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ABSTRACT 

Background. The ground fraction refers to the ratio of the liquid collected on the ground to the 
dropped liquid, which is the key index used to assess the drop ground pattern of air tankers when 
combating wildfires. However, there is no quantitative mechanism model to estimate ground 
fraction. Aims and methods. The current work aims to create a simple model of the ground 
fraction by directly using full-scale drop test data with different firefighting agents for fitting. Key 
results and conclusions. The result shows that the ground fraction can be estimated by simple 
quantitative relationships despite significant differences between the conditions of the drop tests. 
These relationships include factors that can be manipulated during aircraft and release system 
design as well as during aerial firefighting operations. Implications. Based on the presented 
model, an equation for the maximum coverage level of the mean liquid distribution is solved, and 
the induced effects of drop velocity, drop height, liquid viscosity and other factors on the ground 
pattern are revealed, which can provide direct predictions of ground drop distributions.  

Keywords: aerial firefighting, air tanker, coverage level, data fitting, dimensional analysis, fire 
retardant, full-scale drop test, ground fraction, ground pattern. 

Introduction 

Recently, climate change has exacerbated the overall impact of wildfires, and the average 
scale of wildfires in many regions of the world is increasing (Artés et al. 2019; Paudel 
2021). This has caused widespread concerns due to their socioeconomic and environ-
mental effects, such as extremely severe casualties, economic losses and environmental 
damage (Moritz et al. 2014; Santín and Doerr 2016). Aircraft can provide valuable 
assistance in the containment and extinguishment of wildfires (McCarthy et al. 2012;  
Stonesifer et al. 2016). According to previous studies (Plucinski et al. 2012, 2017;  
Plucinski and Pastor 2013), forest firefighting aircraft generally accomplish wildfire 
suppression work by dropping water or chemical retardants directly on flames or to 
coat fuels around the fire edge to reduce flame dimensions or slow their spread rate. 

Aerial suppression is widely reported to be expensive (Plucinski and Pastor 2013;  
Thompson et al. 2013). The evaluation of the effectiveness of aerial firefighting drops can 
be used to appraise operational tactics to help determine cost effectiveness (Plucinski and 
Pastor 2013). Drop ground patterns are indispensable information for evaluating the 
effectiveness of drops (Plucinski and Pastor 2013). Therefore, many developed countries 
use the cup-and-grid method proposed by Suter (2000, 2002) to compare drop ground 
patterns from different aircraft, delivery systems and flight conditions in areas cleared of 
vegetation and free of fire. This determines the coverage level that can be achieved with 
different forest firefighting aircraft. In combination with the Operational Retardant 
Effectiveness (ORE) project’s development of guidelines for safe and effective retardant 
application (George and Johnson 1990) and recommended retardant coverage levels for 
different vegetation types (George 1985), as shown in Table 1, the corresponding 
relationship between coverage level and fire behaviour can be determined. 

Ground patterns (including length, width and coverage distribution) were proved by  
Legendre et al. (2014) to be related to the delivery system, flight velocity, wind speed, 
wind direction and other factors. Based on previous experimental results, they proposed a 
simple model for ground patterns and pointed out that the ground fraction, defined as the 
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‘fraction of the drop liquid that effectively contributes to the 
ground pattern’, is the key parameter required when calcu-
lating ground pattern (Legendre et al. 2014). Additionally, 
they also noted that a ground fraction model will be an 
important development in the future (Legendre et al. 
2014). However, the modelling of ground fraction requires 
information about the coupling between various mecha-
nisms at the droplet scale: the dispersion, evaporation, ato-
misation processes of droplets and the final droplet 
distribution (Rimbert and Séro-Guillaume 2004). To date, 
a ground fraction model has not been published. 

In this paper, we strive to establish the relationship between 
the ground fraction and related factors based on the work of  
Legendre et al. (2014). First, full-scale drop test data for differ-
ent firefighting agents were collected, and the ground fractions 
of all tests were estimated using the proposed method. Then, by 
combining the theoretical analysis and dimensional analysis 
method, a simple model relating the ground fraction to factors 
such as the drop height, drop velocity, average flow rate, 
dropped volume, liquid density, and liquid viscosity, was estab-
lished. Finally, the simple model was used to solve an equation 
for the maximum coverage level of the mean liquid distribution 
under conditions of constant flow rate, and the induced effects 
of drop velocity, drop height, liquid viscosity and other factors 
on the ground pattern are revealed. 

Data 

In this section, 51 groups of full-scale drop tests for different 
firefighting agents are considered. Among these, 45 groups 

of drop test data were obtained from published technical 
reports, and the other six groups were obtained from our 
full-scale water drop tests. 

Drop test data of aircraft based on literature 
research 

We consider full-scale drop tests for different firefighting 
agents reported by the USDA Forest Service and Amorim 
(2008, 2011). Each group of drop tests adopts the data 
collection method described by Suter (2000, 2002). A 
grid of cups is laid out on the ground along the flight 
direction, and the air tanker drops the liquid over the 
grid. The experimental data are collected by weighing the 
cups, and the data are used to draw a contour distribution 
similar to that in Fig. 1. Different firefighting agents are 
considered: water (Table 2) and retardants (Table 3). The 
references for all the data used in the present study are 
given in the tables where the main parameters controlling 
the ground fraction are also indicated. The following 
parameters are noted:   

• U = Ug − Wcosα, relative velocity between the plane and 
the air, where Ug is the relative velocity between the plane 
and the ground, W is wind speed, α is the wind direction 
relative to the direction of flight;  

• H, mean height during the drop;  
• Q, dropped volume;  
• q, average flow rate;  
• ρL, liquid density;  
• μL, liquid viscosity. 

Table 1. The retardant coverage needed for specific fuel types ( George 1985;  George and Johnson 1990).      

