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1.  INTRODUCTION 
 
 The Red Flag program is a means by which 
the weather forecaster informs the land man-
agement agencies of the combination of dry fu-
els and critical weather conditions that support 
extreme fire behavior. A Red Flag Warning is 
used to warn of impending critical weather con-
ditions that could result in extensive wildland fire 
activity. A warning is typically issued when the 
forecast time of onset of such conditions is less 
than 24 hours. Warnings are issued when Red 
Flag Warning meteorological criteria combine 
with sufficiently dry wildland fuel conditions. 
Thresholds for both critical weather and fuels 
conditions are defined in the Annual Operating 
Plan of the National Oceanic and Atmospheric 
Administration’s (NOAA) National Weather Ser-
vice (NWS) forecast office.  
 
 The Map Analog Retrieval System (MARS) 
was developed at the Storm Prediction Center 
(SPC) in Norman, Oklahoma. MARS is based on 
the National Center for Environmental Prediction 
(NCEP) Global Forecasting System (GFS) en-
semble mean and uses the 850mb, 500mb, and 
precipitable water fields as predictors from 0000 
and 1200 UTC. MARS analog dates are derived 
from the North American Regional Reanalysis 
(NARR) using the predictors previously men-
tioned.  
 
 The Red Flag weather criteria used to issue 
Red Flag Warnings for the Rapid City county 
warning area consist of days in which tempera-
tures are expected to exceed 80 degrees Fahr-
enheit, the wind speed exceeds 25 mph (gusts), 
and the minimum relative humidity is expected 
to fall below 15%. The likelihood of dry lightning 
is also an important consideration used in issu-
ing Red Flag Warnings but this criterion is not 
used in determining the capability of the MARS  

 
system to predict “Red Flag weather” in this phase of 
the study. Dry lightning potential is expected to be 
included in a future analysis of the MARS prediction 
system. 
 
 The meteorological variables relevant to affect-
ing fire behavior result from synoptic scale forcing of 
weather occurring at the micro-scale where fire, 
weather, fuels, and topography interact. Diurnal 
changes in relative humidity, temperature, and wind 
speed and direction may dramatically influence fire 
behavior (Flannigan and Harrington, 1987; Hirsch 
and Flannigan, 1990). Lightning causes many forest 
fires each year when fuels are receptive. Nash and 
Johnson  (1996) found that lightning is more efficient 
at starting fires under synoptic high pressure when 
persistent rainfall is unlikely. Atmospheric instability, 
normally computed daily by the Haines Index 
(Haines, 1988), extended dry spells, and cold front 
passages are other examples of weather conditions 
that are important to managing wildfires and main-
taining safety for firefighters (Johnson and Miyanishi, 
2001; Brotak and Reifsnyder, 1977) but are outside 
the criterion used to determine Red Flag Warning 
days.  
 
2.  METHODS 
 
 For the purposes of this study, the predicted red 
flag weather probabilities (temperature, wind speed, 
and relative humidity) are constructed from 0000 
UTC output from each of the three MARS predictors 
showing the top ten analogs or matches and ranked 
according to the Root-Mean-Squared Error (RMSE) 
for each 24-hr forecast period out to ten days. Next, 
a computer program develops the Relative Analog 
Frequency (RAF) for each Red Flag weather vari-
able and for each MARS predictor for each 24-hr 
forecast out to ten days. The RAF is constructed 
from an archived Automated Surface and Observing 
System (ASOS) climate dataset from 1979 to 2004 
containing the Red Flag criteria for Rapid City.  
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 The RAF is used to denote the relative fre-
quency of MARS analogs for each MARS predictor 
indicating the likelihood of Red Flag weather criteria 
forecast to ten days. For example, if six out of ten 



500 mb analogs for a MARS Day-1 forecast in-
dicate that the temperature exceeded 80 de-
grees Fahrenheit, then the 500 mb RAF for the 
Day-1 prediction of Red Flag temperature would 
be 0.6.  
 
 Red Flag Warning model predictions and 
observations of actual weather and actual Red 
Flag Warning events are considered for the area 
of western South Dakota in the NOAA NWS 
Rapid City county warning area.  
 
3.  PATTERN/MAP PREDICTIONS 
 
 The first step in the verification of the MARS 
model to anticipate Red Flag Warning events is 
to determine if the model is predicting a synoptic 
weather pattern that is typically associated with 
actual Red Flag Warning events in the northern 
plains of the United States. For the current year, 
2007, a ranked list of days of weather conditions 
observed at the Rapid City Regional Airport 
ASOS from 1 June through 31 August were 
used to compare to actual MARS predictions. 
The ASOS sorted rank was developed by con-
sidering days in which Red Flag weather condi-
tions are met or nearly met. The top 10% of 
days were extracted from the 2007 ASOS ob-
servations in which near Red Flag weather con-
ditions occurred based upon days in which the 
observed relative humidity fell below 15%. The 
average maximum temperature for these top 
10% of days (11 total days) was observed to be 
102 degrees Fahrenheit, well above the 80 de-
gree Fahrenheit threshold. The average maxi-
mum sustained wind speed was 18.7 mph, 
which was near the 25 mph threshold. These 11 
critical fire weather days were plotted and con-
toured on a map of the United States and com-
pared to similar day MARS predictions (Figures 
1 and 2).  
 
