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Abstract

Aerial forest firefighting is a critical technology for wildfire suppression. Recent studies
have examined suppression agent drop dynamics, deposition patterns, and optimiza-
tion strategies. This review synthesizes advances from three perspectives: (i) in-flight
suppression agent jet dynamics, (ii) ground deposition patterns, and (iii) suppression
effectiveness, while outlining future research directions. Flight altitude, velocity, and
momentum ratio govern jet behavior—affecting penetration, expansion, and breakup. Mo-
mentum ratio, shaped by drop velocity and aircraft speed, is pivotal in penetration depth
and fragmentation. Deposition patterns vary with delivery systems and flight parameters:
low-altitude /low-speed drops yield higher coverage density over smaller areas, whereas
high-altitude /high-speed drops cover larger areas but less densely. Suppression efficacy
depends on fire intensity—vegetation interactions, droplet size—coverage requirements, and
operational parameters such as response time, aircraft capacity, and real-time intelligence.
Large droplets excel in cooling high-intensity flames, while fine droplets provide efficient
area coverage. Adequate resources and integrated data enhance outcomes. Future work
should couple multi-physics models of terrain, meteorology, and fire plume dynamics, and
develop integrated deposition models including wind, thermodynamics, terrain, and fire
behavior to optimize aerial dispersion in diverse wildfire scenarios.

Keywords: aerial forest firefighting; aerial-dropped suppression agent; coverage area;
coverage level; firefighting effectiveness

1. Introduction

Forest fires pose major ecological and environmental threats worldwide. Their increas-
ing frequency and intensity degrade air quality, intensify climate change, and endanger
lives and property [1,2]. Recent climate warming and extreme weather have expanded
both high-risk fire zones and global burned area [3,4]. At the same time, delayed response
and high flame intensity make many fires difficult to control. Numerous studies [5-8] have
shown that aerial firefighting is effective for suppressing large fires, making it a major focus
of wildfire management research [9,10].

Aerial firefighting mainly uses fixed-wing aircraft, including amphibious aircraft and
helicopters. Because these platforms differ in payload, water intake method, and flight
mode, each serves a distinct operational role [11,12]. Amphibious aircraft (e.g., AVIC
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Fight direction

AG600 and Beriev Be-200) can operate from both land and water and usually refill in less
than 1 min from nearby lakes, reservoirs, or coastal waters. Although they carry less water
than land-based fixed-wing airtankers, their rapid turnaround can greatly increase sortie
frequency when water sources are close to the fire. Land-based fixed-wing aircraft (e.g., De
Havilland Canada Dash 8 and McDonnell Douglas DC-10) offer larger payloads, longer
range, and higher airspeeds. They also tolerate crosswinds and turbulence better than
many smaller amphibious aircraft or helicopters, which makes them well-suited to inland
dry regions, mountainous areas without large water bodies, and firegrounds lacking nearby
open water. Under strong winds, dense smoke, and low visibility, they may also provide
greater flight stability and safety [11]. Helicopters (e.g., Chang Z-8 and Erickson 5-64 Air
Crane) usually have moderate refill times of about 2 min and lower payloads, but they excel
in precision drops. Their vertical takeoff and landing capability allows targeted delivery in
difficult terrain, including high-altitude forests and rugged landscapes.

In aerial forest firefighting, aircraft either build firebreaks by dropping agent along
the flanks of a fire or attack flames directly with rapid suppressant delivery [13]. Research
has therefore focused on two core issues: in-flight drop dynamics and ground deposition
patterns [14,15]. As shown in Figure 1, the released liquid forms a column that deforms,
breaks up, and atomizes into droplets during descent. These droplets then penetrate the
fire plume, deposit on fuels, and suppress combustion through cooling and smothering.
Their behavior depends on flight conditions such as altitude and airspeed, meteorological
conditions such as wind and turbulence, terrain complexity, and fire dynamics, including
flame intensity and plume behavior. Suppression effectiveness further depends on fuel type,
fuel moisture, and fire intensity [13,16-18]. This review synthesizes current knowledge
of aerial agent dispersion, deposition, and suppression effectiveness, and highlights key
limitations and future research needs.

Atomization of fire

extinguishing agent
’ gu g ag

Figure 1. Schematic diagram of penetration, atomization and ground pattern of fire extinguishing
agent after dropping.
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These three parts of the review are best understood as a continuous mechanistic
chain rather than independent topics: in-flight dispersion governs droplet breakup and
transport, these processes shape ground deposition, and the resulting coverage determines
suppression effectiveness. Although the literature has advanced understanding at each
stage, major gaps remain across the full chain. In particular, five questions stand out:
(1) How can breakup regime, droplet-size evolution, and final ground deposition be linked
quantitatively under realistic aerial firefighting conditions? (2) How do fire intensity, fuel
structure, terrain, ambient wind, and fire-induced plume dynamics jointly affect optimal
drop altitude, flight speed, and release-system type? (3) What droplet-size distributions
and coverage thresholds are needed for different objectives, such as direct attack on crown
fires versus indirect firebreak construction? (4) How can existing empirical and theoretical
models be extended and validated across aircraft platforms, suppressant properties, and
atmospheric conditions? (5) How can real-time fireground information, aircraft availability,
and resource scheduling be integrated with drop-physics and deposition models to support
dynamic decision-making? Answering these questions would help move the field from
isolated physical descriptions and empirical observations toward a unified predictive and
decision-support framework for aerial forest firefighting.

2. Dispersion Mechanism of Aerial-Dropped Fire Extinguishing Agent

The aerial release of fire extinguishing agents is essentially a high-speed jet process
controlled by deformation and breakup [19,20]. Because aerial firefighting uses large dis-
charge openings rather than conventional small nozzles, the jet evolves in a more complex
way during flight. The process can be divided into two related stages. The first is vertical
penetration of the liquid column, driven mainly by initial jet momentum and gravity; this
stage determines plume or canopy penetration and strongly affects ground coverage. The
second is transverse expansion, governed by surface instabilities, aerodynamic drag, and
surface tension, which stretch the liquid column into films and filaments [19]. Aerodynamic
loading together with Rayleigh-Taylor (R-T) and Kelvin-Helmholtz (K-H) instabilities then
drives secondary breakup and atomization into polydisperse droplets [15,21]. Current stud-
ies aim to quantify this evolution, including jet trajectory, deformation, and the resulting
droplet-size distribution, because these factors are essential for predicting ground patterns,
optimizing drop parameters, and improving aerial firefighting performance [15,22-25].

