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Abstract 

Weather conditions are explored during two flight incidents in Iceland using conventional 

meteorological data, recordings from the aircrafts and a high resolution numerical model.  

The observed weather extremes are underestimated by the model but it does produce severe 

conditions. There are indications that horizontal resolution beyond one kilometer may be 

useful in this context. A large data set from  automatic weather stations has been explored 

and indicates that most extreme winds occur in downslope flow and not flow from the sea. 

They also show diurnal variability in the frequency of windstorms with the maximum 

occurring during the night.  

 

 

 

 

 

 

 

 

 

Útdráttur 

Með aðstoð reiknilíkans, hefðbundinna veðurathugana og athugana úr flugvélum eru 

veðuraðstæður rannsakaðar þegar tvö flugatvik áttu sér stað á Íslandi. Reikningarnir gefa til 

kynna mikið upp- og niðurstreymi en þó ekki þau aftök sem í raun urðu. Niðurstöðurnar gefa 

vísbendingu um að eftir nokkru sé að sækjast með því að auka enn nákvæmni reikninga. 

Athuganir frá sjálfvirkum veðurathugunum gefa til kynna að flest óveður verði þegar vindur 

stendur af fjöllum en ekki af hafi og að óveður séu tíðari að næturlagi en á daginn.  
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1 Introduction 

Frequent observations of the atmosphere in three dimensions are necessary not only to 

monitor the weather and the climate, but to initialize and verify numerical model 

simulations. These simulations may span timescales of short-term weather forecasting to 

long-term climate studies and they may concentrate on patterns ranging from details at 

small spatial scales up to global circulation. 

In Iceland, there is a dense network of surface weather stations, but limited upper air 

observations. Before 1990, the only upper air observations consisted of sparse reports from 

aircrafts and a radiosounding at Keflavík Airport twice a day. In recent years, radar data 

and additional radiosoundings at Egilsstaðir (E-Iceland) have been made available. 

However, the complex terrain of Iceland leads to large variability in the weather and 

sometimes local extremes that can not be described with the current operational 

observational system. An extremely valuable opportunity therefore presents itself when 

aircrafts encounter extreme conditions in the atmosphere. It is especially useful if the 

aircraft is equipped with a flight data recorder.    

In this thesis, two cases when aircrafts encountered extreme conditions are investigated. In 

both cases, there are extreme vertical velocities in the vicinity of mountain ranges. Both 

instrumental as well as anecdotal information from the aircrafts and their crew and 

passengers are studied and the weather is simulated with a numerical model at high spatial 

resolution. The flow is described and discussed in relation to existing theories of 

orographic flow and the ability of the numerical models to accurately reproduce what 

happened is assessed. A simple climatology of windstorms and atmospheric conditions that 

lead to wind extremes in the vicinity of mountains in Iceland is presented.  

The first chapter of this thesis discusses briefly selected elements of the theory of 

orographic flow. In the second chapter, the numerical model WRF and technical details of 

the simulations are explained. The results on the first case (Hvalfjörður – 4 March 1974) 

and the second case (Ljósufjöll - 5 April 1986) are presented subsequently. The cases are 

followed by a section on climatology of windstorms in Iceland derived from observations. 

Finally, the results are summarized, discussed and presented with general conclusions. 
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2 Theory 

The terrain of the earth impacts both the direction and speed of wind in multitude of ways 

at all spatial scales. The components of wind can speed up, slow down or even reverse. 

When the atmosphere impinges on a mountain range, complex patterns may occur in the air 

flow. On the upstream side of the mountains, the flow is often slow. This area is often 

referred to as an upstream blocking. On the downstream side, there is often a wake where 

the flow is generally weaker than far upstream. However, the flow is occasionally 

accelerated above the mountain and forms a downslope windstorm, which is confined to 

the lee slope and the area immediately downstream. Along the sides of mountains, at 

mountain edges or in gaps between mountains the air flow may accelerate locally, forming 

barrier winds, gap winds or corner winds.   

Much is known about the nature and characteristics of mountain waves and the associated 

flow. A few studies, which are particularly relevent, are discussed here.  

2.1 Nondimensional mountain height, Nh/U 

The nondimensional mountain height is the ratio Nh/U. This ratio governs the occurrence 

of orographic flow splitting or large-amplitude or breaking waves. N is the Brunt–Väisälä 

frequency or the static stability of the air, h is the mountain height and U is the wind speed 

perpendicular to the mountain. N can be calculated from equation (1). Nh/U is often 

referred to as the inverse Froude number. According to a linear theory in density 

coordinates, developed by Smith (1989), the onset of flow splitting and wave breaking can 

be predicted as a function of mountain aspect ratio (mountain width divided by mountain 

length) and Nh/U. According to this theory, the mountain waves break for values of Nh/U 

roughly between 1 and 2 for a mountain aspect ratio of 2. For Nh/U greater than about 1.2, 

the low-level flow is split and deflected to both sides of the mountain.  

N =    (1) 

where g is gravity, θ is potential temperature and z is the vertical coordinate.   

2.2 Mountain waves 

Internal gravity waves or so-called mountain waves are formed when a stably stratified 

airmass blows perpendicular to a mountain. The waves propagate vertically and tilt 

upstream so that the flow is relatively fast in the descending part of a wave. The basic 

structure of a mountain wave is determined by the size and shape of the mountain and by 

the vertical profiles of temperature, wind speed and moisture in the oncoming flow. A train 

of mountain waves, often referred to as lee waves, may extend far away downstream of the 
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mountain. The waves may also extend above the tropopause. Small scale circulations, so-

called rotors, and strong turbulence may be generated by strong wind shear or convective 

instability associated with steep or amplified mountain waves. Sometimes there is strong 

downslope acceleration followed by abrupt deceleration and strong turbulence on the 

downstream side of mountains. Such flows resemble hydraulic jumps as seen in simple 

fluid mechanics.  

Vosper (2004) focuses on the effects of a sharp low-level temperature inversion on the 

formation of lee waves, lee-wave rotors, low level hydraulic jumps and the occurrence of 

wave breaking aloft. The atmosphere, in the study, consists of two layers with different 

(constant) values of the Brunt-Väisälä frequency, N. In the absence of any mountain or 

boundary-layer effects, the wind speed,  is independent of height throughout the entire 

depth of the atmosphere. The inversion is considered to be very sharp as shown in Figure 

2-1. The Vosper (2004) study also examined the difference between the no-slip and free-

slip conditions. In the current study, the results are compared to the no-slip condition as 

that corresponds better with the actual atmosphere.  

 

Figure 2-1. Schematic diagram illustrating the simple two-layer atmosphere used in Vosper (2004). 