 Likewise, a short list of MARS Red Flag 
predictions was constructed from the 500 mb 
predictor averages of all days 1 through 10 fore-
casts during summer 2007 containing the pre-
dictor RAF’s of minimum relative humidity less 
than 15%. As a result, 8 Red Flag weather days 
were identified, which reflect the top 10% of all 
the forecast minimum relative humidity predic-
tions for days 1 through 10. Contoured maps of 
both the observed 2007 days and the MARS 
model predicted days were developed using the 
Climate Diagnostic Center (CDC) web page: 
http://www.cdc.noaa.gov/Composites/Day/index.html. 

It can be seen that overall, the pattern matches for 
each of four variables (500 mb height, sea level 
pressure, 700 mb relative humidity, and 850 mb vec-
tor wind) of observed and predicted “Red Flag Warn-
ing” days correspond quite closely by comparing 
Figures 1 and 2.  
 
4.  CRITICAL WEATHER PREDICTIONS   
 
 To investigate how skillfully the MARS model 
system was able to predict “Red Flag” relative hu-
midity, wind speed, and temperature, the Probability 
of Detection (POD) and False Alarm Rate (FAR) 
were used (Green and Swets, 1966/1974). Each of 
the three MARS predictors was used in the POD 
and FAR calculation to see which MARS predictor 
actually forecast each critical observed meteorologi-
cal variable the most skillfully. The MARS 500mb 
analog was generally the best performer when com-
pared to the 850mb height and precipitable water 
MARS predictors. The MARS 500mb predictor to 
determine 80 degrees or greater temperatures was 
found to have a significantly higher POD than using 
the 500mb predictor to forecast critical wind speeds 
or daily minimum relative humidity values. Unfortu-
nately, neither the 850mb or precipitable water pre-
dictors performed any better at predicting wind 
speeds or relative humidity when compared to Rapid 
City ASOS observations (Figure 3).  
 
 To compare the 2007 observed approximate 
Red Flag weather days graphically (which includes 
the three NOAA NWS-issued Red Flag Warning 
days) to the MARS model predictions for Red Flag 
weather, an average of the RAF’s for temperature, 
relative humidity, and wind speed was calculated 
from the days 1 through 10 predictions of the MARS 
500mb predictor. This average is plotted for each 
model run with the actual top 10% of 2007 approxi-
mate Red Flag weather days and is shown in Figure 
4. Although not perfect, the observed 2007 Red Flag 
weather days fall within the higher RAF range of all 
the days of the 500 mb MARS predictions. 
 
 Three actual Red Flag Warnings were issued 
during the summer of 2007 by the Rapid City NWS 
during the June through August period for the county 
warning area including Rapid City. However, there 
were actually no days during 1 June to 31 August 
where all three observed Red Flag meteorological 
variables matched the actual Red Flag criteria.  
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Figure 1.  Top 10% of observed near Red Flag weather days (left) and MARS average 1-10 predicted 
days (right) of the 500 mb predictor from 1 June to 31 August, 2007 for 500 mb geopotential height and 
sea level pressure. 
 
 
 
 
 



  

 
Figure 2.  Top 10% of observed near Red Flag weather days (left) and MARS average 1-10 predicted 
days (right) of the 500 mb predictor from 1 June to 31 August, 2007 for 700 mb relative humidity and 
850 mb vector wind. 
 

Predictor POD T POD RH POD WS 
500mb Height 0.959 0.162 0.454 
850mb Height 0.890 0.142 0.297 
Precipitable Water 0.905 0.129 0.310 
     
Predictor FAR T FAR RH FAR WS 
500mb Height 0.256 0.091 0.283 
850mb Height 0.418 0.107 0.240 
Precipitable Water 0.532 0.087 0.271 

 
Figure 3.  The Probability of Detection (POD) and False Alarm Rate 
(FAR) from MARS RAF’s of temperature (T) exceeding 80 degrees 
Fahrenheit, minimum relative humidity (RH) below 15%, and wind speed 
(WS) gusts exceeding 25 mph. 
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Figure 4.  The MARS 500 mb predictor RAF 
(Relative Analog Frequency) average (small 
markers) for all three Red Flag weather variables 
for days 1 through 10 predictions is shown plotted 
with the actual days in which “approximate” Red 
Flag weather was observed at the Rapid City 
Regional Airport ASOS in 2007 (large markers). 
 
5.  SUMMARY AND CONCLUSIONS 
 
 Overall, the synoptic weather pattern that is 
associated with Red Flag Warning conditions in 
western South Dakota was forecast fairly well by 
the MARS prediction model based on a compari-
son of approximate observed Red Flag weather 
days  and MARS predicted days. Overall, Red 
Flag conditions occur in western South Dakota 
with the following synoptic-scale features: a strong 
ridge of high pressure aloft; a dry tongue of air 
stretching southwest to northeast from central 
California to South Dakota, surface high pressure 
located over the Midwest and/or Ohio Valley with 
surface low pressure centered over western South 
Dakota, and near-surface westerly winds located 
over Wyoming and Montana.  
 The MARS model system detected critical Red 
Flag temperatures more skillfully than either wind 
speeds or relative humidities. The MARS 500 mb 
predictor was found to better predict the Red Flag 
weather variables more accurately than either the 
850 mb or precipitable water predictors. Unfortu-
nately, the MARS model was not able to predict 
either critical wind speeds or critically low relative 
humidity days with any skill. This may be due to a 
relatively short MARS analog dataset and/or to 
biases within the MARS model in matching the 
GFS ensemble means of the predictors.  
 

 Future work is anticipated to assess the capa-
bility of the MARS model to predict dry lightning 
events in addition to the Red Flag weather criteria 
and to explore the final Red Flag Warning prob-
ability including the use of a 10-day predicted En-
ergy Release Component (ERC) value. 
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