Fuel model Coverage 
level (mm) 

Description 

National Fire Danger Rating 
System (NFDRS) 

Fire 
behaviour   

A, L, S  1  0.4 Annual and perennial western grasses, tundra 

C  2  Conifer with grass 

H, R  8  0.8 Short-needle closed conifer, summer hardwood 

E, P, U  9  Long-needle conifer, fallen hardwood 

T  2  Sagebrush with grass 

N  3  Sawgrass 

F  5  1.2 Intermediate brush (green) 

K  11  Light slash 

G  10  1.6 Short-needle conifer (heavy dead litter) 

O  4  Southern rough 

F, Q  6  2.4 Intermediate brush (cured), Alaska black spruce 

B, O  4  California mixed chaparral, high pocosin 

J  12  >2.4 Medium slash 

I  13  Heavy slash   
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In total, we consider 45 drops corresponding to drop veloc-
ity U = 10.80–70.99 m/s, drop height H = 8.53–77.72 m, 
dropped volume Q = 0.28–7.57 m3, average flow rate 
q = 0.10–2.30 m3/s, liquid density ρL = 1000–1078 kg/m3, 
and liquid viscosity μL = 1–1300 cP. 

However, only two drop tests of water from fixed-wing 
aircraft among the 45 drops are considered (Table 2). This is 
not enough data to support the construction of a relation-
ship between the ground fraction φ and related parameters. 

Full-scale drop test data for a large fixed-wing 
forest firefighting aircraft 

In this study, a full-scale water drop test was carried out, 
corresponding to drop velocity U = 61.39–67.78 m/s, drop 
height H = 50–69 m, average flow rate q = 2.84 m3/s, and 
dropped volume Q = 6 m3. This expands the research scope 
of relevant parameters in the fixed-wing aircraft drop test to 
a certain extent. The drop test from an AG600 amphibious 
firefighting aircraft was conducted in Jingmen, Hubei 
Province, on 12 April 2022. The AG600 amphibious fire-
fighting aircraft delivery system is a gravity system. The 
maximum volume of the tank is 6 m3. It is structurally 
divided into two subtanks with partitions, one of which 
has a maximum volume of 3.3 m3 and the other a maximum 
volume of 2.7 m3. Each subtank has two identical doors, 
each of which has an area of 0.75 m2 and weighs 25 kg. 
The tank doors are mechanically linked. They open from the 
centre and operate in unison. Before the drop tests, we 
conducted several full-scale tank drop experiments in 
advance, and the average flow rate was recorded in each 
group of experiments. The average flow rate used in this 
study was obtained by averaging the average flow rate 
measured from each group experiment again. 

The experiment was carried out on a grassy area measur-
ing 300 × 100 m (length × width). According to the data 
collection method proposed by Suter (2000, 2002) and 
actual conditions, ‘cup + stake’ data collection devices 
were set at intervals of 5 m in both the flight direction and 
perpendicular to the flight direction (shown in Fig. 2). 
A total of six groups of effective non-uniform two- 
dimensional discrete global data were obtained in the test 
(shown in Fig. 3); for example, the measured ground pattern 
obtained from the second group of drop tests is shown in  
Fig. 4. Owing to the limits of the size of the experimental 
site, a small amount of liquid dropped outside the test site. 
We used linear interpolation to complete this part of data 
(see grey part of Fig. 4). The linear interpolation method is 

an estimation of the values of the variables on one side of 
two known values under the condition that assumes uniform 
change on one side of the two known values. The main 
condition parameters and measured ground fraction for 
each group are given in Tables 4 and 5. 

Selection of the calculation method for the 
ground fraction of all the data used in this study 

Based on the original data obtained by the cup and grid 
method, researchers frequently employ the linear interpola-
tion method to estimate unknown values (Suter 2000), such 
as the quantity of liquid contributing to the drop pattern. 
However, in previous technical reports, only the processed 
ground contours were given, which were relatively sparse, 
as shown in Fig. 1. At this point, the accuracy of the linear 
interpolation method may not be sufficient. Therefore, a 
new method proposed in next section is used for determin-
ing the ground fraction of all data used in this study. 

Development and validation of ground 
fraction calculation method 

Method development 

This section proposes a new method that directly uses the 
sparse contour distributions under conditions of a variable 
flow rate to perform a fitting to calculate the ground frac-
tion φ. 

When considering the drop process of a liquid from a 
constant drop height and velocity, the ground pattern is 
usually similar to the contour distribution shown in Fig. 1. 
By averaging changes in flow rate and other random factors 
along the flight direction, the ground pattern can be simpli-
fied as shown in Fig. 5, that is, a uniform distribution along 
the flight direction (x-axis) and a one-dimensional distribu-
tion perpendicular to the flight direction (y-axis). The latter 
is represented by the mean liquid distribution y( ).  
Legendre et al. (2014) proved that this distribution follows 
a Gaussian distribution of the form: 

y( ) = e
y

max 2

2

2 (1)  

where max is the maximum coverage level of the mean 
liquid distribution y( ) and σ is the standard deviation, 
which is a constant here. 
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Fig. 1. Ground contour distribution of CDF S2F- 
Turbo Firecat aircraft using 4.59-m3 gum-thickened 
retardant at a drop velocity of 66.87 m/s and a drop 
height of 59.44 m ( Amorim 2008) (the x-axis is the 
flight direction).    
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Table 2. Drop test parameters using water.             