Vosper (2004) derived a diagram to evaluate what kind of disturbance would form given 

the Froude number ( and height of the mountain versus height of the inversion , see 

Figure 2-2.  equals , (the Froude number as defined for shallow water flow (e.g. 

Baines, 1995)) and g´ = g  where g is gravity,  ∆θ is the difference in potential 

temperature between the top and bottom of the inversion (inversion strength),  is the 

potential temperature in the neutral layer,  is height of the inversion,  is the upstream 

geostrophic wind and H is the height of the mountain. The amplitude of the waves is 
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proportional to the mountain height and hence  controls the occurrence of rotors and 

hydraulic jumps. Figure 2-3 displays lee waves according to Vosper (2004).  

 

Figure 2-2. The regime diagram from Vosper (2004) showing the Fi and H/zi dependence of the flow 

when the no-slip lower boundary condition is applied. 
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Figure 2-3. Lee waves in Vosper (2004) for a no-slip simulation where Fi is 0.6 and H/zi is 0.5. 

2.3 Forecasting mountain waves 

When a forecaster is determining whether a mountain wave will form or not, he generally 

looks for a stable atmosphere where a relatively strong wind flows perpendicular to a 

mountain range. Due to the hectic nature of forecasting, a simple practical method was 

developed by Casswell (1966) to calculate wave length and up- and downdraughts in 

mountain waves. It is a simplified method that has been used operationally at the UK 

Meteorological Office for many years. He estimated the Scorer parameter, (0), and c from 

a two-layer model defined by the pressure levels 1000, 700 and 300 hPa, with the upper 

layer being less stable. Mid-layer values of the Scorer parameter (at 850 and 500 hPa) are 

computed from the three pressure levels and the wind at 850 hPa and 500 hPa. These 

Scorer parameter values are then used to obtain (0) and c from equation (2) and (3). Up- 

and downdraughts are calculated from equation (4). When  decreases with altitude there 

is a greater likelihood of trapped lee waves. 

 (2) 

 exp(-cz)   (3)  

  (4) 

where z is the vertical coordinate, 1/c is the vertical decay scale and k is the vertical wave 

number. 
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2.4 Rotors 

Rotors can be of particular hazard to aviation due to their unpredictable and turbulent 

nature. A rotor is a turbulent vortex with its axis of rotation usually parallel to the mountain 

range. It is generated around the first trough on the lee side of mountains. It is often, but 

not always, accompanied by a rotor cloud. Rotors have been difficult to study in the past 

since they are dangerous to observe in aircrafts and their small spatial scale prevents them 

from being resolved by conventional observing networks. Recently, however, 

computational models with high resolution numerical simulations have been able to give 

realistic views of this hazardous phenomena (Doyle et al., 2004).   

Hertenstein and Kuettner (2005) classified two types of rotors associated with steep lee 

topography. The first type, Figure 2-4, is formed under the crests of resonant mountain 

waves and has a well-defined circulation. It is often associated with an upstream inversion 

near the mountain top and contains moderate or severe turbulence. The second type, Figure 

2-5, is less common and extends much higher than the upstream inversion and contains 

severe or extreme turbulence. It is thought to be associated with a high amplitude mountain 

wave system resembling a hydraulic jump.   

To relate each type of rotor to parameters of the flow, Hertenstein and Kuettner (2005) 

prepared a diagram, seen in Figure 2-6, where only wind speed at the bottom of the 

inversion, u, and vertical windshear in the inversion are governing parameters.  

 

Figure 2-4. Isentropes showing rotor type 1 according to Hertenstein and Kuettner (2005). 
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Figure 2-5. Isentropes showing rotor type 2 according to Hertenstein and Kuettner (2005). 

 

Figure 2-6. Hertenstein and Kuettner´s diagram placing the two types of lee-flow in parameter space.  

(Originally by Hertenstein and Kuettner, 2005, but retrieved from Ágústsson and Ólafsson, 2014, who 

redrew the diagram.) 
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The study of Doyle et al. (2007) explores the internal structure and dynamics of rotors that 

form in the lee of topographic ridges using a series of high-resolution eddy-resolving 

numerical simulations. Both 2D and 3D flows are explored, which can be seen in Figure 2-

7 with a resolution of 60 m. The study reports that in 2D, the subrotors are less intense than 

in 3D and ultimately dissipate into the larger-scale rotor circulation. Figure 2-8 shows 

horizontal wind speed and vertical velocity, both in m/s, in a 3D simulation with resolution 

of 60 m. In 3D, the subrotors are more intense and are primarily swept downstream past the 

main rotor along the interface between the rotor and the surrounding lee wave. As shall be 

presented later, a 3D simulation is used in this study and the observed high vertical 

velocities do indeed correspond to the great intensity of the 3D results of Doyle et al. 

(2007).  

 

Figure 2-7. Vertical cross section of the y component of horizontal vorticity (1/s) and wind vectors in the 

plane of the cross section for the 60 m resolution mesh with a 1 minute interval between Figures. 2D 

simulation on the left and 3D on the right. The cross section is normal to the ridge centerline. The Figure 

is taken from Doyle et al. (2007).  
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Figure 2-8. Vertical cross section from Doyle et al. (2007)  of a 3D simulation with resolution of 60 m.  

Horizontal wind speed in m/s (above) and vertical velocity in m/s (below). The isotachs are shown at an 

interval of 4 m/s. Dashed contours correspond to values less than zero. The A-A´ section is oriented 

normal to the ridge axis through the subrotor with maximum vorticity.  
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3 High resolution simulations with a 
numerical weather prediction model 

In the atmospheric sciences, observations, theory and numerical models are all essential 

tools. In this thesis, we make use of all of these tools. Numerical simulations along with 

theory have significantly increased our understanding of many observed weather 

phenomena. To predict a real atmospheric state, in turn, the numerical models are 

dependent on input from observations for initial and boundary conditions. Model 

simulations also rely on observational data for verification. Verification studies lead to 

revisions of models, which in turn call for more observations for the validation of the 

revisions. In this way, observations and models are used to guide each other’s development 

and improvement which ultimately further our understanding of the weather. Therefore 

models, theory and observations as tools in atmospheric research can be regarded as 

equally important (Warner, 2011). 

