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Abstract 7 

The runway water film depth (WFD) and its drainage have direct impact on hydroplaning risk and, 8 

consequently, aircraft operational safety. Understanding its relationship with weather and runway conditions 9 

can help manage such risk due to WFD. Thus, this study develops an empirical formula to correlate runway 10 

risk area with its influencing factors using a dataset generated by a comprehensive rainfall-runoff dynamic 11 

model. The model incorporates a wind speed induced stress and is validated with physical experiment collected 12 

data. The simulation and observation showed good agreement, verifying the model's capability to reasonably 13 

well simulate the WFD distribution on intricate grooved surfaces at the millimetre level, with the consideration 14 

of wind effects. Then, this study performs 456 numerical experiments at the lateral prototype scale considering 15 

various rainfall intensity, wind speed, runway deterioration area, and groove depth. The impact of these factors 16 

on the peak WFD and the runway risk area is quantitatively analysed. The proposed empirical formula and 17 

developed dynamic model enables accurate assessment and prediction of the runway risk area under extreme 18 

weather conditions for better management of potential hydroplaning. 19 

 20 
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1. Introduction 22 

While accidents on airport runways are relatively rare compared to other modes of transportation, their 23 

consequences can be severe and devastating, often resulting in numerous casualties. Hydroplaning or 24 

aquaplaning, which occurs when a runway becomes wet, especially during high-speed landings and take offs, 25 

is a significant contributing factor to these accidents (Qian and Wang, 2022; Toraldo et al., 2023; Van Es et 26 

al., 2001). Supporting data from the National Aerospace Laboratory (NLA) underscores that the risk of landing 27 

overrun accidents on wet runways is ten times higher than on dry runways (Van Es et al., 2001). Water film 28 

depth (WFD) is a fundamental parameter that contributes to the risk of hydroplaning (Kane et al., 2019; Zhu 29 

et al., 2021; He et al., 2023). Hydroplaning or aquaplaning occurs when water film exerting uplifting forces 30 

lead to complete tire detachment from the pavement (Tanner et al., 1981; Chen and Wang, 2022; Edmar Schulz 31 

et al., 2021). Using WFD as an indicator of runway slipperiness offers a more intuitive and convenient 32 

approach for airport management (Dreher and Horne, 1963; Luo et al., 2014). The International Civil Aviation 33 

Organization (ICAO) recommends a maximum allowable water film depth of 3 mm on airport runways (Icao, 34 
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2013). Intense rainfall resulting in the accumulation of substantial surface water on airport runways can disrupt 35 

aviation operations (Pasindu and Fwa, 2015). Therefore, accurately calculating and predicting the water film 36 

depth under various weather conditions are crucial aspects of evaluating runway safety and managing risks. 37 

Efforts in predicting WFD on runway surfaces resulting from rainfall can be categorized into empirical models 38 

and hydrodynamic models. Empirical models are developed through regression analysis of experimental data 39 

to estimate WFD (Ross and Russam, 1968; Officials, 2011; Gallaway et al., 1979; Chesterton et al., 2006). 40 

Some studies also developed theoretical prediction models based on the geometric features of the surface. Luo 41 

and Li (2019) proposed a novel model for asphalt pavement that takes into account factors such as flow path 42 

length, slope, and texture depth to predict the dynamic process of WFD. Their model exhibits exceptional 43 

accuracy under local precipitation conditions compared to the Gallaway model and PAVDRN model. Similarly, 44 

Han et al. (2021) developed a model that considers road geometric characteristics to predict WFD under 45 

varying rainfall intensities. The simplicity, user-friendliness, and ability to swiftly estimate WFD have 46 

contributed to the widespread adoption of empirical equations. But they may lack a comprehensive 47 

understanding of the underlying physics and struggle to capture complex interactions or predict WFD 48 

accurately under new or extreme conditions. Besides, the development and refinement of these models also 49 

place a significant demand on observational data, which can be challenging to obtain through physical 50 

experiments.  51 

Rainfall-runoff dynamic models offer advantages by providing results at every grid point in the solution 52 

domain, allowing for detailed simulations of fluid field characteristics. The two-dimensional Shallow Water 53 

Equations (2D SWEs) are commonly employed to model free surface flows. But there have also been efforts 54 

to apply SWEs to simulate runoff processes on runway or pavement surfaces. Some simplified models employ 55 

kinematic wave or simplified calculation methods to simulate the runway surface runoff (Escarameia et al., 56 

2006; Wolff, 2013; Chen et al., 2017; Jeong and Charbeneau, 2010; Jiang et al., 2022; Alber et al., 2020b; 57 

Randall et al., 2008; Wang et al., 2022), but they may not fully capture the dynamic processes occurring on 58 

grooved surfaces when dynamic terms are neglected (Su et al., 2019; Guo et al., 2021). In contrast, models 59 

based on 2D full hydrodynamic equations have shown promise in providing accurate approximations but have 60 

seen limited application in simulating runway WFD distribution (Gómez et al., 2011; Xiao et al., 2021). 61 

Runway environments often feature very shallow water depths, at the order of millimetres, which pose high 62 

requirement on the model accuracy and stable numerical schemes (Randall et al., 2008; Ressel and Herrmann, 63 

