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Abstract  

This work investigates the prediction and effects of mountain waves on aviation by focusing on a hard 

landing incident (Flight 1) that occurred in Pico Aerodrome (LPPI) involving an Airbus A320-200 aircraft, 

using airborne observations and forecasts from the AROME (Applications of Research to Operations at 

Mesoscale) model. A second flight (Flight 2), that serves as a control, is also studied. The severity of wind 

shear during both flights is calculated according to an intensity factor “I” that is based on collected aerial 

data and is recommended by ICAO (International Civil Aviation Organization). During Flight 1, 36% of the 

landing phase (below 2100 ft) transpired under “severe” wind shear conditions and 16% under “strong” wind 

shear conditions. According to the AROME model, the development of vertically propagating mountain 

waves with maximum vertical velocities above 400 ft/min and surpassing 200 ft/min along the flight trajectory 

combined with severe wind shear are believed to be the main causes behind the incident. For Flight 2, 

considerably weaker vertically propagating waves (vertical velocities less than 100 ft/min) were forecast 

near the aerodrome. During its approach phase, no “severe” wind shear conditions were found, with “strong” 

ones occurring 4% of the time. Overall, 68% of this phase displayed “light” wind shear conditions. As a result 

of the comparison between “I” and the AROME turbulence indicators, preliminary thresholds are suggested. 

Finally, this study provides an objective verification of AROME wind forecasts from which it was concluded 

that a good agreement with airborne observations exists for wind speeds above 10 kt. A poor skill exists for 

weaker winds. 

Keywords: mountain waves; wake; AROME model; turbulence indicators; Azores Island; model objective 

verification; aircraft observations  
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1. Introduction 
In a stably stratified atmosphere, airflow towards a topographic obstacle may trigger gravity waves (or 

buoyancy waves) downstream of the obstacle, known as mountain waves [1]. The type of flow response 

depends heavily on the shape of the mountain (aspect ratio) as well as on the Froude number [2]. For lower 

Froude numbers, the flow may be completely blocked in the upstream region [3] or it may flow around the 

obstacle (flow splitting phenomenon) [2,4]. On the other hand, high Froude numbers (𝐹𝑟 ≫ 1) indicate that 

airflow will overcome the topographic obstacle and vertically propagating mountain waves may develop 

depending on the atmospheric stability, wind velocity and mountain width [5]. 

The study of orographic phenomena is indisputably important in aeronautics as they have been known 

to author a variety of aviation accidents worldwide [6,7] and are particularly harmful to light aircraft during 

their takeoff and landing phases. As a result, extensive research has been conducted to analyze aircraft 

accidents and incidents in various parts of the world with special focus on airports and aerodromes exposed 

to orographic flow interference. Usually aircraft measurements are compared with NWP (Numerical Weather 

Prediction) models in order to understand their reliability as forecasting tools and to also uncover the main 

causes behind such incidents. The work by Keller et al. [6], for instance, centered on a Continental Airlines 

aircraft that caught fire after veering violently off of the runway in Denver International Airport (DIA) during 

takeoff. High-resolution numerical simulations enabled them to conclude that lee waves were the probable 

cause behind the strong crosswinds that caused the accident. Another study from 2013 by Parker and Lane 

[7] proved that turbulence engendered by orographic flow resulted in a fatal lightweight aircraft accident in 

Australia. 

In Portugal, mountain waves associated to Pico Mountain (the highest of Portugal), to the authors’ best 

knowledge, have only been addressed previously by Barata et al. [8] in terms of a characterization of the 

surrounding wind regime and validation of the existence of leeside vortices through a scaled physical model 

of the island placed within a wind tunnel. 

Pico Island is one of nine constituents of the Azorean archipelago, situated in the Atlantic Ocean at 

1500 km from Lisbon. Pico Aerodrome (LPPI) lies on the north coast of the island, north of Pico Mountain 

with a maximum height of 2351 m. In the presence of southwesterly winds in the southern region of the 

Island, which are frequent [8], the likelihood that takeoff and landing phases will be affected by a plethora 

of orographic phenomena ranging from severe mountain waves, leeside vortices and overall LLWS (low-

level wind shear) is increased [8,9]. 