Air tanker Reference Aircraft type Velocity 
U (m/s) 

Height 
H (m) 

Volume 
Q (m3) 

Flow rate 
q (m3/s) 

Density ρL 

(kg/m3) 
Viscosity 
μL (cP) 

Wind speed 
W (m/s) 

Wind 
direction α (°)   

Airspray Electra L-188- 
RADSII tank  

Solarz and Jordan (2000a),   
Legendre et al. (2014) 

Fixed-wing tanker 62.59 46.33 3.77 2.30 1000 1 0.89–3.40 – 

Aero Union SP-2H  Solarz and Jordan (2000b) Fixed-wing tanker 43.81 14.02 7.57 1.34 1000 1 – – 

CDF Bell S205 240-Gallon SEI 
Industries Bambi  

Solarz and Jordan (2001a),   
Legendre et al. (2014) 

Helicopter 19.55 12.80 0.91 0.35 1000 1 2.20–3.90 – 

CDF Bell S205 300-Gallon Sims 
Rainmaker Collapsible Helibucket  

Solarz and Jordan (2001b) Helicopter 10.80 10.06 1.14 0.17A 1000 1 – – 

CDF Bell S205 300-Gallon Sims 
Rainmaker Collapsible Helibucket  

Solarz and Jordan (2001b) Helicopter 19.03 16.15 1.14 0.25A 1000 1 – – 

CDF Bell S205 300-Gallon Sims 
Rainmaker Collapsible Helibucket  

Solarz and Jordan (2001b) Helicopter 29.84 16.46 1.14 0.29A 1000 1 – – 

CDF Bell S205 300-Gallon Sims 
Rainmaker Collapsible Helibucket  

Solarz and Jordan (2001b) Helicopter 41.16 11.58 1.14 0.32A 1000 1 – – 

Bell 206 100-Gallon Sims 
Rainmaker Helibucket  

Solarz and Jordan (2001c) Helicopter 22.66 11.28 0.28 0.11A 1000 1 – – 

National Guard Black Hawk With 
660-Gallon Bambi Helibucket  

Solarz and Jordan (2001d),   
Legendre et al. (2014) 

Helicopter 21.61 42.06 2.50 0.60 1000 1 2.24 – 

National Guard Black Hawk With 
660-Gallon Bambi Helibucket  

Solarz and Jordan (2001d),   
Legendre et al. (2014) 

Helicopter 41.67 45.42 2.50 0.70 1000 1 1.56 – 

324-gallon SEI Industries Bambi  Johnson and Jordan (2000a) Helicopter 30.35 14.33 1.10 0.43 1000 1 2.20–2.90 – 

324-gallon SEI Industries Bambi  Johnson and Jordan (2000a) Helicopter 41.67 14.33 1.10 0.43 1000 1 2.20–2.90 – 

AThis parameter is not directly given in the reference and is estimated by the method shown in  Appendix A. 
–, indicates that the parameter is missing.  
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Table 3. Drop test parameters using retardant.             

Air tanker Reference Aircraft type Velocity 
U (m/s) 

Height 
H (m) 

Volume 
Q (m3) 

Flow rate 
q (m3/s) 

Density ρL 

(kg/m3) 
Viscosit-
y μL (cP) 

Wind speed 
W (m/s) 

Wind 
direction α (°)   

Aero Flite DC-4 with 
ARDCO Tank  

Solarz and Jordan (2000c),   
Legendre et al. (2014) 

Fixed-wing tanker 69.29 66.14 1.89 1.80 – – 4.00 – 

Aero Flite DC-4 with 
ARDCO Tank  

Solarz and Jordan (2000c),   
Legendre et al. (2014) 

Fixed-wing tanker 68.84 61.26 1.89 1.80 – – 4.00 – 

Airspray Electra L-188- 
RADSII tank  

Solarz and Jordan (2000a),   
Legendre et al. (2014) 

Fixed-wing tanker 66.16 49.38 3.69 2.30 – – 0.89–3.40 – 

Marsh Turbo Thrush  Johnson and Jordan (2000b) Fixed-wing tanker 42.47 8.53 1.44 0.46A – – 0.22–1.80 – 

Western Pilot Services Dromader  Johnson and Jordan (2000c),   
Legendre et al. (2014) 

Fixed-wing tanker 46.94 24.38 1.89 1.70 – – 2.20–5.40 – 

Neptune P2V-7  Solarz and Jordan (2000d) Fixed-wing tanker 62.59 59.74 3.06 1.56A – – 5.60 – 

Snow AIR Tractor AT-802F  Solarz and Jordan (2000e) Fixed-wing tanker 43.81 14.02 3.03 0.29 – – 0.89–3.10 – 

Snow AIR Tractor AT-802F  Solarz and Jordan (2000e) Fixed-wing tanker 43.81 27.43 3.03 0.53 – – 0.89–3.10 – 

Snow AIR Tractor AT-802F  Solarz and Jordan (2000e) Fixed-wing tanker 44.70 30.18 3.03 1.05 – – 0.89–3.10 – 

Snow AIR Tractor AT-802F  Solarz and Jordan (2000e) Fixed-wing tanker 41.57 33.53 3.03 1.53 – – 0.89–3.10 – 

Snow AIR Tractor AT-802F  Solarz and Jordan (2000e) Fixed-wing tanker 40.23 34.44 3.03 1.70 – – 0.89–3.10 – 

Aero Union SP-2H  Solarz and Jordan (2000b) Fixed-wing tanker 43.81 27.43 7.57 1.34 – – – – 

CDF S2F-Turbo Firecat aircraft  Amorim (2008) Fixed-wing tanker 69.44 72.54 4.57 1.15 1033 152 2.68 120 

CDF S2F-Turbo Firecat aircraft  Amorim (2008) Fixed-wing tanker 63.79 37.19 4.60 2.08 1032 214 2.68 120 

CDF S2F-Turbo Firecat aircraft  Amorim (2008) Fixed-wing tanker 70.99 57.91 4.62 2.23 1052 700 1.79 210 