2008; Guan et al., 2013). The source terms for bottom slope and friction slope in SWEs must be treated robustly 64 

to guarantee convergence and numerical stabilities. Furthermore, it is crucial to consider the influence of wind 65 

to capture the realistic behaviour of water flow under strong wind conditions (Petraczek, 1975; Edmar Schulz 66 

et al., 2021), which is also overlooked in all these models. Thus it is valuable to develop a full hydrodynamic 67 

model that incorporates wind stress to accurately simulate the shallower surface water flow on airport runways 68 

in various weather conditions.   69 
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WFD on airport runways is influenced by various factors, including rainfall intensity, wind conditions, and 70 

runway condition (Yager, 1983; Xiao et al., 2021; Yu et al., 2020). Rainfall intensity determines the amount 71 

of water that falls onto the runway. During heavy rainstorms, the presence of strong winds can impact the 72 

distribution of water, causing it to concentrate in certain areas or disperse more evenly across the surface based 73 

on wind speed and direction (Horne, 1975). In addition to weather factors, the condition of the runway also 74 

plays a significant role in controlling water depths. The repeated traffic loading on runways leads to their 75 

deterioration over time, which are commonly observed as groove damage (Toraldo et al., 2023). These 76 

deformations can impact the distribution of water depth by affecting the drainage capabilities of the runway 77 

(Alber et al., 2020a; Javilla et al., 2017; Ling et al., 2021). Research with a wide range of scenarios and 78 

variables are challenging to replicate in physical experiments. Combining experiment tests with numerical 79 

modelling presents a promising approach to predict WFD (Alber et al., 2020b). Laboratory tests provide 80 

accurate and reliable data, serving as a basis for validating and calibrating numerical models. Numerical 81 

modelling complements experiments by simulating a wide range of scenarios and variables that are challenging 82 

to replicate physically. It enables to explore different conditions, accurately predict system behaviour under 83 

various environmental influence factors. However, the current understanding of the combined effects of these 84 

various factors on surface water depths on airport runways is limited. To enhance the understanding and 85 

effectively support timely warnings of adverse weather conditions at airports, it is necessary to conduct a 86 

detailed evaluation of the various influencing factors, finally enable to derive relationships between these 87 

variables and WFD. 88 

Therefore, this study attempts to develop a hydrodynamic model to simulate the millimetre-scale thin-layer 89 

surface water flow on airport runways, considering the influence of wind stress force. The model is 90 

meticulously calibrated and validated using experimental data, ensuring its accuracy and reliability in 91 

representing the behaviour of water flow on runways. A total of 456 designed numerical experiments are 92 

performed on a prototype runway. These experiments serve to investigate the spatiotemporal dynamics of 93 

WFD and quantitatively analyse the influence of various contributing factors (rainfall intensity, wind speed, 94 

and groove deteriorations) on WFD. Besides, a relationship between WFD and these variables is derived based 95 

on the extensive simulation dataset.  96 

2. Materials and method 97 

This study used a combined method of physical experiments, numerical modelling and regression analysis. 98 

We first established a physical model, downscaled based on a prototype runway, observe WFD distribution 99 

among different rainfall intensity, wind and groove conditions. Secondly, we developed a two-dimensional 100 

Shallow Water Equations (2D SWEs) based hydrodynamic model, which was calibrated and validated with 101 

the experimental dataset. Then upscaled research of the prototype runway is carried out based on numerical 102 

experiments and the validated model for a comprehensive evaluation. A total of 456 simulation scenario are 103 
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designed and calculated. Finally, this study derived an empirical equation by combining all these simulation 104 

results. The methodology framework is illustrated in Figure 1. 105 

 106 

Figure 1. The framework of WFD prediction on grooved airport runway 107 

2.1. Hydrodynamic model for WFD simulation 108 

The 2D governing equations of the hydrodynamic model are expressed in vector form as below. 109 
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𝑐𝐷𝑥 = {

0.0012                                     𝑓𝑜𝑟 𝑢𝑤 < 7
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𝑢𝑤 − 7

18
)        𝑓𝑜𝑟 7 ≤  𝑢𝑤 ≤ 25
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 (4) 

where x and y are the two Cartesian directions, t is time (s), 𝑸 is the vector representing the conserved flow 110 

variables, 𝑭 and 𝑮 are the flux vector terms in the x and y directions, respectively, 𝑹 is the source or sink term 111 

representing net rainfall intensity, 𝑺𝒃, 𝑺𝒇 and  𝑺𝒘 are the bed slope source term vectors, friction effect source 112 

term vectors and wind stress source term vectors, respectively, u and v are the x and y components of the flow 113 

velocity (m/s), b is the bed elevation (m), h is the water depth (m), g is the gravitational acceleration (m/s2), I 114 

is rainfall intensity (m/s), 𝐶𝑓 is the roughness coefficient, 𝑐𝐷𝑥 and 𝑐𝐷𝑦 stand for the wind stress coefficient in 115 

the x and y directions, respectively, 𝜌𝑎 is the air density, 𝑢𝑤 and 𝑣𝑤 are the components of the wind velocity 116 

and it is 10-minute sustained wind speed acting 10 m above the surface (m/s), 𝜌 denotes the density of water.  117 
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The model's governing equations (Eqs. (1), (2) and (3)) are solved numerically by a well-balanced Godunov-118 

type finite volume method (FVM) on Cartesian grids. To achieve accurate and stable simulation for shallow 119 

water depths, this model applies the surface reconstruction method introduced by Xia et al. (2017) to discretize 120 

the bed slope source term 𝑺𝒃. The friction source term, 𝑺𝒇, is calculated using an implicit method proposed by 121 