This work scrutinizes the orographic flow associated to Pico Mountain according to two sources, using 

forecasts from the operational AROME (Applications of Research to Operations at Mesoscale) model and 

airborne measurements collected by SATA Internacional – Azores Airlines, S. A. (henceforth SATA) Airbus 

A320-200 aircraft. Two flights were considered, where the first one represents the hard landing incident 

(Flight 1). Upon touchdown, the aircraft bounced and registered a vertical acceleration above 2 G. No 

fatalities or serious injuries were reported. The second one, labeled Flight 2, will serve as a control 

parameter that is representative of a flight in which no incidents were reported. The first goal of this work is 

to characterize the nature of relevant orographic phenomena that may have led to this incident. 
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The second goal is to provide an assessment of the agreement between AROME wind forecasts and 

airborne observations. Five turbulence indicators (Brown, Ellrod TI1, Ellrod TI2, CAT1 and EDR or Eddy 

Dissipation Rate) are computed from AROME forecasts in order to quantify the turbulence in the 

surroundings of Pico Aerodrome. The wind shear intensity factor “I”, as originally suggested by Woodfield 

and Woods [10], is used to quantify the degree of the wind shear registered by the aircraft. Finally, a 

preliminary correspondence between AROME turbulence indicators and the severity of the wind shear 

registered by the aircraft is presented. This is of great importance because the Portuguese Institute for Sea 

and Atmosphere (IPMA) routinely provides AROME forecasts of the wind and EDR for Pico and Faial Islands 

to SATA on an experimental basis. This test phase started in November 2017. 

2. Data and Methodology 

2.1 SATA Airborne Data 

Wind speed and direction were provided every 4 seconds for both flights along with the matching altitude 

and coordinates (latitude and longitude). Approximately, the final 10 minutes of the trajectory (corresponding 

to altitudes below 5000 ft) were studied since the incident took place during the landing phase. The average 

route for both flights in addition to Pico’s orography are illustrated in Figure 1. 

 

Figure 1: Average flight trajectory shown by the dashed blue line and Pico’s orography according 

to the AROME model. Shading depicts elevation in meters. Pink mark is the Aerodrome location. 

2.2 Wind Shear Intensity Factor “I” 

The severity of wind shear intensity, as perceived by the aircraft, will be measured according to the wind 

shear intensity factor “I”, detailed in ICAO’s (International Civil Aviation Organization) Manual on Low-level 

Wind Shear [11]. Following Guan and Yong’s study [12], wind shear is classified as “light”, “moderate”, 

“strong” or “severe” based on the variation of the airspeed with time 
𝑑𝑉𝑇𝐴𝑆

𝑑𝑡
 and on the airspeed 

proportion 
Δ𝑉𝑇𝐴𝑆

𝑉𝑇𝐴𝑆
. The intensity factor “I” itself may be expressed as follows: 
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𝐼 =
𝑑𝑉𝑇𝐴𝑆

𝑑𝑡
× (

Δ𝑉𝑇𝐴𝑆

𝑉𝑇𝐴𝑆

)
2

. (1) 

Equation 1 requires the true airspeed, 𝑉𝑇𝐴𝑆, which in turn may be computed from the following relation: 

𝐺𝑆 = 𝑉𝑇𝐴𝑆 + 𝑉𝐻𝑇 , (2) 

where 𝐺𝑆 represents the ground speed of the aircraft and was calculated by employing the 3D distance 

formula between any two points described by their altitude, latitude and longitude. The head or tailwind 

component 𝑉𝐻𝑇, which are then subtracted from the ground speed, may be found according to the following 

equation: 

𝑉𝐻𝑇 = −|�⃗� | cos [(Θ𝑤𝑖𝑛𝑑 − Θ𝑅𝑢𝑛𝑤𝑎𝑦) ∙
𝜋

180
] . (3) 

In Eq. 3, �⃗�  is the wind vector, Θ𝑤𝑖𝑛𝑑  is the wind direction in degrees and Θ𝑅𝑢𝑛𝑤𝑎𝑦 is the runway bearing also 

in degrees. For Flights 1 and 2, runway 27 was used, which corresponds to Θ𝑅𝑢𝑛𝑤𝑎𝑦 = 270°. 