2.1. Deformation Characteristics of Fire Extinguishing Agent

After release from an aircraft, the liquid undergoes strong vertical and lateral defor-
mation. Vertically, aerodynamic drag and impact alter the jet trajectory [15,25]. Laterally,
crossflow shear bends and spreads the liquid column, as shown in Figure 2. Understanding
this in-flight evolution is essential for improving drop performance and ground-coverage
accuracy. Vertical penetration and transverse expansion depend on both liquid and airflow
properties, including liquid velocity, density, surface tension, and viscosity, as well as air
velocity, air density, and nozzle diameter [19,26]. These effects are commonly described by
dimensionless groups such as the momentum ratio (q), Weber number (We), Froude num-
ber (Fr), and Reynolds number (Re) [14,20,27]. The Weber number measures the balance
between inertial and surface-tension forces and is therefore closely related to breakup. The
Froude number represents the ratio of inertial to gravitational forces and reflects vertical jet
stability. The Reynolds number describes the balance between inertial and viscous forces
and indicates the flow regime and spreading tendency. The momentum ratio compares jet
momentum with crossflow momentum and is a key indicator of penetration depth [26,28]:
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where p; and p, are the densities of the liquid and air, kg/m3. U] is the liquid injection
velocity, m/s, and U, is the relative horizontal velocity between the surrounding air and
the liquid, m/s. To interpret the literature, we relate the momentum ratio to two key
performance indicators: vertical penetration and transverse expansion. Both directly
affect drop effectiveness. As shown in Figure 3, changes in momentum ratio strongly
influence both penetration depth and expansion width [19]. In general, both increase
as the momentum ratio increases. Studying these trends helps predict jet trajectory [29]
and, ultimately, the ground deposition pattern [23,30]. A high momentum ratio allows
the jet to penetrate canopy layers and reach the target fire zone more effectively, which is
advantageous for high-intensity fires. By contrast, a low momentum ratio makes the jet
more sensitive to crosswind dispersion, producing broader coverage that may be useful
for rapid control of large surface fires. Experimental studies and CFD simulations have

quantified these effects.

Transverse expansion

(b)

Figure 2. Schematic of jet deformation [15]. ((a) Vertical penetration. (b) Transverse expansion).
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Figure 3. Variation trends of vertical penetration and transverse expansion with momentum ratio.
(a) Trend of vertical penetration with increasing momentum ratio [28,31-34]. (b) Transverse expansion
at different momentum ratios [35].

Before breakup, jet deformation can be described mainly through changes in
trajectory [25]. By measuring jet length or breakup-point location, which reflects ver-
tical penetration depth, many studies [19,26] have identified a power-law relationship
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between penetration and momentum ratio: penetration increases as momentum ratio in-
creases [29,35], as illustrated in Figure 3a. Rouaix et al. [19] used numerical simulations
to increase the momentum ratio from 4.3 to 39 and reported roughly a twofold increase
in penetration depth. Wu et al. [32] varied gas and liquid velocities in wind-tunnel tests,
increasing the momentum ratio from 2 to 100, and found penetration depths ranging from
4 to nearly 100 nozzle diameters. Pourrousta et al. [28] studied small-scale jets and showed
that increasing the momentum ratio from 5 to 211 extended the breakup-point distance
by 94%. During penetration, the jet also spreads laterally under crossflow shear [19,34],
and this transverse expansion is likewise controlled by momentum ratio [19,36]. Masuda
and McDonell [35] examined distilled-liquid jets at T = 350-475 K and p = 3.7-6.4 atm with
momentum ratios of 2.3-30.5. As shown in Figure 3b, higher momentum ratios produced
stronger lateral spreading. This finding indicates that jet expansion depends not only on
travel distance but also strongly on momentum ratio. As the momentum ratio increases,
the wider transverse spread changes both the size and distribution of the final coverage
area. BelloFiore et al. [37] also showed that increasing the gas density ratio, and thus the
momentum ratio, caused the jet width to expand rapidly at first and then level off. Together,
these studies clarify how environmental conditions affect jet behavior and provide a basis
for optimizing aerial drops, especially in mountainous or high-altitude environments.

In summary, when the momentum ratio is low, jet inertia is small relative to the
surrounding airflow. The jet, therefore, cannot overcome aerodynamic drag, bends more
easily, and shows both shallow penetration and limited lateral spread. As the momentum
ratio increases, jet inertia becomes dominant, allowing the liquid column to resist aerody-
namic disturbance and maintain its structure, which increases both vertical penetration
and transverse expansion. At still higher momentum ratios, airflow resistance becomes
less important, the breakup point shifts downstream, and ambient-air entrainment further
increases penetration and spread (Figure 4) [27,38—40]. From an operational perspective,
high-momentum-ratio drops are better suited to crown fires and other high-intensity fires
because they can better withstand strong thermal plumes and turbulence. Low-momentum-
ratio drops are more suitable for surface or low-intensity fires without canopy obstruction
because they promote aerodynamic shearing, faster breakup, and wider area coverage.

(a) (b) (c)
Figure 4. Vertical penetration depths of jets at different momentum ratios [34]. (a) Low momentum
ratio. (b) Moderate momentum ratio. (¢) High momentum ratio.

Momentum ratio influences not only penetration and expansion but also jet-trajectory
shape. As shown in Figure 5, trajectories are generally classified as linear or parabolic.
Wind-tunnel experiments by Ito et al. [14] showed that, at constant Froude number (Fr),
trajectories tend to collapse onto a similar form. Using a pulsed shadowgraph technique,
Wu et al. [28] proposed an empirical formula for jet trajectory, y/d = C14%2, where d
denotes the nozzle diameter, y denotes the distance of vertical penetration, and C; and C,
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are fitting parameters dependent on experimental conditions, fluid type, and environmental
factors. Legendre [15] studied the effect of the Richardson number (Ri) in determining
jet trajectory shape and classified trajectories as linear when (Ri < 1) and parabolic when
(Ri > 1), establishing separate empirical models for each case. The linear trajectory model is
expressed as x ~ Cqy?/D (see Figure 5a), while the parabolic trajectory model is expressed
as x ~ CRigy (see Figure 5b), where Ri = gD/ U,?, g represents gravitational acceleration,
m/s?, x represents the distance of vertical penetration, and D is the characteristic diameter of
the liquid jet, m. These studies collectively highlight the relationships between jet trajectory
morphology and dimensionless numbers such as Fr and Ri, while also reinforcing the link
between momentum ratio and vertical penetration depth. Therefore, optimizing aerial drop
strategies should take into account fire intensity, terrain, and prevailing meteorological
conditions. By incorporating appropriate trajectory models, operational parameters such
as nozzle diameter and ejection velocity can be adjusted to improve the precision of fire
extinguishing agent release and enhance the firefighting efficiency.