Liang and Marche (2009) to achieve numerical stabilities when dealing with small water depths in combination 122 

with high friction slopes. The wind stress is determined using bulk parameterizations that estimate turbulent 123 

fluxes based on standard meteorological data. For the parameterization of the drag coefficient, the empirical 124 

formula proposed by Wu (1994) is employed. It considers the specific conditions of the wind field to enhance 125 

the accuracy of wind stress calculations, as shown in the Eq. (4) to calculate the drag coefficient in x direction. 126 

The calculation along the y direction is analogous, involving the variable 𝑣𝑤. Besides, the model utilizes an 127 

OpenMPI-accelerated approach to expedite the simulation, thereby maintaining a high model resolution while 128 

minimizing computational costs. The Harten, Lax and van Leer Riemann solver (HLL) is adopted to compute 129 

the fluxes of mass and momentum. The details can be found in previous publications (Guan et al., 2013; Guan 130 

et al., 2023; Guo et al., 2023).  131 

The study primarily focused on immediate drainage processes and short-duration rainfall events when making 132 

predictions of WFD. Runway penetration exerts minimal influence and is disregarded. Accurately 133 

characterizing runway texture using terrain data at a 2mm scale remains a challenging task. The influence of 134 

runway texture on surface runoff processes is approximated using the Manning's coefficient. It remains 135 

acceptable as the model demonstrates good performance during validation. Despite the use of acceleration 136 

algorithms, computational efficiency may still fall short of real-time requirements for risk management and 137 

emergency response. To address this, we plan to develop an empirical model based on a substantial number of 138 

practical numerical experiments. This model will serve as a valuable tool to compensate for computational 139 

efficiency challenges. 140 

2.2. Physical experiment configuration 141 

A 6m by 4m physical model is built with concrete coated with a 50mm layer of Marshall asphalt. It is a 142 

downscaled based on the prototype of Hong Kong International Airport (HKIA) existing runway. The test 143 

report is provided as supplementary to certify the science and reliability. Within the upstream area spanning 144 

4.8 meters, grooves measuring 6 mm by 6 mm with a spacing of 32 mm were implemented (Figure 2(a)), 145 

which is Federal Aviation Administration (FAA) standard groove configuration. This section had a slope of 146 

1.5%. Conversely, within the downstream area spanning 1.2 meters, no grooves were present, and the slope 147 

was 2.5% (Figure 2(b)). To simulate rainfall events, a sprinkler system comprising six sprayers was installed 148 

around the model. The duration of each rainfall event was set at 5 minutes since this timeframe allowed for 149 

the stabilization of water film depth on the runway across all tested scenarios. Rainfall was generated through 150 

nozzle sprayers and the variation in rainfall intensity was achieved by adjusting the flow rates to each sprayer, 151 
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ranging from 600 to 1100 L/h, while keeping the intensity constant during the entire duration. 8 rain gauges 152 

were strategically positioned within the experimental area to measure distributed rainfall intensity.  153 

In order to account for wind effects, the experiments considered the placement of blowers at the upstream and 154 

downstream ends of the runway slabs. This setup allowed for the generation of wind from different directions, 155 

corresponding to the upstream wind (upwind) and downstream wind (downwind). The wind speeds at various 156 

locations were measured using an anemometer positioned at a height of 8 cm. The observed wind speed range 157 

is 3.05-11.55 m/s. The relationship between the wind speeds at 8 cm and other heights could be determined by 158 

utilizing the wind profile under statically neutral conditions, as described by Stull (1988) in Eq. (5). Over time, 159 

the grooves on the runway surface deteriorate due to prolonged usage, leading to the inevitable formation of 160 

ruts. To represent runway rutting, rubber was filled into the grooves with a width of 350 mm at a distance of 161 

3000 mm (Figure 2(c)). The same rainfall and wind conditions were replicated on both the surfaces with and 162 

without rubber filling, called ‘Deterioration (DE)’ scenario and ‘No Deterioration (ND)’ scenario, respectively. 163 

Water film thickness on the runway was measured along the central line in the 6-meter direction of the terrain.  164 

 𝑈 =
𝑣𝑤

𝜅
𝑙𝑛 (

𝑧

𝑧0
) (5) 

where κ=0.4 is Von Karman constant, 𝑈 is the wind velocity profile, 𝑧0 the observed height and 𝑣𝑤 is the 165 

observed wind speed. 166 

 167 

 168 

Figure 2. Schematic diagram of experimental design (a) and experiment surfaces: ND surface (b) and DE 169 

surface (c). 170 

The manning’s roughness plays a crucial role in hydraulic simulations. While the manning value for asphalt 171 

typically ranges from 0.010 to 0.016 according to the reference from Engineering Toolbox, it is important to 172 

(a) 

(b) (c) 
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consider that this range is primarily applicable to rivers and other scenarios with larger water depth. Since the 173 

