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Abstract

Society, forest landscapes and fires constitute a triangle of interaction with important requirements and
consequences. These interdependencies offer a field for the application and development of research with a
clear focus on social sciences, in which the fire prevetion, risk analysis and socio-economic conditions are
shaped as basic pillars.

Environmental dryness, climate and the consequences of fire exclusion, aggravated by urban growth in
forest areas, with absence of preventive norms and under a scenario of high forest fires risk creates an
environment susceptible to large forest fires that can affect the well-being of citizens. In this sense, the
authorities and goverment are commiting large budgetary investments for the prevention and suppression of
wildfires.

The knowledge advances of the dynamics of fire behavior have allowed to dimension the expansive
capacity of fire and, as a function of it, to identify a priori the potential impacts. In this sense, the integration
of this knowledge together with social and economic aspects, have allowed us to advance in the studies of
costs and benefits, spatial-temporal determination of risks in probabilistic terms and others such as the
evaluation of the fire severity, the operational strategy, the reduction of uncertainty and the help in the
decision making process.

The present work explores the development of a methodology to incorporate fire suppression experience,
detailed historical data on forest fire management from Mediterranean ecosystems, and empirical models to
analyze efficiency and production. The resulting models of wildfire suppression production provides a basis
for generating a conceptual framwork to study suppression operations.

The development of decision support tools based on econometric models of fire suppression production
functions requires the selection of variables that define and determine the problem. The present work includes
the main methodological considerations for the definition and development of an econometric model based
on the study of efficiency and productivity through the development of production functions that can predict
the operational suppression yields in different scenarios of forest fires (meters per hour of fire spreading
containment and suppression). The resulting model may represent an opportunity to aid in the development
of suppression operations plans, helping the fire managers determine the production rates of the resources
dispatched to fire suppression.

Keywords: Suppressions operations, production function, econometric models, fire weather danger, production rates, suppression
costs, ground resources, aerial resources, suppression difficulty index

The views expressed in this paper are the authors’ and do not necessarily reflect those of the U.S. Department
of Agriculture or the USDA Forest Service. Results are preliminary and subject to revision.

1. Introduction

The main lines of research developed from the middle of the first quarter of the twentieth century
to the present, have allowed us to conceptualize the problem of the occurrence of forest fires, not only
in physical, ecological, landscape management or operations suppression terms, but also the
knowledge acquired due to the science associated with the study of forest fires, they define a new
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dimension with a very clear socio-economic perspective. On the other hand, the envelope of the
researches takes on a globalizing way a vision of strong social and economic interaction, due to its
transcendence and implications in the role played by the population and the landscape in the wildfire
problems.

The current possibilities of the economic analysis supporting studies on the potential danger of
forest ecosystems and the suppression difficulty operations based on fire behavior, represents an
important advance in the decision making tools for fire management. Undoubtedly the incorporation
of modern econometric tools based on efficiency and productivity concepts, as well as in the
developing of utility functions, can help to carried out guidelines for the budgetary definition to support
protection of ecosystems, considering the value of natural resources and the suppression costs.

The object of the present work is to carry out an methodological approach to modeling the
productivity of forest fire extinction (or, suppression) operations. For this purpose it has been
considered important to determine the structure and composition of the database made with the report
of the forest fires occurred in a certain region, allow us to identify the variables that can provide
consistent information in the econometric modeling of forest fires suppression productivity.

2. Material and methods

In the methodological approach, the deterministic determination of the suppression operational
productivity evaluation option have been considered. For the development of this work, a total number
of 20 fires were selected from the statistical forest fires database of the Andalucia Region (Spain)
(table 1).

An updateable database of operations plans to fires extinction with the identification of behavior
and influences of human factors, environmental conditions (scenarios of the events) and strategies
suppression adopted, provides the information that gives access to past experiences, facilitating the
sharing of knowledge at the level of capitalization and subsequent use of information in terms of the
lessons learned, making possible the establishment of a "network of experience transmission " between
the different people in charge of the forest fires management.

Table 1 - Relation and data base of the forest fires selected for this study

NO o o Tot_al fire Total Surfac_e Time to Production

Wildfire Date of ignition Municiplity perimeter surface contraction control rate
(m) (ha) factor FCS% (min) (m/min)