2.3 AROME Turbulence Indicators 

Five turbulence indicators were studied in this investigation: Brown, Ellrod TI1, Ellrod TI2, CAT1 and 

EDR or Eddy Dissipation Rate. All of these parameters were calculated from AROME forecasts. 

The Brown Index Φ, according to Gill and Buchanan [13] and Sharman et al. [14] may be defined as 

follows: 

Φ = √0.3𝜁𝑎
2 + (

𝜕𝑣

𝜕𝑥
+

𝜕𝑢

𝜕𝑦
)
2

+ (
𝜕𝑢

𝜕𝑥
−

𝜕𝑣

𝜕𝑦
)
2

, 𝜁𝑎 = (
𝜕𝑣

𝜕𝑥
−

𝜕𝑢

𝜕𝑦
) + 𝑓 (4) 

where 𝑢  and 𝑣  denote the zonal and meridional components of the wind respectively. The vertical 

component of absolute vorticity, represented by 𝜁𝑎, is the sum of the vertical component of the relative 

vorticity, (
𝜕𝑣

𝜕𝑥
−

𝜕𝑢

𝜕𝑦
), and of the Coriolis frequency, represented by 𝑓. The quantity Φ𝜀 is the form of the Brown 

Index that is actually used in this study: 

Φ𝜀 =
1

24
Φ𝑆𝑉

2, 𝑆𝑉 = √(
𝜕𝑢

𝜕𝑧
)
2

+ (
𝜕𝑣

𝜕𝑧
)
2

(5) 

The Ellrod TI1 index is calculated according to Eq. 6: 

Ellrod TI1 =  Sv√(
𝜕𝑢

𝜕𝑥
−

𝜕𝑣

𝜕𝑦
)
2

+ (
𝜕𝑣

𝜕𝑥
+

𝜕𝑢

𝜕𝑦
)
2

, (6) 

where 𝑆𝑣 is the vertical wind shear. The Ellrod TI2 index is similar to the Ellrod TI1, except that it incorporates 

a convergence term in the form of −(
𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
), as is shown in Eq.7: 

Ellrod TI2 = Sv [√(
𝜕𝑢

𝜕𝑥
−

𝜕𝑣

𝜕𝑦
)
2

+ (
𝜕𝑣

𝜕𝑥
+

𝜕𝑢

𝜕𝑦
)
2

− (
𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
)] . (7) 
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Next, the CAT1 turbulence indicator by Sharman et al. [14] is formulated according to: 

CAT1 = |�⃗� ℎ|√(
𝜕𝑢

𝜕𝑥
−

𝜕𝑣

𝜕𝑦
)
2

+ (
𝜕𝑣

𝜕𝑥
+

𝜕𝑢

𝜕𝑦
)
2

, (8) 

where �⃗� ℎ is the horizontal wind vector. 

 The last indicator is the Eddy Dissipation Rate or 𝜀 and follows the empirical formula referred by 

Frech et al. [15]: 

𝜀 =
TKE1.5

𝐿𝑒
, (9) 

where 𝐿𝑒 = 311 m, which is the chosen length scale [15]. TKE represents the turbulent kinetic energy, which 

is a prognostic variable from the AROME model. The EDR indicator itself is defined as the cube root of 𝜀 

according to ICAO [16]: 

EDR = 𝜀
1
3. (10) 

2.4 RMSE and MAE for Wind Speed and Direction 

The quantitative comparison between observed (from aircraft) and forecast (from AROME) wind data is 

established according to the root mean square error (RMSE) and the mean absolute error (MAE). The 

calculation of the wind speed error, RMSEWSPD, is performed following the method employed by Grubišić et 

al. [17] for a dataset with 𝑛 points, as follows: 

RMSEWSPD = √
1

𝑛
∑[|�⃗� ℎ(𝑖)|𝑜𝑏𝑠

− |�⃗� ℎ(𝑖)|𝑠𝑖𝑚]
2

𝑛

𝑖=1

. (11) 

MAEWSPD is similarly defined as follows: 

MAEWSPD =
1

𝑛
∑||�⃗� ℎ(𝑖)|𝑜𝑏𝑠

− |�⃗� ℎ(𝑖)|𝑠𝑖𝑚|

𝑛

𝑖=1

. (12) 