WFD in this study are very small, in the order of millimetres, adjustments to the manning’s value are necessary. 174 

By utilizing the manning formula (Eq. (6) and (7)) and the continuity equation (Eq. (8)), the manning parameter 175 

can be calculated based on the WFD and the characteristics of the terrain, such as slope and width, in Eq. (9). 176 

Through analysis of the observed WFD ranges across various experimental scenarios, the range of the manning 177 

value in this study was determined as 0.012 to 0.020. Furthermore, as depicted in the Figure 3, there is a 178 

noticeable contrast in smoothness between the interior and exterior of the grooves, which necessitates the use 179 

of different manning coefficients to better characterize this feature. Specifically, a manning coefficient range 180 

of 0.012-0.018 is employed for the interior of the grooves, while the exterior region of the grooves utilizes a 181 

manning coefficient range of 0.013-0.020. This adjusted range considers the specific conditions of the study, 182 

ensuring more accurate and reliable hydraulic simulations.  183 

 𝑣 = 𝐶𝑓√𝑅𝐽 (6) 

 𝐶𝑓 =
1

𝑛
 𝑅1/6 (7) 
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𝑄

𝐴
=

𝑄

𝑏ℎ
 (8) 

 𝑛 =
𝑏ℎ

𝑄
(

𝑏ℎ

𝑏 + 2ℎ
)
2/3

𝐽1/2 (9) 

where 𝑛 is manning parameter, 𝑣 is the average velocity of cross section, 𝑄 is the discharge of the cross section, 184 

𝐶𝑓 is the roughness coefficient, 𝑅 is hydraulic radius, 𝐽 is terrain slope, 𝐴 is cross section area, 𝑏 is the width 185 

of cross section.  186 

         187 

Figure 3. (a) The experimental runway sample (4cm×4cm) and (b) CT scanned surface elevation. 188 

2.3. Numerical experiments design 189 

Upscaled research of the prototype runway is carried out based on simulation experiments. The authentic and 190 

typical cross-sectional design of the airport runway exhibits symmetry, with a gradual decline in elevation 191 

from the centre to the sides. For the prototype-scale simulation, a crucial area directly involved in aircraft 192 

operations during take-off and landing is selected, specifically the 70-meter width section at the centre. The 193 

initial 30 meters on both sides of the centre exhibit a slope of 1.5%, followed by a slope of 2.5% from 30 194 

meters to 37.5 meters. Beyond this range, the slope increases to 5% to represent the boundary slope. Standard 195 

(a) (b) 
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grooves are present within a 27-meter range on each side of the centre. Figure 4 illustrates the detailed 196 

information for the left portion of the simulation surface. To ensure adequate time for efficient water drainage, 197 

the simulation duration is set to 3 minutes during rainfall and 7 minutes without rainfall. 456 numerical 198 

experiments are designed (Table 1) for a comprehensive evaluation of the impact of rainfall intensity, wind 199 

speed, and groove deterioration on the distribution of WFD. Details and the foundational basis for the scenario 200 

design will be provided below. 201 

The design of rainfall intensity is grounded in the Intensity-Duration-Frequency (IDF) relationship specific to 202 

Hong Kong. Rainfall intensity does not directly result whether an aircraft takes off. Extreme rainfall intensities 203 

with different return period from 2-year to 500-year, are comprehensively considered to encompass all 204 

conceivable conditions. For a 1-minute duration, the intensities range from 212 to 303 mm/h, while for a 5-205 

minute duration, they range from 155 to 236 mm/h. Taking all these factors into account, a total of 7 rainfall 206 

scenarios are designed, with intensities ranging from 150 to 300 mm/h in increments of 25 mm/h. After testing, 207 

incremental increase in WFD for each rainfall event is approximately at 0.5 mm, which is suitable without 208 

imposing significant computational burdens. 209 

Regarding wind conditions, this research primarily focuses on analysing the variation of WFD along the cross-210 

section of the runway (width direction). The wind direction in the simulations is set to blow from one side edge 211 

of the runway to the opposite side edge, following the width direction. It is important to note that airport 212 

operations are suspended when the wind speed exceeds level 9 on the Beaufort scale. Consequently, 5 wind 213 

conditions are designed to represent the maximum wind speeds for Beaufort scale levels 0, 2, 4, 6, and 8, 214 

corresponding to wind speeds of 0 km/h, 12 km/h, 28 km/h, 50 km/h and 75 km/h, respectively. For airport 215 

runways, the scale is relatively small compared to the height and scale of the atmosphere and runway surface 216 

can be considered relatively flat. Therefore, the wind speed is assumed to be uniformly distributed across the 217 

study domain.  218 

Different groove deterioration conditions are devised to assess its adverse impact on WFD. Referring to the 219 

guidelines (Administration(Faa), 2016), maintenance action is recommended when 40 percent of the grooves 220 

on the runway have a depth equal to or less than 3 mm, indicating a substantial reduction in their efficacy in 221 

preventing hydroplaning. This suggests that the groove depth can decrease by up to 50% of its original value, 222 

and the grooved area can be reduced by up to 40% of its initial area before necessitating maintenance 223 

intervention. Therefore, two factors, groove depth and deterioration area, are considered to characterize runway 224 

deterioration. Regarding the deterioration area, the most critical scenario occurs when the deterioration is 225 

concentrated in the central section of the runway. Consequently, 5 deterioration area (DA) is designed to 226 

encompass 0%, 10%, 20%, 30%, and 40% of the grooved area, extending from the centreline to both sides. 4 227 

