criteria that are reasonable and that work.  However, we 
see this as an area for research and refinement: the analysis and testing of different thresholds 
and field combinations to optimize feature identification. 
 
Lastly, future research could refine the set of target meteorological fields for analysis in 
boundary detection.  Based on our testing, we have selected one particular expression for 
frontogenesis and one for the θ gradient.  But, incorporating moisture gradient information may 
also be useful.  The goal is to determine the best filters for isolating convective boundaries via 
objective expressions acting on gridded model output.  The work could also include developing 
an approach to filter, or better account for, the influence of elevation variations that in complex 
terrain can impart additional signal to the fields and quantities analyzed. 
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Appendix B: Scientific/Technical Publications and Science Delivery Products 
 
Publications 
Bresch, J. F., J. G. Powers, C. S. Schwartz, and J. L. Coen, 2019: Supporting fire weather 
forecasting through a tool to identify convective outflows in numerical weather prediction 
models.  Proc. 6th Int’l Fire Behavior and Fuels Conf., Int’l Ass’n of Wildland Fire, 
Albuquerque, NM. 
File submitted w/final report: 6th_ifbfc_paper_5_1_19.pdf 
 
Bresch, J. F., J. G. Powers, C. S. Schwartz, R. A. Sobash, and J. L. Coen, 2020: Objective 
identification of thunderstorm gust fronts in numerical weather prediction models for fire 
weather forecasting.  Int’l J. of Wildland Fire (to be submitted). 
File submitted w/final report: ijwf_2020_bresch_et_al.pdf 
 
Bresch, J.F., C. S.Schwartz, J.G. powers, R.A. Sobash, and J.L. Coen, 2019: Users' Guide to the 
NCAR Gust Front Tool V1.0: A System to Identify and Visualize Gust Fronts from Mesoscale 
Model Output. 
File submitted w/final report: gtf_users_guide.docx 
 
Science Delivery: Presentations and Outreach 
Oral Presentation 
National Wildfire Coordinating Group: Fire Environment Committee, Fire Weather 
Subcommittee, and Fire Danger Subcommittee 
31 May 2018 
“Objective Identification of Gust Fronts from Operational HRRR Forecasts” 
File submitted w/final report: nwcg_talk_5_31_18.pdf 
 
Poster 
2018 American Geophysical Union Annual Meeting 
Washington, D.C. 
11 December 2018 
NH23E: Wildfires: Triggers, Predictability, and Impact Assessment Posters 
“A Tool to Identify Convective Outflows in Numerical Weather Prediction Models for Fire 
Weather Forecasting” 
File submitted w/final report: agu_2018_poster_12_11_189.pdf 
 
Oral Presentation 
6th International Fire Behavior and Fuels Conference 
Albuquerque, NM 
1 May 2019 
“Supporting Fire Weather Forecasting through a Tool to Identify Convective Outflows in 
Numerical Weather Prediction Models” 
File submitted w/final report: 6th_ifbfc_talk_5_1_19.pptx 
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Seminar/Webinar 
South Rockies Fire Science Network 
3 October 2019 
Ft. Collins, CO 
“Objective Identification of Thunderstorm Gust Fronts from Operational Numerical Weather 
Prediction Models” 
File submitted w/final report: srfsn_talk_10_3_19.pdf 
 
Oral Presentation 
USFS/NOAA Fire Weather Research Working Group Annual Meeting  
6 November 2019 
Boise, ID 
“Objective Identification of Thunderstorm Gust Fronts from Operational Numerical Weather 
Prediction Models” 
File submitted w/final report: usfs_boise_talk_11_6_19.pdf 
 
Other Products 
Gust Front Tool Software  
Compressed tar file containing tool and components. 
File submitted w/final report: gft.tar.gz 
 
NCAR Experimental Fire Weather Products web page 
https://www2.mmm.ucar.edu/prod/rt/pages/jfsp.html 
 
Southern Rockies Fire Science Network Information Sheet 
“Identification of Model-Forecast Thunderstorm Outflows to Enhance Wildland Firefighting 
Safety” 
James F. Bresch, Jordan G. Powers, Craig S. Schwartz, Ryan A. Sobash and Janice, l. Coen 
File submitted w/final report: srfsn_info_summary.pdf 
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Appendix C: Metadata 
 
Use of NWP Models to Identify Convective Outflows for Fire Weather Forecasting 
JFSP Project ID: 17-1-05-5 
 
Product Overview 
The project’s output product is a software tool (the “gust front tool”) containing a convective 
outflow detection algorithm, analysis routines, and plotting capabilities.  These are the 
components that are being provided and maintained as described below.  The project output is 
not a dataset per se, but rather the gust front tool software, input and supporting files, and 
documentation.  All of this material has been provided to JFSP and is publicly available as 
described below.  The input used for development was existing numerical weather prediction 
output from the Weather Research and Forecasting (WRF) Model.  That input data was not 
generated or controlled by the project team and was acquired from publicly-accessible sites, but 
is also described below for completeness. 
 