3.1 Weather Research and Forecasting model, 
WRF 

For the numerical simulations in this thesis, we use the Weather Research and Forecasting 

model (Skamarock et al., 2008). The WRF model is a mesoscale numerical weather 

prediction system designed to serve both atmospheric research and operational forecasting 

needs. WRF is a community model, with development led by the National Center for 

Atmospheric Research (NCAR). Typical applications for WRF focus on the mesoscale, but 

the model also includes global climate and large eddy simulation (LES) capabilities. It can 

be used for real data simulations, such as the hindcasting and forecasting purposes, as well 

as for single column and idealized flow studies. The modelling suite encompasses a range 

of physical parametrization schemes, and it supports various sets of atmospheric input data. 

It features two dynamical cores, a data assimilation system, and a software architecture 

allowing for parallel computation and system extensibility. The model serves a wide range 

of meteorological applications across scales ranging from meters to thousands of 

kilometers. WRF allows researchers the ability to produce simulations reflecting either real 

data (observations, analyses) or idealized atmospheric conditions. WRF is used world-

wide, both for operational weather forecasting and for research purposes (Jonassen, 2012). 

WRF has two dynamical cores, one is the Nonhydrostatic Mesoscale Model (NMM) and 

the other is the Advanced Research WRF (ARW). The latter is used in this study.  The 

simulations use the ECMWF reanalysis for initial and boundary conditions. An ARW 

simulation involves one outer grid and may contain multiple inner nested grids, as can be 

seen in Figure 3-1. Each nested region is entirely contained within a single coarser grid (the 

parent grid). The finer, nested grids are referred to as children grids. Children are also 

parents when multiple levels of nesting are used. The fine grids may be telescoped to any 

depth and several fine grids may share the same parent at the same level of nesting. The 
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fine grid may either be a static domain or it may be a moving nest with prescribed 

incremental shifts. No grid can have more than a single parent. 

 

Figure 3-1. A parent grid (1) shown with two children grids (2 and 3). This is an example of multiple 

levels of nesting where children are also parents. 

In this study there are three nests or domains used, shown in Figures 3-2, 3-3 and 3-4. 

Domain 1, shown in Figure 3-2, covers the largest area with a resolution of 9 km. Domain 

2 is smaller, covering the whole landmass of Iceland, shown in Figure 3-3, with a 

resolution of 3 km. The smallest area is covered in domain 3 with a resolution of 1 km. 

Figure 3-4 demonstrates domain 3 for both cases studied here.    

 

Figure 3-2. Domain 1 where a resolution of 9 km was used. 
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Figure 3-3. Domain 2 where a resolution of 3 km was used. 

 

Figure 3-4. Domain 3 for the Hvalfjörður case (left) and Ljósufjöll case (right) where a resolution of 1 km 

was used. 

3.1.1 WRF pre-processing 

The model system includes a WRF pre-processing system called WPS. 

 

Figure 3-5. The pre-processing procedure for WRF (Figure retrieved from Hagen, 2008). 



30 

Geogrid creates the geographical grid used in the model and interpolates terrestrial static 

fields onto the model grid. Figure 3-5 shows a diagram of the pre-processing procedure for 

WRF. Ungrib decodes input files, which are either from a forecast or a large scale analysis 

and usually in GRIB-format, and creates temporary files. Metgrid uses these temporary 

files to interpolate the meteorological data onto the models horizontal grid. Metgrid creates 

files that the ARW pre-processing program Real uses to create initial and boundary 

conditions to the model.  

3.2 Comparison of models 

Doyle et al. (2011) compared and analyzed numerical simulations of flow over steep terrain 

using 11 different non-hydrostatic numerical models. All of the models used an identical 

horizontal resolution of 1 km and the same vertical resolution.  

The results showed a surprisingly diverse spectrum of simulated mountain-wave 

characteristics including lee waves, hydraulic-like jump features and gravity wave 

breaking. They also implied a relatively low predictability of key characteristics of 

topographically forced flows such as the strength of downslope winds and stratospheric 

wave breaking. The differences between the various model simulations, all initialized with 

identical initial states, suggest that model dynamical cores may be an important component 

of diversity for the design of mesoscale ensemble systems for topographically forced flows. 

 

Figure 3-6. Vertical velocity(m/s) and potential temperature (θ) for the baseline experiment for all models 

and the analytic solution in Doyle et al. (2011). 

A baseline experiment is shown in Figure 3-6, where the mountain is = 100 m, and the 

WRF model shows similar results to the analytical solution in the bottom right corner. It is 

therefore considered a good option for this study.  
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Figure 3-7. Horizontal perturbation wind component and potential temperature for a mountain of height 

h=2500 m and a no slip atmosphere in Doyle et al. (2011). 

When different simulations are compared, in Figure 3-7, it is clear that WRF-ARW gives a 

relatively credible simulation of the atmospheric state.  

The flow used by Doyle et al. (2011) is fairly similar to the ones encountered in this study, 

both have strong winds and statically stable atmosphere.  

The WRF model has been previously used to simulate downslope windstorms in Iceland 

with good results and confirming the sensitivity to the parametrization of turbulence 

(Rögnvaldsson et al, 2011).  

3.3 RIP 

All figures based on data from the WRF system were plotted with RIP (which stands 

for Read/Interpolate/Plot). RIP is a Fortran program that invokes NCAR Graphics routines for the 

purpose of visualizing output from gridded meteorological data sets, primarily from mesoscale 

numerical models. It is an officially supported component of the WRF modeling system. 

RIP can be described as "quasi-interactive". The desired plots are specified by editing a 

formatted text file. The program is executed, and an NCAR Graphics output file is created. 

The plots can be modified, or new plots created, by changing the user input file and re-

executing RIP.  

RIP is capable of producing horizontal or vertical cross section plots of scalar fields 

(contours) or vector fields (barbs or arrows), vertical profiles and soundings, and 

trajectories. Its primary strengths are its portability, its complete and up-to-date 

documentation, and its extensive set of derived diagnostic quantities that are available for 

calculation and plotting. 
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4 The Hvalfjörður case 

4.1 The event 

On March 4, 1974, a Fokker 27 from Air Iceland, registration TF-FIN, was conducting a 

routine flight within Iceland, from Akureyri to Reykjavík, with a full passenger load of 48. 

The aircraft left Akureyri at 13:22 UTC with an estimated landing time in Reykjavík at 

14:21 UTC. During cruise, the aircraft maintained FL120 (12000 ft or 3658 m, QNH 1013 

hPa). Ten minutes before estimated time of landing in Reykjavík and during descent 

through 3700 ft (1130 m), the aircraft suddenly encountered some extreme downdraughts, 

which abruptly forced the aircrafts nose downward  and the aircraft descended 

uncontrollably by about 4100 ft/min (20.8 m/s). In spite of the pilots best efforts the aircraft 

stalled in a downward position and continued to fall down. The pilots managed to regain 

control and level the plane but by doing so they lost power on the starboard (right) engine. 