Linear trajectory

Parabolic trajectory

(a) (b)

Figure 5. Drop trajectories of aerial firefighting aircraft [15]. (a) Linear trajectory. (b) Parabolic trajectory.

2.2. Breakup Characteristics of Fire Extinguishing Agent Jet

Jet breakup is the disintegration of a liquid jet into droplets under external forces such
as crossflow air and gravity. It is commonly divided into two modes: column breakup
(CBU) and surface breakup (SBU) [41], as shown in Figure 6. Understanding these mech-
anisms is essential for predicting droplet distribution and coverage range, and therefore
for improving the uniformity and efficiency of agent deposition in the target area. Both
breakup modes shape the initial droplet-size distribution, which is fundamental to any
predictive model [22,42,43]. Column breakup usually occurs downstream of the release
door. It is driven by the large density difference between the liquid jet and the surrounding
air, which promotes Rayleigh-Taylor instabilities [44,45]. These instabilities rupture the jet
core and produce relatively large liquid fragments. As the liquid travels farther from the
door, the breakup continues, the column bends, and the fragments further atomize [44,45].
Surface breakup, by contrast, begins at the liquid—air interface [15]. There, the large ve-
locity gradient triggers Kelvin—-Helmholtz instabilities that continuously strip off films
and filaments, which then fragment into many small droplets. Because surface breakup
produces much finer droplets than column breakup, it generates a highly atomized droplet
cloud [31]. These breakup differences strongly affect the ground deposition pattern [23,46]
and thus the final coverage and suppression performance.
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(a) Column breakup
(b) Surface breakup
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Figure 6. Instability-induced breakup of fire extinguishing agent.

Experimental studies show that jet breakup depends strongly on flight conditions,
especially drop altitude and airspeed. Increasing drop altitude lengthens the time during
which the liquid is exposed to gravity and aerodynamic forces, promoting more complete
breakup and producing smaller droplets [47-49]. Within a certain altitude range, breakup
and collision-driven coalescence can reach a dynamic balance, so the mean droplet diameter
eventually stabilizes [50,51]. Airspeed also shows a strong inverse relationship with droplet
size. At low airspeed, droplet sizes are broader and generally larger, often following an
approximately log-normal distribution. At high airspeed, droplets become smaller, and the
size distribution becomes narrower [52,53]. Operationally, these results suggest that low-
altitude, low-speed drops limit breakup and preserve penetration, which is advantageous
for crown fires. By contrast, high-altitude, high-speed drops promote strong atomization
and broader surface coverage, which may be more effective for open surface fires without
dense canopy cover.

To improve predictions of droplet-size distributions, researchers have developed sev-
eral empirical models based on experimental data [42,54]. A representative approach uses
a statistical distribution normalized by a k-order Gamma function: Py(x) = x*~1e %Kk /T (k).
Kuznetsov et al. [43] analyzed experimental data from Magarvey and Taylor [48] to derive
an empirical correlation for the mean droplet diameter (dy,). This correlation couples key
dimensionless numbers, specifically the Weber number (We) and Reynolds number (Re):

Qxd d

_ —-0.5 -0.5
dm = (k1 x We %5 4k, x Re )g(k3 <u)

@)
where dy, represents the average diameter of the droplet, m; We = pjv?5/c; Re = pjvd/ u;
6 represents characteristic dimensions of jet diameter, m; ¢ represents surface tension,
N/m; p represents the viscosity of a liquid, Pa-s; v is the relative velocity of gases and
liquids, m/s; Q represents volumetric flow rate, m3/s; ki, ky, and kj are empirical coeffi-
cients. Equation (2) provides a useful framework for linking the atomization behavior of
aerially released fire extinguishing agents to key physical and aerodynamic parameters.
By combining the Weber and Reynolds numbers, it captures the effects of inertia, surface
tension, viscosity, and gas-liquid relative motion on droplet breakup and mean droplet
size. The model therefore helps explain how flight conditions, discharge conditions, and
liquid properties jointly shape the final dispersion state of the extinguishing agent. Because
droplet size also affects evaporation loss, canopy penetration, ground deposition, and
suppression effectiveness, Equation (2) forms an important link between breakup physics
and practical aerial firefighting performance.
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This model quantitatively links mean droplet diameter to the key dimensionless
parameters governing atomization. A higher Weber number implies stronger inertial
effects relative to surface tension and therefore more intense breakup. A higher Reynolds
number indicates stronger turbulence and likewise promotes droplet fragmentation [54].
Under stronger inertia and turbulence, the number of secondary droplets increases, and
their characteristic size decreases, so the mean droplet diameter (d,) is inversely related to
both We and Re. Under high flow-rate conditions (10-15 L/s), Equation (2) predicts mean
droplet diameter with good accuracy, with typical deviations from measurements below
10% [43]. This level of agreement makes the model useful for practical optimization of
suppression strategies.

The transition from in-flight breakup to final ground deposition is governed largely by
the resulting droplet-size distribution. Column breakup tends to produce larger fragments,
whereas surface breakup produces finer droplets. This distinction matters because small
droplets are more easily advected by ambient air and evaporated, increasing drift and
potentially reducing local coverage, while larger droplets are more stable during descent
and penetrate vegetation and fire plumes more effectively. Momentum ratio further affects
the final deposition pattern by controlling not only vertical penetration but also transverse
expansion. Even so, the current literature still lacks enough direct quantitative evidence
to establish a universal coupling among breakup regime, droplet-size evolution, and final
ground deposition under realistic aerial firefighting conditions. Resolving this gap remains
an important direction for future research.