Groove depths (Gd) of 6 mm (representing standard groove depth), 5 mm, 4 mm, 3 mm were analysed 228 

representing varying amounts of groove depths that may occur after groove deterioration. Corresponding to 229 

the above, simulation events without groove deterioration are referred to as ‘ND’ scenarios while simulation 230 

events with groove deterioration are denoted as ‘DE’ scenarios.  231 
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 232 

Figure 4. Left portion of ND scenario simulation area(a) and DE scenario simulation area(b). 233 

Table 1. Designed simulation variables. 234 

Designed variables Values Design basis 

Rainfall intensity (mm/h) 150 175 200 225 250 275 300 IDF of Hong Kong 

Wind speed (km/h) 0 12 28 50 75 Beaufort Wind Scale 

Deterioration area (%) 
0 

(ND) 

10 

(DE) 

20 

(DE) 

30 

(DE) 

40 

(DE) 
FAA standard 

Groove depth (mm) 
6 

(ND) 

5 

(DE) 

4 

(DE) 

3 

(DE) 

3. Results and discussion  235 

3.1 Validation of WFD hydrodynamic model 236 

Three different rainfall events were selected for simulation, featuring flow rates of 700, 900, and 1100 L/h, 237 

under various conditions including wind and ruts. The corresponding average rainfall intensity are 141, 173 238 

and 206mm/h, respectively. The grid precision in the computational domain is up to 2mm. The water film 239 

thickness at the peak time during the rainfall event with a flow rate of 700 L/h is illustrated in Figures 5 240 

(additional figures can be found in the Appendix). It demonstrates the strong agreement between the simulated 241 

data and the observed data trend. The simulation results accurately capture the influence of the rutted area (DE 242 

scenario) and wind on WFD distribution. It provides strong validation for the model's capabilities in simulating 243 

runoff generation processes, handling complex flow stability, and incorporating the effects of wind. The 244 

comparison between the simulated WFD and the measured data is also evaluated using two performance 245 

metrics: the Nash-Sutcliffe Efficiency (NSE) coefficient and the Root Mean Squared Error (RMSE). The NSE 246 

and RMSE are defined by Eq. (10) and (11) respectively. From Figure 6, it can be observed that the NSE 247 

values for the different scenarios range from 0.58 to 0.94, all of which are greater than 0.5, indicating good 248 

agreement between the simulation results and the observed data. The RMSE values range from 0.30 to 0.70, 249 

indicating low prediction errors and high accuracy of the model. In Figure 6(c), The slope of prediction peak 250 

line was 0.99 which is very close to 1 (line of equality). The comparison further confirms the good agreement 251 

(a) 

(b) 



 

10 

 

between the simulation results and the observed data. This comprehensive evaluation demonstrates the model's 252 

competence in effectively handling the intricate topography of runways equipped with grooves and accounting 253 

for the influence of strong winds. The model successfully enables reliable simulation of the distribution of 254 

water film depth on real runways under diverse weather conditions and groove deterioration, thereby 255 

facilitating comprehensive risk assessment. 256 

 𝑁𝑆𝐸 = 1 −
∑ (𝐻𝑚

𝑖 − 𝐻𝑜
𝑖 )

2𝑛
𝑖=1

∑ (𝐻𝑚
𝑖 − 𝐻𝑜)

2𝑛
𝑖=1

 (10) 

 𝑅𝑀𝑆𝐸 = √∑ (𝐻𝑚
𝑖 − 𝐻𝑜

𝑖 )
2𝑛

𝑖=1

𝑛
 (11) 

where 𝐻𝑜 is the mean of observed water film depth; 𝐻𝑚
𝑖  is modeled water film depth, 𝐻𝑜

𝑖  is observed water 257 

film depth, 𝑛 is the number of data.  258 

 259 

 260 

Figure 5. Simulated and measured WFD under the rainfall event with flow of 700L/h: (a) ND surface 261 

without wind, (b) ND surface with downwind, (c) ND surface with upwind, (d) DE surface without wind, (e) 262 

DE surface with downwind, (f) DE surface with upwind. Noted: the grey band denotes ensemble simulated 263 

results with a range of varying manning’s roughness.  264 

 265 

Figure 6. Calculated NSE values (a) and RMSE values (b) and the comparison between observed peak water 266 

film depth and simulated water film depth(c) of various scenarios. 267 

(a) (b) (c) 

(d) (e) (f) 

(a) (b) 

(c) 
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3.2 Analysis of influential factors 268 

3.2.1 Rainfall intensities effects on WFD distribution 269 

Figures 7(a) and (b) depict the trend of WFD distribution on the runway under various Manning’s roughness, 270 

using a rainfall intensity of 300 mm/h as a representative example. Along the longitudinal axis (in the 4m 271 

direction), where there is no slope, the water depth remains constant. Conversely, in the transverse axis (in the 272 