The engine had autofeathered but could be restarted. Suddenly they were in a serious 

updraught, about 8900 ft/min (45.2 m/s), and the pilots feared that the aircraft would loop 

at any moment. Maximum pitch-up was later estimated at approximately 80° with 

moderate bank and large yaw. Passengers describe complete chaos in the cabin where trash 

and luggage flew everywhere. After regaining control of the aircraft, again, the pilots 

managed to successfully land in Reykjavík a few minutes later. Upon inspection, the 

mechanics discovered the starboard engine showed a burnt out H.P. turbine and the port 

(left) engine showed signs of overheating. Both engines were severely damaged.  

Luckily no one was seriously injured as all passengers had their seatbelts fastened except 

for one who flew into the arms of a flight attendant. Luckily neither he nor the flight 

attendant suffered any real harm from the incident. Many passengers were startled along 

with the crew.  

The incident was investigated by The Royal Netherlands Aircraft Factories Fokker (Erhart, 

1974), who analysed the flight data, and The Icelandic Met Office (IMO), who analysed the 

weather conditions (Jónsson, 1974). The following chapter is based on these reports. 

4.1.1 The aircraft, Fokker 27 

The Fokker 27 Friendship is a turboprop airliner designed and built by the Dutch aircraft 

manufacturer Fokker. It was first produced in 1958 until 1987 when it was replaced by its 

successor, the Fokker 50. It has a high-wing twin Rolls-Royce Dart engine layout with a 

maximum weight of 19773 kg and a pressurized cabin for 48 passengers. The aircrafts´ rate 

of climb is 1451 ft/min (7.4 m/s) (Endres and Gething, 2002, p. 91). The aircrafts 

dimensions are shown in Figure 4-1.  

http://en.wikipedia.org/wiki/Wing
http://en.wikipedia.org/wiki/Rolls-Royce_Dart
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Figure 4-1. Schematics of the Fokker 27 Friendship. Wingspan is 29.0 m, length is 25.1 m and height is 

8.7m. (Endres and Gething, 2002, p. 91). 

4.1.2 Location 

The incident happened during approach to Reykjavík City airport in the southwestern part 

of Iceland, as indicated in Figure 4-2, approximately 35 km north-northeast of the city as 

indicated in Figure 4-3.  

 

Figure 4-2. Iceland. The red box shows where the incident occured. It is enlarged in Figure 4-3. 

1:100000 
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Figure 4-3. The aircraft was travelling from Miðfell to Skagi when the incident occured, indicated by the 

red box. 

4.1.3 Reports 

The incident was not investigated by the Icelandic Aircraft Accident Investigation Board  

(IAAIB) due to regulations of only investigating incidents where people were injured. 

Those regulations have now been changed. Air Iceland requested a full report on the 

weather conditions from the IMO. The report, made by Borgþór H. Jónsson (Jónsson, 

1974), concluded: 

„The Upper Air Observation showed a very strong southerly flow at least up to 20000 ft 

(6096 m). The windspeed was 25.7 m/s to 30.9 m/s (50 to 60 knots) and the direction 175 

to 190 degrees. Weak temperature-inversions were observed at 9000 and 12000 ft (2743 

and 3658 m), where weak mountain waves were to be expected. A strong temperature-

inversion was observed from 4480 to 5520 ft (1366 to 1683 m) and that is where strong 

mountain waves and rotor-clouds probably occured, especially since the terrain goes up to 

2000 to 2500 ft (610 to 762 m) in places where the descent was executed.  

The mishap described above, was very likely caused by a strong mountain wave and rotor-

cloud, that the a/c went into during the descent (see picture 1 and 2). 

The violent down- and updraughts point strongly to a rotor-cloud.“ 

The report from the IMO was used by The Royal Netherlands Aircraft Factories Fokker 

(manufacturer of Fokker aircrafts) who analysed the flight data recorder (FDR) traces from 

the aircraft. The conclusion of that report (Erhart, 1974) was: 
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„The cause of the autofeathering incident should be attributed to the negative g 

encountered for a period of 4 seconds.  

The exact circumstances which caused this negative g are not fully known, but the most 

plausible explanation would indeed be the encounter with a mountain wave and a possible 

roll-cloud.  

As mentioned in the weather report furnished by the Reykjavík Meteorological Office 

(Jónsson, 1974), the strong southerly flow and the local topography were very likely to 

cause strong mountain waves and roll-clouds.  

As is known, associated with roll-clouds are vertical winds of extreme force, which can 

explain the abnormal behaviour as shown by the traces in Figure 1 [which showed 

recordings from the FDR].“   

4.1.4 Aftermath 

The manufacturer decided to do some changes on the aircraft to prevent future engine 

failure in extreme turbulence. The reason the aircraft lost power on one engine was a 

momentary loss of fuel flow to the engine, causing autofeathering which shuts the engine 

down. After the incident, every Fokker airplane in the world was equipped with an 

additional button that disconnects the autofeathering equipment along with instructions to 

use that button when flying through turbulent air to prevent the engine from shutting down.   

4.1.5 Flight data 

A flight data recorder on an aircraft is an electronic device employed to record any 

instructions sent to any electronic system on an aircraft. It is a device used to record 

specific aircraft performance parameter. It is popularly referred to as „The Black Box“. 

The aircraft in question was equipped with a United Data Control Flight Data Recorder 

FA-542, with an altitude and airspeed sensor (Erhart, 1974). Direct read-outs from the 

flight data recorder are used here (taken from the report from The Royal Netherlands 

Aircraft Factories ) with the presumption that it had been operating within the specific 

tolerance prior to the incident. Altitudes have been determined in relation to the standard 

QNH of 1013 hPa. This is considered a relatively good estimate as the surface pressure was 

close to 1000 hPa at the time of the incident. 

Table 4-1 shows airspeed, altitude, acceleration and heading at selected times during the 

flight.  
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Table 4- 1. Airspeed, altitude, acceleration and heading at selected times during the flight (Erhart, 1974). 

See text for further explanation. 

Time (s) Airspeed (kts and m/s) Altitude (ft and m) Acceleration (g) Heading (°) 

 108 (56) 3450 (1052) +1 205 

 100 (51) 3450 (1052) +1,2 207 

 90 (46) 3500 (1067) +0.25 190 

 76 (39) 3700 (1128) +1 185 

 125 (64) 3220 (981) +0,3 186 

 140 (72) 3000 (914) +2,4 192 

 177 (91) 2820 (860) +1 to +2.1 194 

 155 (80) 3500 (1067) +2.76 188 

 130 (67) 4100 (1250) +1 182 

 91 (47) 4600 (1402) -0,4 181 

 134 (69) 4100 (1250) +1 to +1.87 195 

 

The following description of the incident is taken from the report from The Royal 

Netherlands Aircraft Factories (Erhart, 1974).  