Overall, research on the deformation and breakup of aerially released fire extinguish-
ing agents has advanced considerably, but most studies still rely on simplified experiments
and idealized analysis. Future work should focus more directly on realistic aerial firefight-
ing conditions and, in particular, on the coupled effects of aircraft operating parameters,
ambient crosswind, fire-induced updrafts, complex terrain, and canopy structure on pene-
tration, expansion, and trajectory evolution. Most wind-tunnel studies and simulations
have used water or water-like liquids, and the limited work on other fluids suggests that
the main breakup behavior remains broadly similar because the same instability mech-
anisms and dimensionless groups still dominate. However, the applicability of current
trajectory and penetration models to practical retardants with different physicochemical
properties and under varying atmospheric conditions still needs to be tested. More full-
scale experiments and high-fidelity multiphase simulations are also needed to bridge the
gap between laboratory studies and real operations. More broadly, future studies should
move beyond isolated descriptions of jet deformation and build an integrated framework
that links in-flight deformation, droplet breakup, ground deposition, coverage level, and
actual suppression effectiveness.

3. Deposition Mechanism of Aerial-Dropped Fire Extinguishing Agent

As discussed above, the final coverage area and coverage level are controlled by the
preceding dispersion and deposition processes. Together with droplet size and fire condi-
tions, these deposition characteristics determine practical suppression effectiveness [21,55].
In practice, however, ground deposition is often highly non-uniform because droplet tra-
jectories are shaped by several interacting environmental factors. Ambient wind speed
and direction [27,56] can displace droplets from their intended paths, flight altitude [23,57]
changes airborne residence time and thus the landing position, and flight speed [58],
together with initial ejection velocity, controls the longitudinal extent of the drop pat-
tern. Temperature, atmospheric turbulence, and terrain further modify local airflow and
droplet evaporation, which also changes deposition. To clarify these effects, researchers
have combined high-fidelity numerical simulations [56,59,60], controlled wind-tunnel
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experiments [14,23], and full-scale drop tests [30,55,61]. The goal is to develop predictive
models for diverse operating and environmental conditions and thereby support better
aerial firefighting strategies [62].

3.1. Coverage Area of Fire Extinguishing Agent

After release from the aircraft, the fire extinguishing agent breaks up, expands, and
settles before forming a ground coverage area. To estimate that area, Legendre et al. [58]
derived empirical expressions for coverage length (L) and width (A). Coverage length
was controlled mainly by aircraft ground-relative speed (U,) and drop duration (T); the
primary contribution was assumed to be the distance traveled by the aircraft during the
drop, i.e., U,T, where T represents the duration of the liquid decline, s. Because measured
ground patterns were consistently longer than U,T, an additional longitudinal-dispersion
term proportional to pattern width was introduced. The resulting empirical expression for
coverage length is

L=UT+ f1A, 3)

where f1 is the empirical coefficient; A represents the coverage width, m. For the lateral
coverage width (1), dimensional analysis indicated that the dominant controlling parameter
is the momentum ratio (g), which is consistent with classical studies of liquid jets in
crossflow. The appropriate characteristic length scale was identified as ds = S'/2, where
S is the exit area of the release door or nozzle, m?. This effect is particularly evident in a
pressurized system, where higher injection velocity and increased inertia result in broader
dispersion. The empirical formula for estimating the lateral coverage width is expressed as

A:f2sl/2ql/5, (4)

where f, is the empirical coefficient; g represents the momentum ratio. The empirical
parameters f1 and f, vary under different conditions. When the wind speed is less than
1.5 m/s, the value of the empirical coefficient f; is 2, and the value of the empirical coeffi-
cient f, is 27 in a gravity feed system and 58 in a pressurized system [63]. Experiments at
the CEREN laboratory in France validated the model under these low-wind conditions [58].
However, its predictive accuracy declines markedly when wind speed exceeds 1.5 m/s,
showing that it remains a low-wind empirical model. Based on the literature reviewed
here, no universally validated coverage model yet exists for higher wind speeds. Extending
prediction to wind speeds above 1.5 m/s is therefore an important research priority. Such
a model will likely need to include mean-wind advection, wind direction, atmospheric
turbulence, droplet breakup and size evolution, drag, gravitational settling, evaporation,
fire-plume interaction, and terrain and canopy effects, so that the final ground pattern
can be predicted within an integrated multiphysics framework rather than by empirical
extrapolation alone. Coverage area also depends strongly on the delivery system and flight
conditions [21]. The two main aerial delivery systems are gravity-feed and pressurized
systems [21,63], and they produce different deposition patterns. Gravity-feed systems rely
on gravity to discharge the liquid, giving them a simple structure and broad compatibility
with different agents. Pressurized systems use pumps or compressed gas to increase tank
pressure and release velocity, which intensifies shear, promotes finer atomization, and in-
creases lateral momentum. As a result, they generally produce broader and more uniform
coverage than gravity-feed systems [60,63].

Flight conditions strongly influence the coverage area by controlling droplet dy-
namics. Experimental and numerical studies have quantified the effects of altitude and
speed. Suter [61] and Qureshi et al. [64] analyzed coverage patterns under different
flight conditions by varying altitude and velocity. Based on Froude-number similarity,
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Yang et al. [23] used wind-tunnel experiments to examine how airflow conditions affect
coverage. Guan et al. [56] used a Smoothed Particle Hydrodynamics (SPH) model, and
Sun et al. [46] incorporated full-scale aircraft data to quantify the relationship between
coverage area and flight parameters. Lower drop altitudes limit plume expansion and
therefore produce smaller, more regular coverage areas. Higher altitudes increase airborne
residence time and allow longer interaction with the surrounding air, which broadens
dispersion. Flight speed affects the pattern differently: higher speed gives the liquid more
initial horizontal momentum, stretches the plume downwind, increases the coverage aspect
ratio, and concentrates deposition along the flight path. As shown in Table 1, deposition
patterns vary substantially across aircraft types and operating conditions. With respect to
the delivery system, the B-747 pressurized system produces a more uniform pattern than
the DC-10 gravity-feed system, with more continuous and concentrated high-coverage
zones. With respect to altitude, the B-747 operates at a higher altitude than the MAFFS
II 2008 and achieves broader dispersion because of the longer air-interaction time, which
reduces the aspect ratio. Similarly, the S-64 Erickson flies higher than the Bambi Bucket 2K
and produces a wider spread for the same reason. With respect to speed, the Lockheed P-3
Orion flies faster than the Air Tractor AT-802, giving the liquid greater initial horizontal
momentum and stretching the plume more strongly in the downwind direction, which
increases the aspect ratio. These results show that altitude and speed must be adjusted
together to optimize coverage. Higher altitudes are preferable when wider lateral cov-
erage is needed, as in firebreak construction, whereas higher flight speeds may be more
suitable when stronger longitudinal coverage is required, as in direct engagement with a
flame front.