70m direction), the water depth exhibits a symmetrical distribution that corresponds to the underlying 273 

topography. In Figure 7(c), the water depth distribution is depicted at the peak moment along the longitudinal 274 

cross-section. The water depth gradually increases as one moves downstream along the slope. Specifically, 275 

within a 30-meter span on both sides of the centreline, where the bottom slope measures 1.5%, a noticeable 276 

elevation in water depth can be observed at the point where the grooved and non-grooved areas converge. This 277 

observation can be attributed to the influence of the grooves, which effectively enhance the flow velocity of 278 

water. Conversely, in the downstream regions without grooves, the drainage process occurs at a relatively 279 

slower pace. Along the downstream area with a steeper bottom slope of 2.5%, beyond the aforementioned 30-280 

meter range, there is a sudden and pronounced drop in water depth at the junction where these two bottom 281 

slopes meet, followed by a gradual increase. This can be attributed to the intensified incline, which fosters a 282 

more expeditious drainage process. It should be noted that the variation trend of the maximum and minimum 283 

values of the WFD is similar and the subsequent analysis will focus solely on the maximum value. 284 

A significant and positive correlation is observed between the peak water depth and rainfall intensity, as 285 

demonstrated in Figure 8(a). The water depth exhibits remarkable sensitivity to variations in rainfall intensity, 286 

showing an approximate increase of 0.5mm for every increment in rainfall intensity. This relationship follows 287 

a consistent linear distribution, allowing it to be fitted into a linear equation with an r exceeding 0.99. 288 

Furthermore, RMSE is utilized to compare the temporal differences in the spatial distribution of WFD during 289 

simulations with various rainfall events, as depicted in Figure 8(b). The analysis reveals that the spatial and 290 

temporal variability of WFD distribution is concentrated primarily during the rainfall period (180s). As the 291 

rainfall diminishes and transitions into the drainage phase, the differences in WFD distribution gradually 292 

decrease. It is noteworthy that the discrepancies in WFD distribution diminish with an increase in rainfall 293 

intensity. In essence, the larger the rainfall intensity, the smaller the variation observed in the distribution of 294 

water depth. This suggests that even slight increments in rainfall intensity can result in considerable disparities 295 

in water depth distribution when dealing with lower rainfall intensities. 296 

From a risk perspective, a critical WFD of 3mm is adopted (Administration(Faa), 2016), designating areas 297 

where the water depth exceeds this threshold as the "risk area." The proportion of the risk area relative to the 298 

groove area at the peak moment is quantitatively assessed, as depicted in Figure 8(a). With an escalation in 299 

rainfall intensity, the proportion of the risk area gradually expands, albeit at a diminishing rate. This implies 300 

that as the rainfall intensity increases, the impact of a similar increment in water depth on the risk area gradually 301 

diminishes. In other words, at lower rainfall intensities, an increase in water depth may result in a substantial 302 

expansion of the risk area. However, as rainfall intensities reach higher levels, the extension of the risk area 303 



 

12 

 

due to equivalent increments in water depth may become less prominent. In summary, the sensitivity of the 304 

risk area proportion to rainfall intensity diminishes as the intensity itself increases. 305 

 306 

   307 

  308 

Figure 7. (a) The plan view of WFD distribution at peak time with the upper limit of the Manning’s coefficient 309 

and (b) the lower limit of the Manning’s coefficient; (c) the cross-sectional view of WFD distribution on the 310 

runway surface. 311 

 312 

Figure 8. (a) The peak WFD and the proportion of risk area with varying rainfall intensities, and (b) the 313 

temporal variation of RMSE for the WFD simulated with the six rainfall intensities. 314 

3.2.2 Wind effects on WFD distribution 315 

Due to the symmetrical nature of the runway terrain, it enables the observations of WFD distribution under 316 

headwind and tailwind conditions in the left and right halves of the runway, respectively. Figure 9 depicts the 317 

water depth distribution at a rainfall intensity of 300 mm/h, revealing an asymmetric phenomenon. In the right 318 

half of the runway, where the wind direction aligns with the slope, the water flow is accelerated by the wind, 319 

(a) 

(b) 

(c) 

(a) (b) 
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resulting in lower WFD values. Conversely, in the left half of the runway, where the wind direction opposes 320 

the slope, the water flow is impeded by the wind, leading to higher WFD values. Consequently, in comparison 321 

to the windless scenario, the presence of wind amplifies the peak values of WFD, consistently localized on the 322 

left side of the runway. But the wind force does not affect the location of the WFD peak. 323 

As shown by the dashed line in Figure 10(a), there is a slight increase in the rate of WFD peak growth as the 324 

wind speed rises. However, this increase is minimal, with the difference in growth rate between the highest 325 

and lowest wind speed scenarios being less than 1 mm for all precipitation events. The WFD peak showcases 326 

a restrained responsiveness to alterations in wind speed. The trend of WFD growth remains consistent across 327 

different rainfall intensities, indicating a similar impact of wind speed on WFD regardless of precipitation 328 

intensity. For the risk area, the presence of wind speeds below 50 km/h shows slight increase compared to the 329 

no-wind scenario, which remains smaller than 1% for all rainfall events. However, as the wind speed reaches 330 

75 km/h, a significant rise in the risk area is observed, ranging from 6% to 11%. Even minimal fluctuations in 331 