„t0 

For t = 0 an arbitrary point is chosen, i.e. the moment that the airspeed starts to drop from 

the selected 140 kts to around 108 kts (72 to 56 m/s). This moment coincides with the time 

that the aircraft levels off at around 3700 ft (1128 m). Light to moderate turbulence is 

encountered (variations -0.25 to 0.4 g).  

From t0 

The heading trace changes from 225° to 192° in 50 seconds and gradually returns to 207°. 

Some small altitude (150 to 200 ft or 46 to 61 m) and airspeed changes (20 to 25 kts or 10 

to 13 m/s) occur.  

Until t144 

Airspeed drops from 108 kts to 76 kts (56 to 39 m/s) while altitude increases from 3450 ft 

to 3700 ft (1052 to 1128 m). It is most likely the pitch down and stall, as mentioned in the 

pilots report, takes place. Heading changes suddenly from 207° to 185° in 4 seconds.  

t151  

A rapid altitude loss occurs down to 2820 ft (860 m) (4100 ft/min or 20.8 m/s) with g 

fluctuations between +0.25 and +1.3. Airspeed starts building up fast; initially with 50 kts 

(26 m/s) in 4 seconds and later with 51 kts (26 m/s) in 9 seconds.  
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t156 

Apparently at this time the pull up, as mentioned in the pilots reports, is started, since g 

increases to +2.4 and rate of airspeed increase reduces to 51 kts (26 m/s) in 9 seconds.  

t164 

Some 300 ft (91 m) is lost in the pull out, after which most likely the pitch up, as reported, 

occurs. g remains positive throughout and increases momentarily to +2 and +2.76 five 

seconds later. A rapid altitude gain occurs up to 4600 ft (1402 m) with an average rate of 

8900 ft/min (45 m/s). At the same moment a decrease in airspeed is experienced with a rate 

of 7 kts/sec (3.6 m/ ).  

t172 

With airspeed dropping through 130 kts (67 m/s) and altitude increasing through 4100 ft 

(1250 m), g loading reverses rapidly with a rate of approximately 0.5 g/sec. Apparently 

then pilot´s recovery action and/or gust influence becomes effective.  

t176 

Before the aircraft can be recovered however, altitude has increased to 4600 ft (1402 m) 

and airspeed has dropped to 91 kts (47 m/s). Negative g is encountered for 4 seconds (min -

0.4 g). It is most likely that the autofeathering occurs at this time.  

t188 

The aircraft then enters a shallow dive as shown by the increase in airspeed versus loss of 

altitude and g becoming positive. A pull out is started with g peaking at +1.87. The aircraft 

then resumes a more or less normal flight at 4100 ft (1250 m) and a speed of 134 kts (69 

m/s). Moderate turbulence is experienced for another minute but it is apparent that the pilot 

has regained full control of the aircraft.“ 

   

The data in Table 1 was used to plot Figures 4-5, 4-6 and 4-7. Figure 4-4 shows a copy of 

the same parameters as displayed in the report from The Royal Netherlands Aircraft 

Factories Fokker. 
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Figure 4-4. Airspeed, altitude and acceleration as displayed in Erhart (1974). 

 

Figure 4-5. Altitude (ft) of the aircraft at selected times (sec) during the incident, taken from Erhart 

(1974). 



40 

 

Figure 4-6. Airspeed (knots) of the aircraft at selected times (sec) during the incident, taken from Erhart 

(1974). 

 

Figure 4-7. Heading (degrees) of the aircraft at selected times (sec) during the incident, taken from Erhart 

(1974). 

The extreme up- and downdraughts the aircraft encountered are unprecedented in Iceland. 

Even though the power of the engines may have contributed to some extent their maximum 

climbing capabilities are only 1450 ft/min (7.4 m/s) so they can not explain but a fraction 

of these extremes. It is therefore highly interesting to explore the atmospheric conditions 

with the help of modern computer power.  

4.2 Meteorological data  

Figure 4-8 shows the temperature, geopotential and winds at 500, 700 and 850 hPa, at 

12:00 UTC on 4 March 1974, from the ERA40 reanalysis of the ECMWF (Uppala et al., 
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2005). There is strong southerly flow at all levels and the warmest part of a warm sector is 

located close to or above Iceland. At the surface, the observations show strong winds and 

precipitation in the western part of Iceland (Figure 4-9). The surface wind speed ranges 

from 12 to 25 m/s and the temperature is 5.0 to 7.0°C. The visibility is 1200 - 6300 m. The 

weather is similar at 15:00 UTC (not shown).   

Figure 4-8a. Temperature (°C), geopotential height (dam) and wind (wind barb) at 500 and 700 hPa at 

12:00 UTC, 4 March 1974. Data from ERA40 analysis ECMWF (Uppala et al., 2005). Figures taken from 

http://brunnur.vedur.is/pub/bolli/era/ on 16 November 2013. 
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Figure 4-8b. Temperature (°C), geopotential height (dam) and wind at 850 hPa at 12:00 UTC, 4 March 

1974. Data from ERA40 analysis ECMWF (Uppala et al., 2005). Figures taken from 

http://brunnur.vedur.is/pub/bolli/era/ on 16 November 2013.  

The Keflavík sounding (Figure 4-10) shows wind to be from the south, 28 to 33 m/s (55 to 

65 kts), throughout the troposphere, above the surface layer. It also shows conditionally 

saturated air close to the surface, but a sharp inversion and saturation from 850 to 810 hPa. 

Above 810 hPa, the temperature profile is close to the wet adiabatic lapse rate up to 630 

hPa, above which the airmass is somewhat more stable. There is a dry intrusion between 

750 hPa and 600 hPa. In view of the heavy precipitation in some places over W-Iceland 

(Figure 4-9), this dry layer may not be fully representative for the entire airmass in the area. 

The numerical simulation reproduces the vertical profile reasonably well (Figure 4-11), but 

instead of a sharp inversion between 850 hPa and 810 hPa as observed, there is a thick and 

saturated stable layer, extending from ca. 890 hPa up to about 750 hPa. The dry intrusion in 

the observations is not in the simulation. The simulated profile at the time of the incident 

(14:00 UTC) is almost identical to the profile simulated at 12:00 UTC.    
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Figure 4-9. SYNOP observations in Iceland at 12:00 UTC, 4 March 1974. Based on data from the IMO. 

Figure retrieved from pannus.vedur.is/synop-plot on 11 December 2012.  