Table 1. Ground pattern of different airtanker models (Stehle et al. [11]; Qureshi and Altman [63]).

Flight . . Aspect
Air Tanker Type Altitude Flight Speed  Wind Speed Ratio of Ground Pattern
U (m/s) V (m/s)
H (m) Coverage Area
Neptune Aviation .
Services  Fixed- 57.91 57.10 - 427
BAe 146 [63] wing aircraft oom,
McDonnell Fixed- ~
Douglas wing a?rcra ft 66.75 75.62 224 9.55 e Joom,
DC-10 [11]
Fixed-wing
Boeing 747 aircraft -
Supertanker [11] (Pressurized 5639 67:39 3.13 895 t =
System)
Fixed-wing
MAFEFS 11 aircraft
— L00m,
2008 [11] (Pressurized 47.55 62.76 2.68 14.73
System)
SEI Industries
Bambi Bucket Helicopter 18.59 39.58 0.45 11.58 B et Loom,
2K [11]
Lockheed P-3  Fixed- 43.28 69.45 358 5.79 — oo,
Orion [11] wing aircraft
Erickson S64 Al Helicopter 56.08 3035 1.56 5.18 e swon
Crane [11]
Lockheed P-2 Fixed- o
Neptune [11] wing aircraft 53.95 64.31 7.15 1.76 R 200m,
Air Tractor Fixed- 100m
AT-802 [11] wing aircraft 43.60 4990 089 349 - —

3.2. Coverage Level of Fire Retardant

Coverage level, defined as ground deposition per unit area, is a key determinant of
aerial-drop effectiveness. It is strongly affected by flight altitude, flight speed, and wind
speed. Figure 7 shows coverage-level distributions for the CDF S2F Turbo under differ-
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ent conditions [65]. Compared with Figure 8a, the stronger wind in Figure 7b increases
airflow shear, disperses the liquid more widely, and reduces the uniformity of coverage.
In Figure 7c, the lower flight altitude shortens airborne time and produces a more con-
centrated coverage area, although the stronger wind still disperses the highest-coverage
regions. Figure 8 shows the coverage-level distribution for 12 m? simultaneous drops
from the AG600 amphibious aircraft under different conditions [30]. Under low-speed,
low-altitude conditions, the highest-coverage zones are larger and concentrated mainly up-
stream along the flight path. Under high-speed, high-altitude conditions, overall coverage
level decreases, but the pattern becomes more uniform, and the high-coverage zones are
more elongated. Under high-speed, moderate-altitude conditions, the high-coverage zones
expand more strongly.

100 m s T T T T T
Lime B
Flight altitudel: 59.44 m Flight Ispeed: 66.87 m/sI wind speed: 0.89 m/s
l l
100 I'I‘I/O m (b) T 1
20 15 1.0 08 0.5
Flight altitudelz 60.66 m Flight Ispeed: 67.90 m/sI wind speed: 2.68 m/s
l l
A S\ 20 15 1.0 08 0.5
e e 20"
Flight altitude: 45.90 m wind speed: 6.00 m/s
0m 1 1 | 1 1
0Om 100 m 200 m 300 m 400 m 500 m
Figure 7. Coverage level of CDF S2F Turbo under different flight conditions [65]. (a) Flight altitude:
59.44 m; Flight speed: 66.87 m/s. (b) Flight altitude: 60.66 m; Flight speed: 67.90 m/s. (c) Flight
altitude: 45.90 m.
150 T T T T T T T
2 o
10| 1 1 ]
5 0
ES e
& ﬁz.z}
s 2.0
3 s0f 1 1 %g 1
o .
J < 9 06
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Figure 8. Coverage level of 12-ton simultaneous drops of AG600 under different flight conditions [30].
(a) Low speed, Low altitude. (b) High speed, High altitude. (c) High speed, Medium altitude.

In aerial forest firefighting, researchers have studied the effects of flight conditions on
coverage level using numerical simulations, theoretical models, and full-scale experiments.
Numerical studies have focused on the main factors controlling coverage distributions
and on predictive models that account for interactions between flight conditions and the
environment. Amorim [65] developed a simulation framework that explicitly includes
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wind speed, wind direction, and flight altitude, providing a basis for optimizing drop tactics
through quantitative analysis of ground patterns. To capture the transient physics of liquid
dispersal, Guan et al. [56] used a Smoothed Particle Hydrodynamics (SPH) method in which
the fire extinguishing agent is represented by Lagrangian particles; this method reproduces
breakup, coalescence, and splashing and therefore allows high-fidelity evaluation of how
flight parameters affect coverage level. Using data from full-scale aircraft and wind-tunnel
tests, Sun et al. [46] simulated the effects of velocity, altitude, and attitude on coverage level
and provided guidance for parameter optimization. Experimental studies by Suter [61]
and Qureshi et al. [64], as well as scaled wind-tunnel tests by Ito et al. [14], measured key
coverage metrics including area, density, and uniformity under varying meteorological and
flight conditions. Overall, these studies show that low-altitude, low-speed drops shorten
the ballistic trajectory and reduce airborne time, which limits aerodynamic disturbance
and produces concentrated deposition with high local coverage. Such conditions are
advantageous for high-intensity fires. In contrast, high-altitude, high-speed drops increase
droplet disruption, broaden the coverage area, and reduce local coverage density; they
may therefore be suitable for low-intensity fires but are less effective against high-intensity
fires. Coverage level also increases approximately linearly with mass flow rate, because
a higher flow rate increases the volume released per unit time, although this relationship
weakens at high altitude or high speed because aerodynamic interference becomes stronger.
To predict spatial distribution, Legendre et al. [63] proposed that coverage level can be
approximated by a two-dimensional Gaussian profile and, using volume conservation for
the effective deposited liquid, derived the maximum centerline coverage level. Combining
that Gaussian assumption with the previously derived expressions for pattern length and
width yields the following coverage-level equation:

7(y) = fmax exp[—y*/2A), ©)

where 7 represents the coverage contour, L/m?; #max represents the highest coverage
level within the coverage area, L/m?; y represents the coverage width; Ag ~ A/2(In(2))!/2,
A represents the coverage width, m. The model was derived from full-scale drop data
collected from a B-747 fixed-wing aircraft, a Columbia BV-107 helicopter equipped with a
1000-gallon bucket, and a CDF S-2T aircraft using a fixed water tank. Its validity was further
confirmed through comparisons with data from other aircraft models [63]. Equation (5)
enables the estimation of fire extinguishing agent coverage levels across the entire drop
zone. By calculating and adjusting flight altitude, velocity, and mass flow rate of fire
extinguishing agent based on fire scenarios and operational constraints, the target area can
maintain coverage above the effective threshold, optimizing fire suppression efficacy.

Overall, substantial progress has been made in understanding the coverage area and
coverage level of aerially delivered fire extinguishing agents. However, current research
still relies heavily on simplified empirical models, limited full-scale experiments, and
relatively idealized atmospheric conditions. Future work should focus more on the coupled
effects of delivery-system type, aircraft operating parameters, ambient wind, complex
terrain, forest canopy structure, and the physicochemical properties of the agent on ground
deposition. In particular, more robust predictive frameworks are needed to describe
coverage area, coverage-level distribution, and spatial uniformity simultaneously under
realistic aerial firefighting conditions. More full-scale drop tests and high-fidelity numerical
simulations are also needed to improve model applicability across aircraft platforms and
operating environments.
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4. Effectiveness of Aerial-Dropped Fire Extinguishing Agent

The effectiveness of aerial forest fire suppression depends on how well the fire extin-
guishing agent alters fire behavior, and it is controlled by several interacting factors. Fuel
type is fundamental because the physical and physicochemical properties of vegetation
determine combustion behavior and sensitivity to different agents. The agent itself also
matters, especially droplet size after atomization. Droplet size influences fall velocity,
canopy penetration, surface coverage, and flame contact efficiency, and thereby affects cool-
ing, oxygen isolation, and suppression of combustion reactions. Response time is another
critical factor. It includes detection, dispatch, and travel time to the fireground, and it is
especially important during the early stages of a fire, when timely intervention may prevent
escalation into high-intensity surface or crown fire. In addition, aircraft number, flight
speed, and the accuracy and timeliness of fireground information all influence resource
deployment and suppression success. Understanding how these factors interact is therefore
essential for effective aerial firefighting and efficient resource allocation.

4.1. Quantitative Modeling of Fire Suppression Effectiveness

In practical wildfire suppression, fire intensity, vegetation type, and initial fire size
are key variables in resource allocation. Together, they determine the required volume of
fire extinguishing agent, the mass flow rate needed to achieve the target coverage level,
and ultimately the likelihood of successful containment [66,67]. As shown in Figure 9a,
required coverage levels vary substantially with fuel type because fire intensity differs
across vegetation. Eucalyptus forests, which have high fuel loads and oil content, require
much higher coverage thresholds than grasslands [68]. These thresholds also rise with
increasing fire intensity. Figure 9b shows a negative relationship between coverage level
and relative flame intensity, defined as the ratio of post-drop flame intensity to initial flame
intensity, indicating that higher coverage levels reduce flames more rapidly. Firefighting
strategies should therefore be adjusted to vegetation type and fire stage so that resources
can be allocated more efficiently.

4 1.0
R Water,eucalypt fuel Fire intensity (kW/m)
<) Water, grass fuel > 3000
E‘, Long-term retardant,eucalypt fuel 08 | — 1700 - 3000
'E) 3r Long-term retardant,grass fuel o <1700
3 g
o
g § 0.6
= =1
g2r =
o >
= 204+
£ =
9
= 2
S 1bL
S 02+
Q,
)
e
0 1 1 1 1 1 1 00 1 1 1
0 1000 2000 3000 4000 5000 6000 7000 0 1 2 3 4 5
Fire intensity (kW/m) Retardant depth (mm)
(a) (b)

Figure 9. Relationship between coverage level and fire intensity. (a) Effective coverage levels of vari-
ous fire extinguishing agents applied to different vegetation types under varying fire intensities [17];
(b) Residual flame intensity following fire suppression using different coverage levels of fire extin-
guishing agents under varying fire intensities [17].

Before suppression begins, fire intensity should be estimated as accurately as possible
so that resources can be allocated appropriately. Flame intensity is commonly classi-
fied by heat release rate as low (<1700 kW /m), moderate (1700-3000 kW /m), or high
(>3000 kW /m) [9,17]. Stechishen and Little [68] and Hansen [69] showed that low-intensity
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flames may require only 0.2 L/m? of water coverage, whereas high-intensity flames require
at least 1.2 L/m?. When direct intensity estimates are unavailable, vegetation type can be
used as a practical basis for planning. According to Restés [18] and Delforge [70], grassland
fires typically require at least 0.4 L/m? of coverage, while tall shrubland requires at least
1.6 L/m?; this threshold rises to 2.4 L/m? when the shrub layer contains large amounts of
dead woody fuel. In addition, the applied line width should be 2 to 2.5 times the fire-front
width, because a narrower line substantially increases the risk of fire-line breach and sup-
pression failure. Loane and Gould [17] further quantified the relationship between flame
intensity and coverage level. As shown in Figure 9b, increasing the initial coverage level
reduces fire intensity markedly, especially at low intensities, although the marginal benefit
decreases beyond a critical point. Higher flame intensities, therefore, require proportion-
ally higher coverage to achieve suppression. Under resource constraints, identifying the
optimum coverage threshold is essential for maximizing suppression efficiency.