WFD can lead to a significant expansion in the risk area in high wind speed conditions. And the extent of this 332 

increase diminishes as the rainfall intensity becomes higher. Figure 10(b) displays the RMSE values, which 333 

measure temporal differences in the spatial distribution of WFD under varying wind speeds. Similarly, the 334 

influence of wind speed on WFD distribution becomes significantly more pronounced at higher wind speeds 335 

(75km/h). It is noteworthy that within the duration of rainfall (180s), the RMSE stays below 0.5. Following 336 

the conclusion of rainfall, there is a distinct surge in RMSE, especially in the scenario involving a wind speed 337 

of 75 km/h. This signifies that the influence of wind speed on WFD is predominantly concentrated during the 338 

subsequent drainage phase after precipitation. In summary, the WFD peak exhibits limited sensitivity to wind 339 

speed fluctuations. However, when confronted with strong winds of level 8 or higher, the WFD distribution 340 

undergoes a significant influence, including a deceleration in the drainage process and a notable increase in 341 

the risk area. 342 

 343 

Figure 9. The cross-sectional view of WFD distribution with wind 344 

 345 
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 346 

Figure 10. (a) The extracted peak WFD and the proportion of risk area with varying wind speed and (b) the 347 

temporal difference between the spatial distribution of WFD with rainfall intensity of 300mm/h.  348 

3.2.3 Grooves deterioration effects on WFD distribution 349 

Deterioration is characterized by two parameters: the deterioration area (DA) and groove depth (Gd). Figure 350 

11 illustrates the distribution of water depth at a rainfall intensity of 300 mm/h for a DA of 10% and Gd of 351 

3mm. The deterioration adversely affects the runway's drainage capacity and led to an increase in overall water 352 

depths, particularly within the deteriorated area. However, it's important to note that the position of the WFD 353 

peak remained constant. For WFD peak, the observed increase is relatively minor (≤0.2mm) and variations in 354 

wind speed and rainfall intensity do not exacerbate this phenomenon, as depicted in Figure 12(a) and (c). 355 

Figure 12(d) presents the RMSE of the WFD distribution over time under different deterioration conditions. 356 

With various DA values, the spatial variations in the distribution are most pronounced with relatively smaller 357 

WFD, during the initial precipitation phase and the latter stage of the drainage phase. However, varying Gd 358 

exhibit a positive correlation emerges between the RMSE and water depth. As the water depth increases, the 359 

RMSE also increases. Conversely, during the latter portion of the drainage phase, as the water depth decreases, 360 

the RMSE gradually decreases as well.  361 

Regarding the risk area, Figures 12(b) and (c) illustrate the fluctuations under various deterioration conditions, 362 

taking into account additional factors. An increase in Gd resulted in a consistent linear reduction in the risk 363 

area. This effect became more pronounced when combined with an expanded DA, resulting in a range of 2% 364 

to 10%. This pattern held steady across diverse rainfall intensities and wind speeds. In the case of DA, the 365 

transition from 10% to 20% exerted a more substantial impact on the risk area compared to further increments. 366 

This suggests that the most significant influence on the risk area occurs during the initial transition from a 367 

smaller DA to a slightly larger one, and subsequent deterioration beyond that point (approximately 20%) does 368 

not significantly contribute to the expansion of the risk area. Increased rainfall intensity tends to mitigate the 369 

influence of deterioration on the risk area. In essence, as the rainfall intensity increases, the risk area becomes 370 

substantial. The additional impact of the deterioration area on the risk area becomes less significant, resulting 371 

in a smaller percentage increase in the risk area. And the impact of DA outweighs that of Gd with smaller 372 

rainfall intensity. However, when confronted with strong winds (75 km/h), the influence of deterioration on 373 

the risk area is significantly magnified. And the impact of Gd takes precedence over that of DA.  374 

(a) (b) 



 

15 

 

In summary, the peak value of WFD remains insensitive to deterioration. However, deterioration can 375 

significantly impact the risk area, especially in scenarios with strong winds. Combining 150mm/h rainfall 376 

intensity with strong wind speed and acceptable deterioration, risk area can be expanded to 80%. Therefore, 377 

even the groove condition being within the range that typically does not necessitate maintenance action, 378 

enhanced oversight of runway risks is imperative. It is advisable to uphold the optimal groove condition within 379 

operational limits.  380 

 381 

Figure 11. The cross-sectional view of WFD distribution with groove deterioration  382 

383 

  384 

Figure 12. The extracted peak WFD (a) and the proportion of risk area (b) of different rainfall intensity and 385 

(c) the extracted peak WFD and the proportion of risk area of different wind speed with varying deterioration 386 

conditions and (d) The temporal difference between the spatial distribution of WFD with rainfall intensity of 387 

150mm/h. 388 

(a) (b) 

(c) (d) 
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3.3 Correlation of runway risk area and influential factors 389 