Keflavík 
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Figure 4-10. Keflavík upper air sounding at 12:00 UTC, 4 March 1974. Data retrieved from 

http://weather.uwyo.edu/upperair/sounding.html on 21 October 2012. 

Figures 4-12, 4-13 and 4-14 show the simulated vertical profiles on top of Mt. Esja, 

upstream of Mt. Esja and immediately downstream of Mt. Esja (see location of the profiles 

in Figure 4-15). Upstream, the profile is similar to the Keflavík profile (Figure 4-11), 

except that the bottom of the stable layer is more elevated. On top of the mountain, the 

temperature profile is similar to the upstream profile and the airmass is completely 

saturated up to 6-700 hPa most of the time. Downstream, the stable layer is less stable than 

upstream, its upper limits are diffuse and the entire low-level (below 500 hPa) airmass is 

non-saturated. The downstream profile is taken in the flight path of the aircraft (bottom of 

Figure 4-15) and according to the pilots report the air was indeed saturated.   
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Figure 4-11. The simulated profile of temperature (°C) and dew point (°C) Keflavík at (from the top) 

12:00, 13:00, 14:00 and 15:00 UTC, 4 March 1974. See exact location in Figure 4-9 (bottom). 
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Figure 4-12. The simulated profile of temperature (°C) and dew point (°C) on top of Mt. Esja at 12:00, 

13:00, 14:00 and 15:00 UTC, 4 March 1974. See exact location in Figure 4-15 (top). 
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Figure 4-13. The simulated profile of temperature (°C) and dew point (°C) on the windward side at 12:00, 

13:00, 14:00 and 15:00 UTC, 4 March 1974. See exact location in Figure 4-15 (the middle). 
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Figure 4-14. The simulated profile of temperature (°C) and dew point (°C) on the lee side of Mt. Esja, 

where the incident occurred, at 12:00, 13:00, 14:00 and 15:00 UTC, 4 March 1974. See exact location in 

Figure 4-15 (bottom). 
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Figure 4-15. Locations of upper air profiles in Figures 4-12 (top), 4-13 (middle) and 4-14 (bottom). 

Figure 4-16 shows a cross section through Mt. Esja and into Hvalfjörður. There is a strong 

gravity wave activity above the mountains, with acceleration over the downstream slopes.  

Unexpectedly, there is not an abrubt ascending motion and a well formed lee-wave over 

Hvalfjörður. The maximum vertical windshear over Hvalfjörður is 0,01 1/s and the 

maximum vertical velocities are about 5 m/s. The flow is close to stationary. 
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Figure 4-16a. Cross sections of Mt. Esja displaying wind (vectors, m/s) and θ (contours, K), at 12:00 (top) 

and 15:00 (bottom) UTC, 4 March 1974. See Figure 4-18 (top) for exact location.  
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Figure 4-16b. Cross section of Mt. Esja, displaying meridional component of wind (m/s) at 14:00 UTC, 4 

March 1974. See Figure 4-18 (top) for exact location. 
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Figure 4-16c. Cross section of Mt. Esja, displaying vertical velocity (cm/s) at 14:00 UTC, 4 March 1974. 

See Figure 4-18 (top) for exact location. 

The temporal variability in the simulated vertical velocities above Hvalfjörður is shown in 

Figure 4-17. The values range between -4 m/s to 5 m/s. According to Figure 4-19, there 

were locations in SW-Iceland with vertical velocities of greater magnitude than simulated 

in the flight path.  
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Figure 4-17. Maximum absolute values of vertical velocity (m/s) simulated at 850 hPa in the box in Figure 

4-18 (bottom). 

 

Figure 4-18. Location of the cross section in Figure 4-16 (top) and the box used in Figure 4-17 (bottom). 
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Figure 4-19. Simulated vertical velocity (cm/s) at 850 hPa at 14:00 UTC, 4 March 1974. 
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Figure 4-20a. Simulated wind (wind barbs) and temperature (°C) at 925 hPa at 14:00 UTC, 4 March 

1974. 

The horizontal fields of wind barbs, temperature and humidity are shown in Figure 4-20. 

There is a distinct warming on the downstream side of the  mountains, reaching maximum 

temperatures in the lee of the mountains in the NE of the domain of more than 8°C greater 

than the background values. There are no observations to confirm these plumes of warm air 

that consist of a relatively dry airmass.  
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Figure 4-20b. Simulated wind (wind barbs) and temperature (°C) at 850 hPa at 14:00 UTC, 4 March 

1974. 
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Figure 4-20c. Simulated wind (wind barbs) and temperature (°C) at 700 hPa at 14:00 UTC, 4 March 1974. 



58 

 

Figure 4-20d. Simulated wind (wind barbs) and temperature (°C) at 500 hPa at 14:00 UTC, 4 March 

1974. 
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Figure 4-20e. Relative humidity (%) at 850 hPa at 14:00 UTC, 4 March 1974. 
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Figure 4-21a. Zonal component of wind (m/s) at 850 hPa at 14:00 UTC, 4 March 1974. 

Figure 4-21 shows the zonal and meridional components of the wind speed at 850 hPa. As 

the flow is from the south, the meridional component of the wind is, in general, quite close 

to the wind speed (not shown). There is a distinct downslope acceleration with maximum 

values greater than 40 m/s. Upstream of the mountains, the winds are typically less than 30 

m/s. Inside Hvalfjörður, the zonal wind varies from approximately -4 m/s to about 3 m/s.  
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Figure 4-21b. Meridional component of wind (m/s) at 850 hPa at 14:00 UTC, 4 March 1974. 
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Figure 4-22. Brunt Väisälä number, N (1/s), Nh/U (unitless), wind (m/s) and absolute vertical velocity 

(m/s) at 850 hPa. To fit in the diagram, N is divided by 100, Nh/U and wind are divided by 10. The 

diagram shows values from 20:00 UTC, 3 March 1974, until 10:00 UTC, 5 March 1974. 

4.3 Discussion 

The aircraft encountered vertical velocities of up to 45 m/s over Hvalfjörður, downstream 

of Mt. Esja. The simulation does not reproduce such values. The maximum simulated up- 

and downdraughts are much less and located immediately above the slopes of the 

mountains, and not over Hvalfjörður as observed. The simulation does in other words not 

reproduce the violent vertical movements. These movements are almost certainly 

associated with rotors. Such rotors may form on the lower shearline of a trapped lee-wave 
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(Figure 4-23). The model does not even reproduce a proper lee-wave. However, there is a 

considerable vertical windshear with associated vorticity.    