Data Collection and Access 
This study’s archived and available products are: (i) the gust front tool software and supporting 
files and (ii) the gust front tool documentation.  To enhance access and distribution, these are 
available at the following two separate public repositories and are maintained by the NCAR 
project team. 
 

1) NCAR Github Repository 
The NCAR Github repository for the JFSP products is: 
https://github.com/NCAR/JFSP_Gust_Front_Tool.  This contains the files “README” and 
“gft_users_guide.pdf” and the directory “gust_front_tool”.  The former files are a summary 
information document (README) and the core tool documentation (users’ guide).  The 
documentation describes how to configure and run the tool.  The tool software is contained in the 
directory gust_front_tool.  It contains the software routines, plotting components, and input files.  
Standard git commands can be used to clone/acquire the repository and its contents, and these are 
supported by git and provided at: https://git-scm.com/doc. 
 

2) NCAR JFSP Product Repository  
The tool and documentation are also provided via the following open web page: 
https://www2.mmm.ucar.edu/JFSP.  This contains a single compressed tar file called 
“gust_front_tool.tar.gz”, which in turn contains the software, documentation, and supporting 
files described above.  To uncompress the file, simply copy it to a Unix/Linux system and type: 
gunzip gust_front_tool.tar.gz.  It will expand into files and the tool software directory, with one 
of the files being the users’ guide file: gtf_users_guide.pdf. 
 
Tool Input 
The main type of input data used by the gust front tool was Weather Research and Forecasting 
Model (WRF) output.  This was from two sources: (i) NOAA’s High Resolution Rapid Refresh 
(HRRR) forecasting system and (ii) NCAR’s real-time WRF ensemble.  Both systems employed 
 

C1 

https://www2.mmm.ucar.edu/JFSP


 

WRF with a grid spacing of 3 km and covered the contiguous U.S.  They both produce gridded, 
numerical output in Network Common Data Format‒ NetCDF.  NetCDF is a set of software  
libraries and self-describing, machine-independent data formats that support the creation, access, 
and sharing of array-oriented scientific data.  NetCDF was developed and is maintained at 
Unidata, which provides data and software tools for use in geoscience education and research.  
The NetCDF homepage is at http://www.unidata.ucar.edu/software/netcdf/.  The NetCDF 
source-code is hosted at Github and may be found at http://github.com/Unidata/netcdf-c.  Further 
information is at: http://www.unidata.ucar.edu/softwre/netcdf/docs. 
 
Model output files from both the HRRR and the NCAR ensemble follow standard WRF format.  
Each WRF output file contains metadata of its contents, and the metadata, field, and format 
information is described in full in the WRF Users' Guide: 
http://www.mmm.ucar.edu/wrf/users/docs/user_guide_V3/contents.html.  In addition to the 
NetCDF WRF data, the NCAR ensemble has produced various gridded fields in files in standard 
GRIB2 format, documented at: http://www.nco.ncep.noaa.gov/pmb/docs/grib2/. 
 
For convective and fire case analyses in this project, surface mesonet data from the NCEP 
Meteorological Assimilation Data Ingest System (MADIS) was used.  This data is maintained 
and distributed publicly by the MADIS program: https://madis.noaa.gov.  In addition, radar data 
maintained and publicly distributed by NOAA’s National Centers for Environmental Information 
(NCEP; https://www.ncdc.noaa.gov/data-access/radar-data) was used for analysis of cloud and 
precipitation.  The noted sites detail data formats and metadata. 
 
For those seeking sample model (WRF) data from which to run the tool, the NCAR ensemble 
model output was created at NCAR and the HRRR output created at NCEP, and both are 
publicly available.  The NCAR ensemble dataset is housed as a “Research Data Archive” (RDA) 
with NCAR’s Computational and Information Systems Laboratory (CISL) 
(http://rda.ucar.edu/datasets/ds300.0), and is available upon user registration.  The HRRR 
forecast output is publicly available from http://www.nco.ncep.noaa.gov/pmb/products/hrrr/.  In 
addition, these datasets are archived on the NCAR High Performance Storage System (HPSS), a 
community resource maintained by CISL and funded by the National Science Foundation.  WRF 
data from both the modeling systems carry no confidentiality or intellectual property restrictions, 
and there are no restrictions on the data’s re-use or re-distribution or on the production of 
derivatives from it. 
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