CDF S2F-Turbo Firecat aircraft  Amorim (2008) Fixed-wing tanker 65.84 54.86 4.62 2.12 1051 750 2.68 125 

CDF S2F-Turbo Firecat aircraft  Amorim (2008) Fixed-wing tanker 65.84 65.84 4.55 1.18 1055 800 3.58 110 

CDF S2F-Turbo Firecat aircraft  Amorim (2008) Fixed-wing tanker 66.87 59.44 4.59 1.17 1078 1250 0.89 0 

CDF S2F-Turbo Firecat aircraft  Amorim (2008) Fixed-wing tanker 70.99 77.72 4.63 2.05 1075 1300 0.45 20 

CDF S2F-Turbo Firecat aircraft  Amorim (2008) Fixed-wing tanker 66.36 60.96 4.64 2.12 1075 1300 0.89 50 

(Continued on next page) 
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Table 3. (Continued)            

Air tanker Reference Aircraft type Velocity 
U (m/s) 

Height 
H (m) 

Volume 
Q (m3) 

Flow rate 
q (m3/s) 

Density ρL 

(kg/m3) 
Viscosit-
y μL (cP) 

Wind speed 
W (m/s) 

Wind 
direction α (°)   

CDF Bell S205 240-gallon SEI 
Industries Bambi  

Solarz and Jordan (2001a),   
Legendre et al. (2014) 

Helicopter 20.58 15.24 0.91 0.35 – – 2.20–3.90 – 

Bell 206 100-Gallon SEI Industries 
Bambi Helibucket  

Solarz and Jordan (2001e) Helicopter 22.64 11.89 0.28 0.28A – – – – 

Bell 206 100-Gallon SEI Industries 
Bambi Helibucket  

Solarz and Jordan (2001e) Helicopter 26.24 14.63 0.28 0.28A – – – – 

Bell 206 100-Gallon SEI Industries 
Bambi Helibucket  

Solarz and Jordan (2001e) Helicopter 24.18 20.12 0.28 0.28A – – – – 

LA County Bell S205  Solarz and Jordan (2000f),   
Legendre et al. (2014) 

Helicopter 34.98 18.29 0.61 0.33 – – 3.1–4.9 – 

LA County Bell S205  Solarz and Jordan (2000f),   
Legendre et al. (2014) 

Helicopter 34.98 24.08 1.21 0.68 – – 3.1–4.9 – 

National Guard Black Hawk with 
660-Gallon Bambi Helibucket  

Solarz and Jordan (2001d),   
Legendre et al. (2014) 

Helicopter 29.32 25.30 2.50 0.5 – – 3.13 – 

National Guard Black Hawk with 
660-Gallon Bambi Helibucket  

Solarz and Jordan (2001d),   
Legendre et al. (2014) 

Helicopter 28.81 35.66 2.50 0.5 – – 3.35 – 

National Guard Black Hawk with 
660-Gallon Bambi Helibucket  

Solarz and Jordan (2001d),   
Legendre et al. (2014) 

Helicopter 30.35 39.01 1.90 0.5 – – 3.35 – 

Columbia BV-107 1000-Gallon 
Griffith  

Solarz and Jordan (2000g) Helicopter 28.29 12.19 3.79 0.46A – – 2.20–7.20 – 

Columbia BV-107 1000-Gallon 
Griffith  

Solarz and Jordan (2000g) Helicopter 41.16 16.00 3.79 0.6 – – 2.20–7.20 – 

S-61N Helicopter 1000-Gallon 
Griffith Helibucket  

Solarz and Jordan (2000h),   
Legendre et al. (2014) 

Helicopter 29.84 18.29 3.79 0.21 – – 1.60–2.80 – 

S-64 Helicopter 2000-Gallon SEI 
Industries Bambi Helibucket  

Solarz and Jordan (2001f),   
Legendre et al. (2014) 

Helicopter 41.16 22.56 7.57 0.95 – – 0.22–2.20 – 

AThis parameter is not directly given in the reference and is estimated by the method shown in  Appendix A. 
–, indicates that the parameter is missing.  
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The current work retains the changes in flow rate and 
other random factors to directly construct the coverage 
distribution and calculate the ground fraction φ. The spe-
cific steps are as follows: 

First, the two-dimensional global non-uniform continu-
ous distribution on the ground is discretised along one 
direction. According to the spatial scale of the drop process 
and the actual conditions of experimental data collection, 
the appropriate length of the segment Δx is selected, and the 
ground liquid distribution is divided into N segments along 
the flight direction. Each segment x x[ , + ]i

x
i

x
2 2 has an 

approximately uniform distribution along the x direction 

and a Gaussian distribution along the y direction. In addi-
tion, considering the displacement of the segment perpen-
dicular to the flight direction, the coordinates of the centre 
point of segment yi,0 are introduced. Therefore, the ground 
liquid distribution in segment x x[ , + ]i

x
i

x
2 2 is 

expressed as: 

x y x y( , ) = ( , ) ei i

y y

max

( )
2

i

i

,0
2

2 (2)  

where the maximum coverage level η(xi, y)max of the liquid 
distribution η(xi, y), the coordinate of the centre point of 
segment x x[ , + ]i

x
i

x
2 2 yi,0, and the standard deviation 

σi are all parameters related to i (Fig. 6). 
Considering the distribution characteristics of the origi-

nal experimental data along the y direction of each segment, 
the appropriate method is selected to solve for the 
undetermined parameters (η(xi, y)max, yi,0, σi), and the liq-
uid distribution on the ground, reflecting the flow rate 
change and the influence of other random factors, is 
obtained. The selection principle of the undetermined 
parameter solution method is as follows: when there are 
only three original experimental data points at x = xi, solve 
directly for η(xi, y)max, yi,0, σi. In other cases, fit to solve for 
η(xi, y)max, yi,0, σi, where R2 > 0.8 is specified to ensure the 
goodness of fit. 