Figure 4-23 shows a zoom in of the downslope flow in the study of Doyle et al (2007). The 

flow is fairly similar to the flow in our study except that the lee-waves are not wee 

reproduced in our case. The surface flow on the lee side is about 30 m/s which is somewhat 

less than in our case. The windshear, on which the small rotors form in Doyle´s simulation, 

is weaker in our case and that may be connected to the upstream inversion being too weak 

in our simulation. The successful simulation of the rotors in Doyle´s case is very likely a 

result of the ultra-high resolution of 60 m, which is more than an order of magnitude 

greater than the horizontal resolution of the present study. The magnitude of the vertical 

velocities in Doyle´s rotors (Figure 4-23) is similar to what was encountered by the aircraft. 

 

Figure 4-23. Vertical cross section from Doyle et al. (2007) showing subrotors at a high resolution of 60 

m. The Figure is reproduced from the theory section of this study. 

The fact that neither distinct lee-waves nor a rotor were reproduced calls for explanations. 

At horizontal resolution of 1 km, rotors of similar or even a smaller size can of  course not 

be simulated, but lee-waves of several km can easily be simulated, as shown in e.g. 

Ágústsson and Ólafsson (2014) and several other papers. An important ingredient for 

trapped lee-waves is a temperature inversion. Such an inversion is present in the 

observations, but not as clearly in the simulated flow. This abscence of a strong inversion 

in the model is a very probable reason for poor reproduction of lee-waves. Better initial or 
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boundary conditions in this aspect are likely to improve the result. Nudging the flow 

towards the observed sounding could also give better results, but such efforts remain do be 

carried out in future studies.  

There are more interesting aspects of the present case. Figure 4-22 shows the temporal 

evolution of some key parameters of the flow. As described in section 3, the Nh/U is a key 

dimensional number to explain the flow pattern. At values of Nh/U in the vicinity of 1, 

amplified waves can be expected. This condition is however not sufficient, as such waves 

need much input of horizontal momentum represented by the wind speed. At the beginning 

of the period, Nh/U is relatively high, but the U is low and the vertical velocities are low. 

At around the time of the incident, the Nh/U peaks again, but this time the wind, U, is 

strong and so are the vertical velocities.    

A similar case to Hvalfjörður occurred in 2008 where an aircraft from Ernir encountered 

severe turbulence while descending through 2500 m in a westerly flow along the 

southeastern coast of Iceland. Ágústsson and Ólafsson (2014) studied the case and 

observed a severe downslope windstorm at the ground as well as associated amplified lee 

waves and a rotor aloft.  

The present case, together with the Ernir case, is presented on Vosper´s regime diagram in 

Figure 4-24. In the Hvalfjörður incident U is estimated to be between 28 and 33 m/s, H is 

900 m, ∆θ is 7 to 8 K, θ is 286 K and  is 1340 to 1724 m. In the Ernir incident U is 

estimated to be 25 m/s, H is 2110 m, ∆θ is 5 K, θ is 286 K and  is 1000 m. It is 

remarkable that both our event, where a rotor was undoubtedly observed, and the Ernir case 

fall far away from the rotor cases in the idealized flows of the diagram. Why this is so can 

not be answered without further studies, but it should be kept in mind that Vosper´s 

diagram is based on a very simple two-layer flow with a uniform profile of wind. The wind 

in our case is fairly uniform, but the temperature profile is more complex and the 

evaluation of the strenght of an inversion or a stable layer is, to some extent, subjective. 

Vosper uses a hill width of 10 km and 400 m in height. This is considered close enough for 

this study since Mt. Esja is approximately 8 km in width and 1000 m in height. 

Furthermore, one can not be sure that the observed profile above Keflavík Airport at 12:00 

UTC is representative for Hvalfjörður and Mt. Esja.  
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Figure 4-24. Vosper (2004) diagram (Figure 2-2), with the Hvalfjörður (red) and Ernir (green) cases 

calculated and superimposed. The Hvalfjörður case has H/zi from 0.52 to 0.67 and Fi from 1.29 to 1.84. 

The Ernir case has H/zi as 2.11 and Fi as 1.91 which is significantly outside the scope of the diagram and 

therefore the green box is not situated proportionally far enough away. 

When superimposed on Figure 2-6 (Hertenstein and Kuettner, 2005), this case falls within 

the lee-wave parameter space (see Figure 4-25), as both wind speed and wind shear are 

favourable. The fact that the theory of Hertenstein and Kuettner and not Vospers diagram is 

predictive for this study suggests that the winds are important and that extending Vospers 

theory to include more wind speeds and even vertical variations in wind may give fruitful 

results. However, it should be noted that the present case lands in an area in the Hertenstein 

and Kuettner´s  diagram that does not have many previously studied cases and any 

interpretation should therefore be given extensive thought. This is at least cause for further 

studies. 

When placing the Hvalfjörður case on Hertenstein´s and Kuettner´s diagram, U is 

estimated to be 28 to 33 m/s (as the Keflavík sounding indicates, Figure 4-10) and the 

shear in the inversion is considered negligible or close to 0.0 1/s. 

According to the flight data recorder the updraughts reached 45 m/s (8900 ft/min) and 

downdraughts 21 m/s (4100 ft/min) but the simulations are showing, at most, 5 m/s (1000 

ft/min). The aircrafts engines are capable of 7.4 m/s (1450 ft/min), with full thrust and 

brand new. When adding the results of simulations and the engines capabilities it is 

possible to explain up- or downdraughts in the amount of 12.4 m/s (2440 ft/min) which 

means that about 32.6 m/s (6400 ft/min) are unaccounted for.  
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Figure 4-25. Hertenstein and Kuettner´s (2005) diagram redrawn by Ágústsson and Ólafsson (2014), with 

the Hvalfjörður case superimposed (red box) according to simulations.  
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5 Inversions and storms 

As the presence of an inversion in the Hvalfjörður case may be important for the flow and 

inversions are, in general, known to favour gravity waves it is of interest to explore the 

frequency of simultaneous inversions (temperature at 925 hPa higher than at 850 hPa) and 

strong winds (>20 m/s at 850 hPa). Figure 5-1 is based on upper air observations at 

Keflavík Airport made every 12 hours and shows the frequency and seasonal variability of 

the above conditions. On average, strong winds and inversions occur about 1% of the time 

and may happen in all seasons, but are least likely during the summer.  

 

 

Figure 5-1. Frequency (%) of observations at Keflavík Airport (see Figure 4-9 for location) where 

inversions (between 850 and 925 hPa) occur with windspeeds above 20 m/s (at 850 hPa). Observations are 

made every 12 hours from 1990 to 2010. 
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6 The Ljósufjöll case 

6.1 The event 

On 5 April, 1986, commercial flights to and from Ísafjörður were cancelled due to weather. 