The simulation scenario aims to encompass a comprehensive range of adverse weather conditions and runway 390 

deterioration situations that an aircraft may encounter during operation. In contrast to the peak of WFD, the 391 

risk area provides a more intuitive depiction of the overall runway condition and its impact on aircraft take-off 392 

and landing. This section will further compare the effects of various influencing factors on the risk area and 393 

analyse which factor the risk area is more sensitive to, meaning that an increase in that specific factor poses a 394 

greater danger to aircraft operations. The analysis process involved normalizing the factors and conducting 395 

regression analysis. In the normalization section, the Min-Max Scaling method was employed. The regression 396 

model aimed to estimate the coefficients associated with each factor, indicating the direction and magnitude 397 

of their impact on the risk area. In the regression analysis, which yielded an R-squared value of 0.85, the 398 

coefficients for rainfall intensity, wind speed, deterioration area, and groove depth were 0.20, 0.09, 0.02, and 399 

-0.03, respectively. Notably, the impact of rainfall intensity appears to be the most significant, followed by 400 

wind speed, while the influences of deterioration area and groove depth are relatively smaller. It is consistent 401 

to the preceding analysis. These findings provide valuable insights for prioritizing mitigation strategies, with 402 

a particular emphasis on managing high rainfall intensities and wind speeds to minimize the risk area of the 403 

runway. 404 

Based on all 456 simulation scenarios, a function was fitted based on multivariate nonlinear regression analysis 405 

to describe the relationship between the risk area and the variables of rainfall intensity, wind speed, 406 

deterioration area, and groove depth. This regression function achieved an impressive R-squared value of 0.96, 407 

indicating a strong fit to the data. Figure 13 presents the comparison between the predicted risk area derived 408 

from the regression equations and the simulated risk area across the 456 scenarios. By relying on established 409 

patterns and observed data, the empirical formula offers a more perceptible and straightforward method, 410 

enables efficient and rapid assessments of risk area under various factors. Its practicality and ease of use 411 

enhance its applicability in time-sensitive situations, allowing for timely decision-making and proactive 412 

measures to ensure the safety and efficiency of airport operations. 413 

𝑅𝑎 = 0.8842𝑖0.15 + (0.0062𝑤3 − 0.3309𝑤2 + 3.6392𝑤) × 10−4 

−0.0125𝐺𝑑 + 0.0005𝐷𝐴 − 1.2290 
(12) 

Where 𝑅𝑎 is risk area percentage, 𝑖 is rainfall intensity, mm/h, 𝑤 is wind speed, km/h, 𝐺𝑑 is groove depth, 414 

mm, 𝐷𝐴 is deterioration area percentage.  415 
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 416 

Figure 13. The comparison between the predicted risk area from the regression equations and the simulated 417 

risk area across the 456 scenarios. 418 

4. Conclusion 419 

This study develops a rainfall-runoff hydrodynamic model that integrates wind effects to simulate the rainfall-420 

induced WFD on grooved runways. The model is well calibrated and validated using experimental data 421 

obtained from a downscaled physical model that faithfully replicates the geometric characteristics of an 422 

existing runway prototype. It enables the model to successfully capture the distribution of WFD associated 423 

with different levels of rainfall intensity, wind conditions, and groove deterioration. The evaluation metrics, 424 

including the NSE and RMSE, further affirm the model's reliability and accuracy. We then present an empirical 425 

model to predict the runway risk area under the effects of rainfall intensity, wind speed, deterioration area, and 426 

groove depth regressed based on a dataset generated from 456 simulations on a scaled-up lateral prototype. 427 

The development of the hydrodynamic model and empirical model facilitates accurate and prompt decision-428 

making and runway risk management.  429 

In addition, these numerical experiments allowed for a comprehensive quantitative analysis of the 430 

spatiotemporal distribution of WFD, providing valuable insights for runway risk management and maintenance 431 

recommendations. Among the factors considered, rainfall intensity stands out as a primary concern in runway 432 

risk management due to its significant influence on the runway's risk area. However, its sensitivity to risk area 433 

and peak WFD decreases as rainfall intensity increases. Interestingly, variations in wind speed and groove 434 

deterioration have a relatively minor impact on WFD peak. Nonetheless, when subjected to strong winds, the 435 

drainage process decelerates, accentuating the influence of these factors and leading to a substantial expansion 436 

of the risk area. It is essential to enhance runway risk monitoring during strong wind conditions, even in the 437 

presence of light rainfall and acceptable groove deterioration. Besides, upholding the optimal groove condition 438 

to the greatest extent possible is recommended.  439 

Ra=0.8842i 0.15+10-4(0.0062w3-0.3309w2+3.6392w)

-0.0125Gd+0.0005DA-1.2290
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 Appendix 565 

   566 

   567 

Figure A1. Simulated and measured WFD under the rainfall event with flow of 900L/h: (a) ND surface 568 

without wind, (b) ND surface with downwind, (c) ND surface with upwind, (d) DE surface without wind, (e) 569 

DE surface with downwind, (f) DE surface with upwind. Noted: the grey band denotes ensemble simulated 570 

results with a range of varying manning’s roughness. 571 

   572 

   573 

Figure A2. Simulated and measured WFD under the rainfall event with flow of 1100L/h: (a) ND surface 574 

without wind, (b) ND surface with downwind, (c) ND surface with upwind, (d) DE surface without wind, (e) 575 

DE surface with downwind, (f) DE surface with upwind. Noted: the grey band denotes ensemble simulated 576 

results with a range of varying manning’s roughness. 577 
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