Second, we take y as the integration variable to integrate 
the liquid distribution on the ground η(xi, y) within 
each segment x x[ , + ]i

x
i

x
2 2 . Considering that the liq-

uid distribution on the ground perpendicular to the flight 
direction cannot extend infinitely, combined with the 
collection of experimental data, we can choose 6σi as the 
actual width. The actual range along the y direction at 

5 m

100 m

Direction of �ight

300 m

Cup + stake data collection device

Fig. 2. Diagram of full-scale drop test grid.   

Fig. 3. An AG600 amphibious firefighting aircraft performs a water 
drop demonstration. Photograph by Xie Hui.   
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Fig. 4. The measured ground pattern obtained from the second 
group of drop tests (the x-axis is the flight direction). The grey area 
indicates that a small amount of liquid dropped outside the test site; 
we used linear interpolation to complete this part of the data.   

Y. Gu et al.                                                                                                                      International Journal of Wildland Fire 

582 



position xi is expressed as y y[ 3 , + 3 ]i i i i,0 ,0 , and the 
integral of the ground liquid distribution η(xi, y) on 
y y[ 3 , + 3 ]i i i i,0 ,0 is: 

S x x y y

x y y

( ) = ( , )d

( , ) e d

i i

y

y
i

y y

3

+3
max

( )

2
i i

i i
i

i
,0

,0
,0

2

2 (3)  

where S(xi) is the area enclosed by the liquid distribution 
η(xi, y) and the ground in segment x x[ , + ]i

x
i

x
2 2 . 

Furthermore, the non-uniform two-dimensional continu-
ous global distribution is summed along the x direction. 
Considering that the non-uniform two-dimensional continu-
ous global distribution is composed of N segments and that 
each segment x x[ , + ]i

x
i

x
2 2 is approximately uniformly 

distributed along the x direction, the sum is: 

V xS x

x x y y

= ( ( ))

( , ) e d

N

N

y

y
i

y y

1
i

1 3

+3
max

( )
2

i i

i i
i

i
,0

,0
,0

2

2
i

k

jjjjjjjjj

y

{

zzzzzzzzz
(4)  

where V is the actual volume of drop liquid. 
Finally, combined with the calculation formula (Eqn 4), 

the ground fraction φ can be expressed as: 

V
Q

x x y y

Q
=

( , ) e d

,

0 100%

N
y
y

i1 3
+3

max
i i
i i

y yi

i
,0

,0
( ,0)2

2 2
i

k
jjjjjjj

y

{
zzzzzzz

(5)  

Method validation 

In this section, the ground fraction calculation method was 
validated by comparing the ground fraction obtained with 
this method with the values measured in actual drop tests. 
The measured ground fraction obtained from drop tests, the 
ground fraction calculated by the post-processing method, 
and the bias and relative bias between them are shown in  
Table 5. It can be seen that the calculated values from the 
post-processing method are in good agreement with the 
experimental values, with a relative bias of 9.50%, and 
maximum bias of 4.01%. In terms of the statistical analysis 
of the modelling results, although there is no universally 
accepted standard defined to evaluate the performance of 
drop model performance, the USDA Forest Service has 
adopted a value of 10% of the modulus of the percentage 
error as a quality requirement for this type of application 
(Amorim 2011). Obviously, the method proposed in this 
paper meets the requirements, which indicates that the 
method can calculate the ground fraction with good accu-
racy in areas cleared of vegetation and free of fire. T
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Results 

In this section, we aim to construct the relationship between 
the ground fraction φ and related parameters (drop velocity 
U, drop height H, dropped volume Q, average flow rate q, 
liquid density ρL and liquid viscosity μL). Considering that 
the firefighting agent is water, we construct a simple model 
of the ground fraction φ in terms of the main influencing 
parameters (U, H, Q, q) by combining the theoretical analy-
sis and data fitting method. Furthermore, we analyse the 
influence of liquid density ρL and liquid viscosity μL on the 
ground fraction φ and aim to determine the quantitative 
relationship between them. 

Ground fraction model for dropping water 

The relationship of the ground fraction φ with the drop 
velocity U and drop height H is given in Fig. 7. The ground 
fraction φ varies from 48.88 to 100%. It is not difficult to see 
that this parameter is very dispersed owing to the significant 
differences between the various test conditions. Similar con-
clusions are obtained when plotting the results as a function 
of the other parameters: the dropped volume Q, the average 
flow rate q, the liquid density ρL, and the liquid viscosity μL. 
It is impossible to determine the quantitative relationship 
between the ground fraction φ and the relevant parameters 
(U, H, Q, q). 

Therefore, in the case of water as a firefighting agent, 
we aim to determine the function for the relationship 
between the ground fraction φ and relevant parameters 
(U, H, Q, q) directly through theoretical derivation and 
then use the original data from the drop test for fitting to 
obtain the quantitative relationship between the ground 
fraction and relevant parameters. Combined with the 
study of Legendre et al. (2014), the ground fraction φ 
can be expressed as: 

x y
Q

U T
Q

e d d
=

2max g max
y2

2 2

(6)  

where Q is the dropped volume; Ug is the relative velocity 
between the plane and the ground; T is the duration of the 
drop, T = Q/q; max is the maximum coverage level of 

y( ); and σ is the standard deviation. Here, max and σ 
are unknown. 

Table 5. Comparison between the measured ground fraction obtained from drop tests and the ground fraction calculated by the post- 
processing method.       