The root mean square error and the mean absolute error for the wind direction, RMSEWDIR and MAEWDIR 

respectively, are determined using the method described in Jiménez et al. [18]: 

RMSEWDIR = √
1

𝑛
∑[ΔWDIR(𝑖)]2
𝑛

𝑖=1

, (13) 

MAEWDIR =
1

𝑛
∑|ΔWDIR(𝑖)|

𝑛

𝑖=1

, (14) 

where ΔWDIR(𝑖) in degrees is given by: 
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ΔWDIR(𝑖) = {

WDIR𝑠𝑖𝑚(𝑖) − WDIR𝑜𝑏𝑠(𝑖);             | WDIR𝑠𝑖𝑚(𝑖) − WDIR𝑜𝑏𝑠(𝑖)| ≤     180

WDIR𝑠𝑖𝑚(𝑖) − WDIR𝑜𝑏𝑠(𝑖) − 360; WDIR𝑠𝑖𝑚(𝑖) − WDIR𝑜𝑏𝑠(𝑖) >        180

WDIR𝑠𝑖𝑚(𝑖) − WDIR𝑜𝑏𝑠(𝑖) + 360; WDIR𝑠𝑖𝑚(𝑖) − WDIR𝑜𝑏𝑠(𝑖) <     −180

. (15) 

3. Results and Discussion 

3.1 Results from the Wind Shear Intensity Factor “I” 

According to Figures 2 (a) and (b), Flight 1 experienced 36% of its approach phase under “severe” 

wind shear conditions and over 15% under “strong” conditions. This means that over 50% of its low-level 

trajectory encountered “strong” to “severe” wind shear, consistently with a hard landing event. For Flight 2, 

“severe” conditions were absent. Only 4% of its landing phase faced “strong” circumstances and 29% was 

under “moderate” wind shear conditions. The “light” intensity was clearly prevalent. 

 

(a) 

 

(b) 

Figure 2: Relative frequency distribution for wind shear intensity for: (a) Flight 1; and (b) Flight 2.  

3.2 Orographic Flow during Flight 1 

The horizontal wind speed at 680 ft (Figure 3 (a)) portrays a maximum speed that surpasses 40 kt 

(21 m/s) in the vicinity of Pico Mountain. Near the aerodrome, the AROME model predicts wind speeds 

greater than 35 kt (18 m/s) and values below 20 kt at a distance of 6 to 7 NM of the aerodrome (near the 

lee wake). This reveals that the aircraft experienced intense wind shear during its landing phase. Based on 

Figure 3 (b), which details the maximum and minimum vertical velocities from the surface up to 6000 ft, the 

alternating up and downdraft pattern is indicative of the presence of vertically propagating mountain waves. 

Maximum updraft velocities register values above 400 ft/min in the vicinity and magnitudes of around 200 

ft/min closer to the flight trajectory. 
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(a) 

 
(b) 

Figure 3: (a) Horizontal wind distribution at 680 ft for Flight 1, based on AROME forecasts; Shading in (a) 

shows wind speeds in knots and the pink dot identifies the approximate aircraft position at this level. (b) 

Maximum vertical velocity under 6000 ft. Shading in (b) represents vertical velocities in ft/min, positive 

values indicate upward and negative values represent downward motion. 

3.3 Orographic Flow during Flight 2 

The AROME forecasts of horizontal wind speed at 135 ft, as shown in Figure 4 (a), record speeds 

ranging from 15 to 20 kt (8-10 m/s) near the aerodrome and values below 5 kt in some parts of the flight 

path, in association with a lee wake. Figure 4 (b) also shows signs of vertically propagating waves that are, 

however, much less energetic than those seen in Flight 1 (Figure 3 (b)). During Flight 2, the maximum 

vertical velocity near the lee of Pico Mountain is less than 200 ft/min. Near the aerodrome, even weaker 

downdrafts of 100 ft/min are predicted. 

 

(a) 

 

(b) 

Figure 4: Same description as Figure 3, but for Flight 2 and (a) is now at 135 ft. 