To estimate water demand more precisely, Hansen [69] derived a critical water
flow-rate equation from the fire-point equilibrium theory proposed by Rasbash [71] and
Beyler [72]. The formulation incorporates key thermal terms, including heat release from
fuel combustion, external heat flux, and heat absorbed through water evaporation. The
resulting critical water flow rate is given by

Myatensr = Moo + 1 ®)

water,cr water,cr,0 Hwater X LV water 4
,

h s 2. —1. .7
where mwater,cr ‘S 7, mwater,cr,O repre-

sents the critical water application volume without external heat flow, kg-m’2~s’1 ; qg is

denotes the critical water application volume, kg-m™

the external heat flux, kW-m~2; Nwater sighifies water use efficiency; Ly water corresponds
to the enthalpy change in water at 291 K; and water vapor at 373 K is approximately
2559.8 k]~kg’1. Based on fire department operational data, Thomas [73] and Baldwin [74]
proposed a formula for determining the required water application duration for effective
suppression, as a function of burned area. For fire areas exceeding 20 m?, the necessary
water application time is given by

£ =100 x A}, 7)

while for fire areas greater than 200 m?, the required water application time is expressed by
the following equation:
t =198 x A}, 8)

where Ag,, represents the flame’s burning area. Combining the critical water flow-rate
equation with the water-application time relations provides a practical estimate of the water
required for a suppression operation. In real conditions, however, extreme weather such as
high temperature and strong wind can directly alter agent coverage and reduce suppression
effectiveness. Using infrared imaging, Pérez et al. [75] quantified convective losses and
showed that under extreme conditions, only a limited fraction of the dropped agent reaches
the target area, with cooling efficiency reduced by 43%; in some cases, only about 10% of
the deployed agent is effectively delivered and used within the fire zone. High-intensity
fire plumes can further disrupt drop coverage. When flame intensity exceeds 3000 kW /m,
the loss rate under conventional elliptical drop patterns can reach 87.8%. Although some
of the agents landing outside the target may still contribute indirectly, it greatly reduces
the efficiency of direct suppression [9]. Another issue is that deposited coverage is rarely
spatially uniform. As discussed in Section 3.2, the coverage-level distribution can often be
approximated by a two-dimensional Gaussian profile, with the highest deposition near the
centerline and progressively lower deposition toward the edges. As a result, first-order
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estimates based on average flow rate or average coverage may overstate true effective-
ness. Suppression depends more directly on whether local coverage exceeds the required
threshold across the target area. Coverage heterogeneity can therefore lower suppression
probability by creating sub-threshold regions even when the average deposited amount
appears sufficient. This problem is especially important under high-altitude, high-speed,
strong-wind, or high-intensity-fire conditions, when the pattern becomes broader, thinner,
and less uniform. As shown in Figure 10, part of the dropped agent may also land on fully
burned ground and provide no suppression benefit, while the pattern edges frequently
remain below threshold [66]. In addition, some of the agent forms a liquid zone in front
of the fire, but under very high flame intensity, much of this liquid evaporates rapidly,
shortening residence time and limiting suppression effectiveness [76]. Drop strategies must,
therefore, account explicitly for plume disturbance, coverage heterogeneity, edge losses,
and evaporation.

[

Burned area

Y

‘ Aerial drop of firefighting agents

Unburned area

Deposit onto the burned area
Deposit onto the flames

Low coverage level

4
i ¢
8,

)

Figure 10. Schematic diagram of fire extinguishing agent coverage.

In addition to the total amount applied, droplet size after atomization strongly affects
suppression effectiveness [67,77]. As discussed earlier, environmental conditions shape
the droplet-size distribution after breakup. In general, atomized agents can be divided
into fine droplets (mist) and large droplets [77]. Fine mist has a larger specific surface
area, which enhances heat and mass transfer. It can enter fuel micropores, displace oxy-
gen, and form protective water films, thereby reducing fuel temperature and inhibiting
pyrolysis. Antonov et al. [77] reported that fine mist can displace pore oxygen and form
water films about 2 mm thick, reducing internal fuel temperature below 600 K. Under those

https://doi.org/10.3390/fire9040166


https://doi.org/10.3390/fire9040166

Fire 2026, 9, 166

16 of 22

conditions, residual heat may be insufficient to sustain combustion even after spraying
stops, making fine mist especially effective for internal cooling and re-ignition prevention
in dense fuels [78]. Fine droplets also disperse well and can cover a larger area, which helps
limit fire spread. Their main disadvantage is that they are more easily deflected by wind
and more prone to evaporation under high temperatures [75,79], which can greatly reduce
effective coverage in strong plumes or windy conditions. Large droplets, by contrast, have
greater mass and therefore resist evaporation and aerodynamic shear more effectively [80].
They penetrate flames and dense smoke better and are better suited to rapid cooling in
high-intensity fire cores. Although they may be slightly less efficient than fine mist on a
per-unit-mass basis and may increase extinguishment time by 10-15% [77], their greater
deposition stability and thicker local coverage support rapid localized suppression. Their
limitation is weaker dispersal, which makes them less effective for broad-area control [67].

4.2. Optimization Strategies for Aerial Suppression Efficiency

Suppression efficiency is a central metric for evaluating aerial forest firefighting sys-
tems because it reflects how effectively a fire can be controlled within a limited time
window. It depends on the interaction of many factors. In addition to the physical variables
discussed above, such as fuel type, droplet-size distribution, and deposition pattern, oper-
ational variables such as aircraft number and flight speed also govern delivery precision
and overall effectiveness. Suppression efficiency is therefore strongly scenario dependent.

Aircraft number, flight speed [81], and the accuracy of fireground information [82] all
have major effects on suppression outcomes. Among them, the aircraft number appears to
be the most decisive. Based on the System of Systems (SoS) model of Prakasha et al. [83],
containing a 1.2 ha ignition within a 20 min dispatch window requires at least eight aircraft.
Smaller fleets fail regardless of platform type, including belly-tank helicopters, fixed-wing
airtankers, and helibuckets. With ten aircraft, containment is achieved only by high-capacity
platforms such as compound helicopters or VTOL aircraft; low-capacity platforms such as
multirotors or tiltrotors remain ineffective. Consistent containment across all platform types
requires twelve or more aircraft [81]. Flight speed is also important. At 20 m/s, a lower
speed improves placement precision but limits spread, reducing operational efficiency and
causing failure in low-payload aircraft. Increasing speed to 30 m/s improves suppression
performance across configurations for small burned areas. At 40 m/s, however, energy use
rises, endurance falls, and refueling becomes more frequent, which lowers overall success
rates. In addition, reduced air density at altitude may increase stall risk if the speed is
too low. Optimum speed, therefore, requires a balance between suppression performance
and flight safety. Real-time fireground information is equally important. Using a fuzzy
goal programming risk function, Zhan et al. [82], and using a coordinated collaboration
algorithm, Shahparvari et al. [83], showed that timely information updates can reduce
suppression risk by about 13% and, through better coordination and resource scheduling,
reduce firefighting time by about 11%. Increasing the update frequency from once per hour
to once every 10 min further improves suppression success [82]. Effective aerial firefighting,
therefore, requires sufficient aircraft, platform-specific optimization of speed and trajectory,
and continuous information updates so that deployment and resource allocation can be
adjusted in real time.