Group Measured ground 
fraction (%) 

Ground fraction calculated 
by post-processing 

method (%) 

Bias (%) Relative 
bias (%)   

1 42.20 46.21 4.01 9.50 

2 43.22 45.40 2.18 5.04 

3 41.35 44.95 3.60 8.71 

4 42.52 44.08 1.56 3.67 

5 44.31 47.99 3.68 8.31 

6 42.08 45.07 2.99 7.11   
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Fig. 5. Simplified ground contour distribution after 
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The standard deviation (σ) is related to the width (D) 
(defined for η = 0.2 mm) by (Legendre et al. 2014): 

( )D f S

2(2 ln(2))
=

2(2 ln(2))

U S
U

0.5

1
0.1

0.2

0.5

w 12 2

air
2

(7)   

Here, f1 = 27 and f1 = 58 are used for the conventional 
gravity and the jet pressurised systems respectively; S is the area 
of the tank door; ρw is the density of water; ρair is the density 
of air; ρw/ρair is a constant; U1 is the mean liquid velocity at the 
tank exit, which equals q/S, where q is the averaged flow rate; 
and U is the relative velocity between the plane and the air. 

Finally, we obtain: 

F
q
U

( )max
w

2

air
2

0.2i
k
jjjjj

y
{
zzzzz (8)  

where, F ( ) = f U S
qmax 2(ln(2))

1 g 0.1
max

0.5 is a function of max. 
The non-dimensional analysis of the results permit us 
to determine m−0.8 for the dimension of F ( )max . 
According to the study of Legendre et al. (2014), max
may be related to the relative velocity between the 
plane and the ground Ug, the averaged flow rate q, the 
tank door area S, etc. 
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Therefore, we may assume the following expression for 
the general form of the ground fraction φ: 

K
q
U

w
2

air
2

0.2i
k
jjjjj

y
{
zzzzz (9)  

Here, K = k
A
1 , where k1 is a correction factor, and A is an 

unknown dimensional quantity. The non-dimensional anal-
ysis of the results also permit us to determine m0.8 for the 
dimension of A. Qualitatively, it is not difficult to under-
stand that when increasing the drop height H, the time for 
droplet dispersion and evaporation is increased to greatly 
reduce the ground fraction φ. In addition, according to  
Eqn 5, the dropped volume Q is a variable that is directly 
related to the ground fraction. 

Hence, we introduce the drop height H and the dropped 
volume Q to represent the unknown dimensional quantity A. 
The fit is carried out by combining the original data of the 
drop tests listed in Tables 2 and 4. As shown in Fig. 8, the 
appropriate dimensional quantity A that makes possible a 
unique description of the results is (HQ)0.2. Finally, using a 
linear fit, the ground fraction φ can be simply expressed as: 
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= 1.5385
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2
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Here, the range of values of dimensionless quantities is 

0.286 < ( )HQ
q
U

1
( )

0.2
0.2

w
2

air
2 < 0.463. 

It is not difficult to see that the ground fraction φ 
(44.1% < φ ≤ 69.4%) is mainly controlled by the drop 
velocity U, the drop height H, the average flow rate q and 
the dropped volume Q, and is directly proportional to q0.4 

and inversely proportional to U0.4, H0.2 and Q0.2. Compared 
with previous studies (Wu et al. 1998; Legendre et al. 2014), 
the result reveals the induced effects of drop height H on the 
ground pattern. 

These parameters are determined by the design of the 
aircraft and delivery system or the selection of the test 
conditions. The model presented could be used to design 
an aircraft and delivery system to meet the requirements for 
ground fraction φ. 

However, the above linear relationship between ground 
fraction and the dimensionless quantity (shown in Eqn 10) 
may not be applicable when the dimensionless quantity is less 
than 0.286 or greater than 0.463. For example, it is almost 
impossible for the ground fraction to reach 100% owing to 
plane wake capture, wind dispersion or evaporation. 

Therefore, we propose the following hypothesis: (1) 
when conditions (e.g. ambient temperature, humidity not 
considered in this paper) are certain, the dimensionless 
quantity becomes larger, the ground fraction becomes 
higher and gradually closer to 100%; (2) when the dimen-
sionless quantity is equal to 0, the ground fraction is equal to 
0. Mathematically, the ground fraction conforms to a func-
tional form that may have the following characteristics: 
(1) it passes through the (0, 0) point; (2) it has a horizontal 
asymptote of φ = 100%. Therefore, we speculate that the 
ground distribution may obey the distribution of the inverse 
tangent function; the expression of the ground fraction 
obtained by fitting is (shown in Fig. 9) 
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Here, the correction factor k1 = 3.29, and 2 is the normal-
isation factor. It is easy to understand that the equation 
can be simplified to different linear distributions for 
fast estimation needs in engineering. For example, when 

0.286 < ( )HQ
q
U

1
( )

0.2
0.2

w
2

air
2 < 0.463, Eqn 11 can be approxi-

mated by Eqn 10. 
Now, we consider that the average flow rate q can be 

expressed by the product of the tank door area S and the 
mean liquid velocity at the tank exit Ul. Ultimately, we 
obtain: 
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The tank door area S and the mean liquid velocity at the 
tank exit Ul determined in the design of the delivery system 
are also main factors in the ground fraction φ. 
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From the momentum ratio p = U
U

w l2

air
2, we simplify the 

ground fraction to: 
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We find that the ground fraction φ is proportional to p0.2, 
which is consistent with the conclusion drawn by Legendre 
et al. (2014). This conclusion can be explained by the results 
of a large number of experimental studies devoted to jet 
atomisation in crossflows (Oda et al. 1994; Inamura and 
Nagai 1997; Wu et al. 1998). With increasing momentum 
ratio, the dispersion effect of droplets perpendicular to the 
flight direction is weakened, and the time for droplet dis-
persion and evaporation is decreased, thus significantly 
increasing the ground fraction. Therefore, we infer that, 
compared with gravity delivery systems, pressurised jet 
delivery systems can greatly increase the ground fraction 
by increasing the mean liquid velocity at the tank exit Ul. 