3.4 Turbulence Indicator Comparison with “I” Factor 

Superposition of AROME turbulence indicators on the wind shear intensity factor “I” is shown for 

Flight 1 in Figure 5 and for Flight 2 in Figure 6. For Flight 1, Ellrod TI2 and CAT1 attained maximum values 
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near 24 × 10−6  s-2 and 12 × 10−3  ms-2, respectively for heights approximately between 300 and 600 ft. 

When compared to the “I” factor, the aircraft also registered severe wind shear levels at these heights. This 

suggests these values could be included as candidates for critical thresholds. When comparing EDR to the 

“I” factor, it is evident that values near 0.3 are attained for heights under 200 ft, which suggests an 

underestimation of “severe” conditions since according to recent ICAO guidelines [19], EDR ≥ 0.45 m2/3 s-1 

is considered “severe”. Below 300 ft, the Brown index records values above 18 × 10−9s-3, near “severe 

conditions”. 

During Flight 2, the Ellrod TI2 index showed values above 9 × 10−6  s-2 along the flight path, 

especially for heights below 300 ft. CAT1 registered between 4 × 10−3 ms-2 and 8 × 10−3 ms-2 below 900 ft. 

Perusal of EDR shows consistency with the “I” factor as both indicate “light” conditions. EDR has values 

close to 0.1 for heights below 600 ft. The Brown index is 4 × 10−9s-3 near “light” conditions at about 300 ft.  

  

Figure 5: AROME turbulence indicators vs. the wind shear intensity factor “I” along the flight path 

for Flight 1. 

  

Figure 6: Same as Figure 6 but for Flight 2. 



9 
 

3.5 Objective verification of wind forecasts from AROME 

The accuracy of AROME predictions is summarized in Table 1. It is clear that the wind speed RMSE 

for Flight 1 is only slightly above the recommended 5 kt (2.6 m/s) by ICAO guidelines [16]. The wind direction 

RMSE is well within the 20 °  recommendation. MAE values are even lower. Overall, there is a good 

agreement between observations and AROME forecasts for Flight 1. The RMSE and MAE for wind speed 

during Flight 2 were 4.4 ms-1 and 3.8 ms-1. These are about 30% larger than the errors for Flight 1. For wind 

direction, the RMSE and MAE were around 83.3° and 65.4°, respectively. These high values are consistent 

with the findings by Jiménez et al. [18] who found, for the WRF model, that the RMSE for wind direction 

over complex terrain increases with decreasing wind speeds, reaching values above 70° for wind speeds of 

the order of 2 kt. 

Table 1: Summary of RMSE and MAE for wind speed and direction for both flights.  

4. Conclusion 

During the analysis of the hard landing incident (Flight 1), it was found that horizontal wind speeds of 

over 40 kt were found in the neighborhood and above 35 kt closer to the aircraft trajectory. The AROME 

model predicted the presence of vertically propagating mountain waves with maximum vertical velocities 

above 400 ft/min close to Pico Mountain and above 200 ft/min in the flight path. According to ICAO Annex 

3 [16], mountain waves are “severe” when downdrafts surpass 600 ft/min. Although these values were not 

reached, it is important to note that the AROME model may have underestimated the intensity given the fact 

that it underestimates the height of Pico Mountain. 

For Flight 2, AROME forecasts revealed much weaker vertically propagating waves and the “I” factor 

based on airborne observations reveals a flight with predominantly “light” wind shear conditions (68%) and 

“moderate” ones during 29% of the approach phase. 

 All turbulence indicators for both flights registered more elevated values for Flight 1 than 2, as is to 

be expected from the hard landing report. 

 In terms of an evaluation of AROME wind forecasts, it was concluded that Flight 1 showed good 

agreement with observed values for both wind speed and direction. Flight 2, on the other hand, reinforce 

previous research stating that numerical weather prediction models have difficulties in accurately estimating 

the wind direction for wind speeds below 2 kt. 

As a suggestion for future work, it would be interesting to use other wind shear and turbulence indicators 

to test for consistency. Also, further flights should be considered in order to validate the initial thresholds 

proposed in the analysis of the AROME turbulence indicators.  

  

 
RMSEWSPD 

[ms-1] 

RMSEWDIR 

[deg] 

MAEWSPD 

[ms-1] 

MAEWDIR 

[deg] 

Flight 1 3.4 11.4 2.8 8.1 

Flight 2 4.4 83.3 3.8 65.4 
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