1 9-ago-02 MALAGA 7355 120,5 11,14 1089 6,8

2 22-jul-06 EL BURGO 6456 110,54 0,56 1307 4,9

3 9-sept-03 OJEN 1467 14 13,79 1280 1,1

4 9-ago-05 MALAGA 3956 60,3 5,31 1010 3,9

5 22-ago-04 FARAJAN 3425 21 18,22 350 9,8

6 26-jul-02 BENALMADENA 1879 7 46,65 840 2,2

7 20-jun-02 MALAGA 1673 6,4 90,14 645 2,6

8 2-ago-04 CORTES DE LA F. 2819 17 24,91 750 3,8

9 10-oct-05 ESTEPONA 7349 69,9 14,34 1190 6,2

10 9-jul-06 CASARES 7768 99,9 12,46 200 38,8

11 12-ago-04 COMPETA 2965 17,9 87,71 215 13,8

12 21-ago-04 GAUCIN 3245 20 98,47 515 6,3

13 14-ago-04 MIJAS 3128 18,45 70,38 1418 2,2

14 18-ago-05 CASARES 5183 61,69 35,83 930 5,6

15 4-ago-06 FRIGILIANA 11234 210 77,35 1385 8,1

16 3-ago-06 CORTES DE LAF. 7956 158,6 87,31 861 9,2
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17 7-oct-06 MARBELLA 13489 457,33 45,14 780 17,3
18 8-oct-06 CORTES DE LAF. 16781 602,1 74,85 1260 13,3
19 16-sept-06 CASARES 12689 320,66 55,72 774 16,4
20 21-sept-06 CASARES 14987 455 48,52 795 18,9

The definition of the experience need previously of the investigation and reconstruction of the
events (the wildfires), the analysis and the comprehension of the same, it allows to later extend the
learned and recognized towards the capitalization of the experiences lived (Rodriguez y Silva,1999),
(Rodriguez y Silva et al., 2007). From the generation of the database obtained through the
capitalization, it is necessary to select the variables and parameters that will allow analyzing and
evaluating the extinction operations productivity. The following should be considered:

e Fire perimeter controled by time unit (production rate) (m / min)

e Surface contraction factor ACF, (understood as the rate calculated how the difference between

one and the quotient between the real surface affected by the propagation of the fire and the

surface obtained in free evolution, that is without extinction operations, subject to the time

elapsed since the detection until the fire is controlled) (Rodriguez y Silva, 2007), (Rodriguez y

Silva, and Gonzélez-Caban, 2010), (Rodriguez y Silva, and Gonzélez Cabén, 2016)

Average surface affected by each forest fire registered (ha/ fire)

Average extinction costs per affected area, (€ / ha)

Unitary costs of the differents resources to fires suppression

Production rates of each differents resources

Quotient between suppression cost and net change value of the natural resources

List of the total resources despached to the fires, with special detail in the proportion of

individual operations times in relation to the total sum of operational times of all resources

involved in a fire.

e Factors related to suppression inefficiency causes, such as the difficulty of the extinction
activities, adverse meteorological effects, simultaneity of fires ocurrence and WUI operational
difficulties.

The database prepared for the development of the suppression production function, includes for
each each of the 20 forest fires, the "Surface Contraction Factor (SFC)", (Rodriguez y Silva, 2007),
(Rodriguez y Silva, and Gonzalez-Caban, 2010, 2016). This parameter is useful because it includes
the control operational effects in the perimeter of the fire, as opposed to what would be the final result
without carrying out extinction activity. The database was also expanded, incorporating how
independent variables the meteorological danger indexes of the occurrence of forest fires (Rodriguez
y Silva, 2002, 2004) and the suppression difficulty index (Rodriguez y Silva, et al., 2014), as well as
the weighted extinction means mobilized for each fire disaggregated into ground resources and aerial
resources.

3. Deterministic model of suppression operational productivity

The analysis of the productivity has been widely used in efficiency studies in many fields related
to economics ((Aigner et al., 1977; Battese and Coelli, 1992, 1995; Greene, 2004; 2003; Hadri et al.,
2003; Meeusen and Den Broeck, 1977). Likewise, functions have been modeled to provide information
on the efficiency that can be achieved, depending on the effort applied in the resolution of emergencies
or damage reduction., effects related to disturbances in natural resources (Huang et al., 2013; Penman
etal., 2013; Grimsrud et al., 2008; Kovacs et al., 2014).

The background in the application of production functions in the modeling of actions aimed at
defending against forest fires is reduced, among others, Holmes and Calkin of the analysis (2013),
Katuwal et al. (2016). The research on efficiency under the approach of comparative analysis between
the suppression costs and the economic value of natural resources saved (Molina et al. 2009; Rodriguez
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y Silva et al. 2009), provide important results that help qualify the utility of budgetary investments in
defense against forest fires (Rodriguez y Silva and Gonzélez-Caban, 2016).