In addition, we observe the same trend for helicopters 
and airplanes (see Fig. 9), showing that the downwash 
induced by a rotor does not have a dominant effect on liquid 
atomisation and evaporation. This is consistent with the 
conclusion drawn by Legendre et al. (2014) when studying 
the mean liquid distribution model. 

Effect of liquid density and liquid viscosity on the 
ground fraction 

Assuming that the firefighting agent in all drop tests is 
water, the evolution of the ground fraction φ with the 

non-dimensional quantity ( )HQ
q
U

1
( )

0.2
0.2

w
2

air
2 is shown in  

Fig. 10. The results show that the actual ground fraction is 
significantly higher when using retardants than the pre-
dicted value of the developed model, which can be 
explained by the research of Andersen et al. (1974) and  
Andersen and Wong (1978). By adding a fraction of gum 
to water, the basic physical parameters of the product are 
significantly changed, especially density and viscosity. 
When the liquid density and liquid viscosity are increased, 
the proportion of smaller droplets is decreased, and the 
proportion of droplets subjected to evaporation, dispersion 
and capture in the wake is decreased; thus, the ground 
fraction is greatly increased. 

However, drop testing using retardants has rarely been 
performed. This may be due to the cost of the experiment 
being very high. Therefore, we select eight groups of drop 
tests from the CDF S2F-Turbo Firecat aircraft with a known 
liquid density ρL and liquid viscosity μL (see Table 3) to 
study the quantitative relationship between the ground frac-
tion φ and liquid density ρL and liquid viscosity μL. Owing to 

the use of retardants, the momentum ratio is p = U
U

L l2

air
2. 

Inserting this expression into Eqn 11, we obtain the follow-
ing expression for the ground fraction φ, which indicates the 
influence of liquid density ρL: 
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However, the known measurement range of liquid density 
ρL in the drop retardant test is quite small (ρL =  

1000–1078 kg/m3); that is, ( )0.2
L

w
≈ 1, which is not suffi-

cient to reflect the influence of liquid density ρL. 
Furthermore, we consider the influence of liquid viscosity 

μL on the ground fraction. By introducing the viscosity ratio 
µ
µ

L

w
and correction factor k2, the non-dimensional quantity 

becomes µ
µ ( )( )k
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q
U

1
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L
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L

2
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2 . As shown in Fig. 11, we 

obtained k2 = 0.53 by fitting an inverse tangent function. 
The ground fraction can be expressed as: 
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Here, the correction factor k1 = 3.29 and k2 = 0.53. 
We find that the ground fraction φ is mainly controlled 

by the drop velocity U, drop height H, average flow rate q, 
dropped volume Q, liquid density ρL and liquid viscosity μL, 
which further expands the main influencing factors of the 
ground fraction. Meanwhile, the results show that the liquid 
viscosity has a more significant effect on the ground fraction 
than the other factors. Compared with previous studies 
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(Wu et al. 1998; Legendre et al. 2014), the result reveals the 
induced effects of drop height H and liquid viscosity μL on 
the ground pattern. These factors are determined by the 
fraction of gum added to water. The presented model can 
be used to determine the optimal fraction of added gum to 
obtain a desirable ground fraction. 

In addition, when water is used as the firefighting agent 
(μL = μw, ρL = ρw), Eqn 15 can be simplified into Eqn 11; 
that is, the ground fractions of different firefighting agents 
conform to the same trend. 

Discussion 

The previous sections show the simple relationship between 
the ground fraction and the conditions of the drop tests, 
such as the drop velocity, drop height, average flow rate, 
dropped volume, liquid density and liquid viscosity. 
However, the effects of the error caused by ground fraction 
calculation methods (shown in the Methods section) and 
real wildfire conditions (e.g. high winds, dryness, high tem-
peratures, vegetation) on ground fraction have not been 
discussed. In addition, the application and applicability of 
the ground fraction model have not been introduced. 

In this section, we first analyse the effects of the error 
caused by the post-processing method and real wildfire 
conditions on the ground fraction. Then, we apply the 
ground fraction model to solve for the maximum coverage 
level max of the mean liquid distribution y( ) under con-
stant flow rate conditions. Finally, we briefly discuss the 
applicable scope of the ground fraction model. 
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Effects of the error caused by the post-processing 
method and real wildfire conditions on the 
ground fraction 

The ground fraction calculation method can calculate the 
ground fraction with good accuracy in areas cleared of vege-
tation and free of fire. However, as shown in Table 5, the 
ground fraction calculated by this method is always slightly 
higher than the experimentally measured ground fraction. This 
may be caused by the fact that the contour distribution used 
for the global optimisation fit is too sparse and does not fully 
reflect the actual experimental data characteristics. In addi-
tion, the measured ground patterns obey a skewed distribution 
rather than a normal distribution under the effect of lateral 
winds, which may be another reason for the overestimation. 
This overestimation may account for the 100% ground fraction 
of some of the drop experiments in Results section. 

In addition, real fire conditions (e.g. high winds, dryness, 
high temperatures, vegetation) may also be a key factor 
affecting the ground fraction. For example, it is conceivable 
that evaporation due to high temperatures and dryness may 
cause a significant part of fluid loss, thereby reducing the 
ground fraction. However, the above speculations have not 
been confirmed, owing to the difficulty of accessing and 
observing drop effects on wildfires (George 1990). In the 
future, drop experiments under real wildfire conditions are 
needed to provide basic data support for modifying the 
ground fraction model. 