Taken together, the evidence reviewed in Sections 2—4 shows that no single drop
strategy is optimal for all fires. Instead, droplet characteristics, flight parameters, deposition
patterns, and required coverage must be matched to the specific fire scenario. High-intensity
or crown fires require stronger penetration through flames, smoke, and canopy, together
with higher local coverage density. These conditions are better achieved with relatively
larger droplets and more concentrated drops, such as low-altitude, low-speed delivery.
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Low-intensity surface fires and firebreak construction, by contrast, benefit more from
broader spatial coverage, for which finer droplets and wider dispersion may be preferable.

Although major progress has been made in modeling aerial suppression effectiveness
and improving operational efficiency, current studies still depend heavily on simplified
assumptions about fire behavior, agent transport, and aircraft deployment. Future research
should integrate fire-intensity evolution, vegetation characteristics, droplet-size-dependent
suppression mechanisms, and ground deposition into a unified evaluation framework. Par-
ticular attention is needed on the coupled effects of extreme weather, fire-plume dynamics,
evaporative loss, and sub-threshold edge coverage under realistic conditions. Existing
theoretical and empirical models also need further refinement through full-scale experi-
ments, high-fidelity multiphase simulations, and cross-platform validation. More broadly,
the field should move beyond static estimates of agent demand and develop dynamic
decision-support frameworks that integrate aircraft number, flight parameters, real-time
fireground information, and resource scheduling to improve the precision, adaptability,
and overall effectiveness of aerial forest firefighting.

5. Conclusions

Opverall, the reviewed literature supports a unified view of aerial firefighting effective-
ness. Drop dispersion, ground deposition, and suppression effectiveness are not separate
issues but successive links in one causal chain. Flight conditions and release-system char-
acteristics determine jet penetration, breakup, and droplet-size evolution; these processes
then control the spatial extent, uniformity, and local density of ground deposition; and
the resulting deposition pattern governs suppression performance under different fire
scenarios. This synthesis suggests several practical implications. High-intensity or crown
fires generally require more concentrated delivery that provides stronger penetration and
higher local coverage. Low-intensity surface fires and firebreak construction benefit more
from broader dispersion and wider area coverage. Release-system choice should also reflect
the target deposition pattern, with pressurized systems generally favoring wider and more
uniform coverage.

On the suppressant agent drop itself, three points to note:

(1) As the inertia of the suppressant agent jet is smaller than that of the gas, the kinetic
energy of the liquid column is insufficient to overcome air resistance at a low momen-
tum ratio. As a result, the liquid column is easily disturbed by airflow, leading to
shape bending, shallower vertical penetration depth, and smaller transverse expan-
sion range. When the momentum ratio increases, the inertia of the suppressant agent
jet relative to that of the gas increases. Airflow resistance was reduced, and the shape
of the jet did not change. Both vertical penetration depth and transverse expansion
range of the liquid column increased.

(2) Athigher liquid discharge height within a certain range, the liquid is under gravity
and air resistance for a longer time. A more complete droplet breakup process resulted.
Therefore, droplet diameter decreases with height increase.

(3) For discharge velocity at lower airspeeds, the droplet size distribution has a wider
range. The larger droplet diameters follow a log-normal distribution function. At
higher airspeeds, the droplet size distribution curve becomes narrower with smaller
droplet diameters.

There are three points to note for the suppressant agent ground pattern:

(1) Gravity Feed Systems have a relatively simpler structure and are easily used for
different types of suppressant agents. The pressurized system needs mechanical
devices such as pumps or compressed gases to apply pressure to the suppressant
agent storage tank to increase the velocity of the liquid drops. The suppressant agent
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is then exposed to greater shear forces and breaks down into smaller droplets in the
air. These smaller droplets can then diffuse more effectively with the airflow to give a
larger coverage area. Compared to the Gravity Feed Systems, the pressurized system
provides more uniform coverage and a larger coverage area for the suppressant agent.

(2) As the drop height increases, the suppressant agent stays in the air for longer and
interacts more with the surrounding air. This results in a broader diffusion of the
suppressant agent. As the flight speed increases, the suppressant agent is rapidly
carried away and extends along the direction of the flight path. At the same time,
the lateral shear forces acting on the droplets in the airflow increase, limiting their
transverse expansion. The coverage area becomes more concentrated along the flight
path to give a more elongated sedimentation distribution pattern.

(3) At low altitude and low speed, the suppressant agent travels a shorter distance
and remains airborne for less time. This reduces airflow disturbance and allows
more precise, concentrated delivery, resulting in a higher coverage level. As altitude
and speed increase, airborne time becomes longer, and droplets are more strongly
disturbed by airflow, which reduces the coverage level. As flight altitude and speed
increase, the distance to the target area becomes longer. The airborne retention time
increases with more disturbance caused by airflow on the droplets. The coverage level
is reduced.

In the aspect of fire suppression effectiveness, there are also three points to note:

(1) For fire scenarios with different flame intensities or vegetation types, the required fire
suppressant coverage and dosage vary accordingly. The higher the flame intensity and
the denser the vegetation, the greater the coverage level and water volume needed.

(2) Droplets with smaller sizes have stronger diffusion capabilities during the spraying
process. This would allow them to cover a larger area of the fire source and quickly
penetrate the fuel to control fire spread effectively. Droplets with bigger sizes have
greater mass. They are more difficult to evaporate and have higher airflow shear, mak-
ing them better suited for penetrating flames and dense smoke. They are particularly
effective for rapid-cooling tasks in big fires.

(3) The number of aircraft, flight speed, and the frequency and accuracy of updating fire
scene information affect the time needed to suppress the fire.
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