In this way the analytical process of the perimeter control fire productivity rate evaluation, under a
deterministic model of the production function that can best predict operational performance is
included below. The method used is to compare the results provided by two widely applied models in
the econometric production function modeling, in the framework of the microeconomic analysis of
business activities. The model functions selected are the Cobb-Douglas function and the CES function.
The Cobb-Douglas production function (CD, hereafter (1)) can be written as:

— v Tl g Xy, ‘
Y=Ax;1x,"2 ~...... X,

1)
The parameter A can be interpreted as a measure of technical efficiency of the productivity (that is,
A = Ai where the subscript i denotes the ith fire) since for any combination of inputs, the output
increases with A. If the observations on which the function is defined are of time series and correspond
to a certain sector, then A can be interpreted as an indicator of the state of the technology (in this case,
A can be written as A (t) where t is the time variable) and its temporal variation as the effect of technical
change about production (Alvarez Pinilla et al. 2003).

The Cobb-Douglas function is transformed into a linear multivariate function by taking logs, an
extended form for the econometric resolution of the determination of the corresponding explanatory
parameters of each of the independent variables, the transformed expression being the following (2):

L
LnY = a, + a; Z Lnx;
1

)

As an alternative and in order to overcome the rigidities of the Cobb-Douglas function, and in
particular, that the elasticity of substitution is always equal to 1, Arrow, Chenery, Minhas and Solow
(1961) introduced the CES function (Constant Elasticity of Substitution, that is, Constant Replacement
Elasticity (3)) . This function for the case of two explanatory variables, can be expressed as follows:

Y=A(a x "+ (1 —a) x,7)°

©)

For the direct estimation of the production function, it is necessary to use non-linear regression
analysis techniques. As a mathematical solution we can use a Taylor expansion around the value of p
= 0, which gives us a functional approximation in neperian logarithms that adopts the following
expression (4):

LnY = Ln(A) + naln(x;) + n(1 — a)Ln(x,) — pan(1l — a)(Ln(x;) — Ln(x,))?
(4)

Generalizing for (n) explanatory variables and making a change of parametric coefficients, the
following expression is obtained (5):

LnY = By + ) filnx; + Br(ln(e) = () Iy, )’
)
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4. Results

As indicated in the methodological section and in terms of the productivity analysis, we have been
considered in addition, the surface contraction factor (SCF), the suppression difficulty index, and fire
weather index. The incorporation of these variables of each fire, allowed to collect the meteorology
effects in the different production functions developed in the framework of efficiency.

The Idex, represents the suppression difficulty index (simplified), calculated for the fire behavior
average conditions of each wildfire. In its determination, the effects of heat per unit area caused by
fire and flame length have been considered (Rodriguez y Silva et al., 2014). The IPMIF, represents the
fire weather index of forest fire ocurrence occurrence (Rodriguez y Silva, 2002), (Rodriguez y Silva
and Aguado, 2004).

RpMAR, represents the accounting of aerial resources number and type dispached to each wildfire,
obtained through the weighting of the number of units and the factor of proportionality of the operation
time for each one type in relation to the total suppression time spent of all aerial ressources. RpMT,
represents the accounting of ground resources number and type dispached to each wildfire, obtained
through the weighting of the number of units and the factor of proportionality of the operation time for
each one type in relation to the total suppression time spent of all ground ressources. Fcs%, represents
the surface contraction factor (FCs%=SCF).

The independent variables considered to evaluate the deterministic function of suppression
operational productivity, such as the perimeter length controlled per unit of time (m/min), are the
following (table 2) :

Table 2 - Variables considered to develop the deterministic models

Aerial resources Ground resources  Suppression Fire weather
suppression effect suppression effect Difficulty index
Rp MAR Rp MT Index (Idex) IPMIF

The table elaborated for the modeling of the suppression operations productions, allows to compare
the results of each one of the variables considered for the twenty fires analyzed (table 3).

Table 3 - Values of the variables considered to develop the deterministic models

Control fire

perimeter

N° production
wildfire  rate m/min (Y) Rp MAR Rp MT Idex IPMIF
1 6,75 11,51 37,28 6,49 228,31
2 4,93 8,34 37,38 6,46 188,31
3 1,14 15,55 59,93 5,25 131,52
4 391 19,32 48,23 6,28 171,07
5 9,78 31,65 39,35 5,59 149,13
6 2,23 17,83 34,92 5,38 133,42
7 2,59 18,91 33,53 4,87 128,86
8 3,75 14,13 29,64 6,05 158,8
9 6,17 29,16 45,77 6,45 187,84
10 38,84 62,98 79,72 6,58 209,83
11 13,79 52,25 84,65 6,25 160,1
12 6,30 34,00 73,07 6,28 169,1
13 2,20 10,48 55,02 6,31 178,56
14 5,57 14,20 45,71 6,63 209,83
15 8,11 36,78 39,7 6,78 295,08
16 9,24 32,55 43,74 6,59 252,48
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17 17,29 36,77 43,79 7,35 380,73
18 13,31 35,05 52,71 8,12 420,89
19 16,39 10,22 41,79 7,86 318,41
20 18,85 29,80 48,62 7,14 361,89