Solution of the maximum coverage level of the 
mean liquid distribution based on the ground 
fraction model 

As mentioned in Data section, Legendre et al. (2014) showed 
that the ground pattern can be simplified as shown in Fig. 5, 
that is, a uniform distribution along the flight direction (x) 
and the mean liquid distribution y( ) perpendicular to the 
flight direction (y). In this work, the maximum coverage 
level max of the mean liquid distribution y( ) needs to be 
estimated according to the actual coverage distribution of a 
full-scale drop test. In this section, we directly solve an 
equation for the maximum coverage level max by using 
the proposed model of the ground fraction φ to construct 
a theoretical model of the mean liquid distribution y( ). 

From Eqns 6 and 7, we obtain: 
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Substituting Eqn 15 into Eqn 16 yields 
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where C = f
4(ln(2))0.5

1
1.5 ; f1 = 27 and f1 = 58 are used for the 

conventional gravity and the jet pressurised systems respec-
tively; k1 = 3.29; k2 = 0.53; Q is the dropped volume; q is 
the average flow rate; Ug is the relative velocity between the 
plane and the ground; U is the drop velocity; H is the drop 
height; S is the area of the tank door; μL is the liquid 
viscosity; and ρL is the liquid density. 

It is not difficult to see that the maximum coverage level 
max is controlled by the average flow rate q, relative veloc-

ity between the plane and the ground Ug, area of the tank 
door S, drop height H, dropped volume Q, and liquid vis-
cosity μL. This reveals the induced effects of drop height, 
liquid viscosity, flow rate and other factors on the maximum 
coverage level max of ground pattern. 

In addition, by substituting Eqn 17 into Eqn 1, a simple 
model of the mean liquid distribution y( )based on relevant 
parameters can be directly established. This model may be 
used to inform the design of new aircraft and delivery 
systems or the optimisation of an existing delivery system. 
Meanwhile, a simple model for ground pattern has the 
characteristics of fast calculation and low cost, and can 
predict ground distribution under different aircraft, delivery 
systems and flight conditions. Combined with information 
such as impact on fire behaviour, this enables evaluation of 
the effectiveness of aerial firefighting drops, the results of 
which can help determine cost effectiveness and enable 
operational procedures to be more comprehensively evalu-
ated (Plucinski and Pastor 2013). 

Scope of application of the ground fraction model 

The experimental conditions of all drop tests collected in 
this study satisfy 
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Drop experiments satisfying the dimensionless quantity less 
than 0.22 have not been reported. This may be because the 
ground fraction is greatly reduced in such conditions owing 
to effects of plane wake capture, wind dispersion or eva-
poration, which may be unacceptable in actual wildfire 
management. In the future, we will conduct experiments 
or numerical simulations under such conditions to verify 
the applicability of the ground fraction model. 

In addition, the effect of real fire conditions (e.g. high 
winds, dryness, high temperatures, vegetation) have not 
been considered. However, drop testing under real wildfire 
conditions has rarely been performed. This may be owing to 
the difficulty of accessing and observing the drop effects on 
wildfires (George 1990). In the future, drop experiments 
under real wildfire conditions are needed to provide basic 
data support for extending the applicability of ground frac-
tion models. 
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Conclusions 

In this paper, we proposed a simple model for the ground 
fraction by directly using full-scale drop test data for differ-
ent firefighting agents for fitting. Furthermore, the induced 
effects of drop velocity, drop height, liquid viscosity and 
other factors on the ground pattern were revealed. 

The main conclusions are listed below:  

(a) Based on a theoretical analysis and the data fitting 
method, a simple model of the relationship between 
the ground fraction and relevant parameters is proposed. 
The result shows that the ground fraction is controlled 
mainly by the drop velocity, drop height, average flow 
rate, dropped volume, liquid density and liquid viscosity, 
and the liquid viscosity has a more significant effect on 
the ground fraction than the other factors.  

(b) The proposed model of the ground fraction was used to 
solve for the maximum coverage level of the mean 
liquid distribution. The result reveals the induced effects 
of the relevant parameters on the maximum coverage 
level, which may be used to inform the design of new 
aircraft and delivery systems or the optimisation of an 
existing delivery system. Combined with information 
such as impact on fire behaviour, this enables evalua-
tion of the effectiveness of aerial firefighting drops, the 
results of which can help determine cost effectiveness 
and enable operational procedures to be more compre-
hensively evaluated. 

Future development could include (1) carrying out more 
drop tests to verify the applicability of the ground fraction 
model proposed in this paper; (2) developing a tank flow 
model to replace the average flow rate q in this model and 
predict the actual ground pattern; and (3) including envir-
onmental factors, such as ambient temperature and humid-
ity, which are known to influence the ground fraction but 
are not recorded during drop testing, making it necessary to 
explore the influence of more factors on the ground fraction 
through experimental research. 
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Appendix A. Calculation method of the average flow rate 

The flow rate is linked to the duration t of the drop and the volume released Q by  

q Q
t

= (19)  

After averaging changes in flow rate and other random factors along the flight direction, the ground pattern can be simplified 
as shown in Fig. 5, that is, the uniform distribution along the flight direction (x). As the volume released Q > 0.28 m3, the 
duration t of the drop can be expressed by Legendre et al. (2014):  

t L
U

= 2D
g

(20)  

If Q ≤ 0.28 m3, then the duration t of the drop is approximated by:  

t L
U

=
g

(21)   

where Ug is the relative velocity between the plane and the ground, and, considering that the wind speed is small relative 
to the drop velocity U in the drop test, this velocity may be approximated by Ug = U. L is the length of the coverage 
distribution along the flight direction and D is the width of the coverage distribution perpendicular to the flight direction, all 
of which can be obtained directly from the contour distribution. Ultimately, the average flow rate q can be calculated by:  

q QU
L

Q=
2D

, (if > 0.28 m )3 (22)   

q QU
L

Q= , (if 0.28 m )3 (23)     
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