The production function of the suppression activities determined with the structure and econometric
composition of the Cobb-Douglas function, has been estimated as follows (table 4):

Iny =-3.15 + 0.881*Inx;1 - 0.360*Inx; + 5.18*Inx3 - 0.336*Inx4
(1.06) (0.299)  (0.562) (2.48) (0.818)

n=20,R?=0.739

Table 4. Model 1 (Cobb-Douglas): MCO, using observations 1-20

Coeficients Desv. stand. t p value

const —3.1524 1.05775 —2.9803 0.0093  ***

In(Rp 0.880821  0.298649 2.9494 0.0099  ***

MAR)

In(Rp MT) —0.359546 0.561508 —0.6403 0.5316

In(ldex) 5.18219 2.47994 2.0896 0.0541 *

In(IPMIF) —0.33553  0.817756 —0.4103 0.6874
Mean of vble. dep. 0.832020 D.T. vble. dep. 0.377385
Sum squard w. 0.706283 D.T. of the regresion 0.216992
R? 0.738990 R?adjusted 0.669388
F(4, 15) 8.503972 P value (of F) 0.000863
Log- likelihood 5.055939 Akaike criteria —0.111879
Schwarz criteria 4.866783 Hannan-Quinn criteria 0.860008

The production function of the suppression activities determined with the structure and econometric
composition of the CES function, has been estimated as follows (table 5):

Iny = 13.3 + 10.8*Inx1 - 9.99*Inx; - 5.17*Inx3 - 9.95*Inx4 + 1.42*xs
(3.30) (2.18) (2.00)  (233)  (2.28) (0.293)

The variable xs, is following the equation (5)= (Inxi-(InX2+InNx3+Inxa4))?
n=20, R>=10.813
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Table 5 - Model 2 (CES): MCO, using observations 1-20

Coeficients ~ Desv. Stan. t p-value
const 13.3182 3.29606 4.0407 0.0012 falaied
In(Rp MAR) 10.7661 2.18035 4.9378 0.0002 falaied
In(Rp MT) —9.98696 2.00213 —4.9882 0.0002 falaied
In(Idex) =5.16911 2.32676 —2.2216 0.0433 *k
In(IPMIF) —9.95401 2.27882 —4.3681 0.0006 falaied
(IN(RpPMAR)- 1.41696 0.293173 4.8332 0.0003 falaied
(INRpMT+In(Idex)+In(IPMIF))?
Mean of vble. dep. 0.832020 D.T. of vable. dep. 0.377385
Sum squard w. 0.505963 D.T. of regresion 0.190106
R? 0.813019 R? adjusted 0.746241
F(5, 14) 10.12371 p value (F) 0.000291
Log- likelihood 8.391472 Akaike criteria —4.782945
Schwarz criteria 1.191449 Hannan-Quinn criteria —3.616681

5. Discussion

The study and analysis of the operational results complements the experience and knowledge of
firefighting professionals. The monitoring of the operational sequences in the achievement of the
objectives included in the attack plans allows us to monitor the results achieved and identify those
other objectives that could not be achieved. The collection of variables and the behavior maintained
by them during extinction operations provides a starting point to evaluate the causes that could limit
the suppresion actions.

The modeling of fire suppression production functions represents a potentially useful tool to support
the preparation of operational suppression plans. The methodological approach presents a comparative
analysis of two production functions: the Cobb-Douglas production function and a second model
following the characteristics of the Constant Elasticity of Substitution (CES) production function.

The comparison suggests that the CES model has greater predictive accuracy than the Cobb-
Douglas model. The CES model has an adjusted coefficient of determination (adjusted R?) of 0.74,
compared to 0.66 corresponding to the Cobb-Douglas model. Likewise, the values obtained for the
Akaike, Schwarz and Hannan-Quinn criteria of the CES function are lower than those obtained for the
Cobb-Douglas function.

This method offers a promising approach for developing explanatory models of wildfire
suppression efforts. Combining variables in a production model to provide information on factors that
offer sufficient predictive ability can indicate the production capacity provided by a specific
combination of trained teams for the extinction of forest fires.

6. Conclusions

The application of efficiency and productivity analysis tools is a new opportunity to study wildfire
suppression operations. This provides the possibility of reducing operational uncertainty in order to
obtain reliable information to support the selection and combination of extinction means according to
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operational scenarios. Improvements in suppression planning based on the production analysis
presented in this paper can inform efforts to reducethe costs of wildfire suppression and net change in
value of the natural resources affected by wildfires.
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