In spite of that a Piper Aztec from Ernir, registration TF-ORM, decided to conduct a flight 

from Ísafjörður to Reykjavík. A flight plan was filed for an IFR (instrument flight rules) 

flight, after take off direct to beacon IS, followed by a heading directly to beacon ST, via 

airway Amber-1 to beacon RK west of Reykjavík followed by an approach and landing in 

Reykjavík. The planned route is shown in Figure 6-3. Estimated time of departure was 

12:00 UTC with a flight time of 57 minutes. The departure was delayed due to strong 

winds at the airfield and actual time of departure was 12:30 UTC. The aircraft initially 

cruised at the planned altitude of FL080 (2438 m). Enroute the aircraft encountered severe 

headwind, clouds and icing that built up on the windshield. Off the northern coast of 

Breiðafjörður bay, the pilot requested to descend to FL060 (1829 m)which was granted. 

Overhead ST, at time 13:20 UTC, the pilot requested another descent to 5000 ft (1524 m), 

which the air traffic controller granted and informed the pilot of the local QNH in 

Reykjavík (see Figure 6-5). The only surviving passenger reported that a considerable 

amount of icing accumulated on the front windshield and he noticed the aircraft beginning 

to descend. He noted that „...the descent was rather smooth and just after it began the icing 

started to melt off the aircraft. All of a sudden the aircraft sank and took a significant dive, 

lasting for quite a while.“ Then it seemed like the pilot was getting the aircraft out of the 

dive but a moment later they hit the ground and the passenger blacked out.  At 13:24 UTC 

the aircraft disappeared from the controllers radar at 4500 ft (1372 m). The wreck was 

found at 23:57 UTC that same night after an extensive search. Five people were 

immediately killed and two were seriously injured. In the end, only one survived. 

The incident was investigated by the Icelandic Aircraft Accident Investigation Board 

(IAAIB), who analysed the flight data (Sigurðarson, 1986), and The Icelandic Met Office 

(IMO), who analysed the weather conditions (Hafsteinsson, 1986). The following chapter 

is based on these reports. 

6.1.1 The aircraft, Piper Aztec 

The aircraft in question is a Piper Aztec (PA-23-250), an all-metal monoplane with 

retractable landing gear. It was built in 1971 at Piper Aircraft Corp. Manufacturer, New 

Haven, Pennsylvania in the United States. Air Ernir bought the aircraft on 1 August  1978 

and registered it as TF-ORM. The aircrafts dimensions are shown in Figure 6-1. 
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Figure 6-1. Schematics of the Piper Aztec. Wingspan  is 11.3 m, length is 9.2 m and height is 3.1 (Endres 

and Gething, 2002, p. 224). 

 

 
Figure 6-2. Performance table of the Piper Aztec (PA-23-250)  

(Sigurðarson, 1986). 
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According to a performance table from the manufacturer, Figure 6-2, the highest rate of 

climb with both engines on full thrust is 1450 ft/min (7.4 m/s).  

6.1.2 Location 

The aircraft crashed on the northern side of Snæfellsnes peninsula in the western part of 

Iceland on a southerly heading, see Figures 6-3 and 6-4. Geographical coordinates of the 

crash are close to 64°55´43“ N and 022°35´11“ W at 2400 ft (732 m). The highest peak to 

the south is 3485 ft (1063 m) above sea level.   

 

Figure 6-3. Iceland. The planned route is indicated by the red line. The red box shows where the accident 

occured. It is enlarged in Figure 6-4. The Figure was retrieved from www.lmi.is on 2 December 2013 and 

later modified. 

 

Figure 6-4. Route of the aircraft with the crash site marked in yellow. The Figure was retrieved from 

www.lmi.is on 2 December 2013 and later modified. 

1:100000 
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Figure 6-5. Cross section of the route of the aircraft, which was travelling from north to south. 

6.1.3 Reports 

Meteorologist Guðmundur Hafsteinsson investigated weather conditions around the time of 

the accident and handed his findings over to the Icelandic Aircraft Accident Investigation 

Board (IAAIB) on behalf of the Icelandic Meteorological office (IMO) on 29 July, 1986 

(Hafsteinsson, 1986).  

He noted strong southerly winds, the wind direction was not varying with altitude and an 

inversion was at mountain level, all necessary factors for formation and propapation of 

mountain waves. He used manned observations, satellite- and radar imagery, as well as 700 

and 500 hPa weather charts.    

He found clear signs of mountain waves which caused strong downdraughts on the lee side 

of Ljósufjöll mountains. According to his calculations the estimated up- and downdraughts 

in the area were 9.1 to 12.2 m/s (1800 to 2400 ft/min), possibly even stronger on the 

northern side of the mountains.  

He concluded that the aircraft had in fact been at a lower altitude than the altimeter 

indicated. Three factors contributed to this: 

1. The air was colder than the international standard atmosphere (ISA). 

2. The wind was very strong (31 to 41 m/s or 60 to 80 knots) at mountain level which 

caused a decrease in pressure resulting in erroneous altimeter indications. 

3. Altimeter was not set to the correct QNH, 1016 hPa instead of 1018 hPa. 

The combined error of these factors was estimated to be 515 ft (156 m).  

The accident was investigated thoroughly by the IAAIB and a report was published on 15 

September 1986 (Sigurðarson, 1986). The investigation was led by Skúli Jón Sigurðarson.  
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It was concluded that the aircraft had been flying at such a low altitude that is was sucked 

into a rotor on the lee side of Ljósufjöll mountains where it experienced up- and 

downdraughts in the order of 9.1 to 12.2 m/s (1800 to 2400 ft/min). The report read „.. it is 

likely that the aircraft flew into such severe downdraughts that its performance was not 

sufficient to overcome it.“ According to the aircraft manufacturer the maximum rate of 

climb on full thrust on both engines was 1450 ft/min (7.4 m/s). It was also considered 

likely that the aircraft had accumulated icing on its wings while flying over Breiðafjörður 

bay which decreased the aircrafts performance even further.   

6.1.4 Aftermath 

The report from the IAAIB (Sigurðarson, 1986) concludes with the following 

recommendations: 

1. It is important to investigate how to establish a quick and efficient flow of 

information between pilots and The Icelandic Met Office. Pilots are also 

encouraged to share information regarding flight safety, such as weather 

information, to the appropriate authority.  

2. To investigate how operators use their flight operations manuals, information 

circulations and other educational publications by the Civil Aviation Authority in 

recurrent training of pilots, for example in proficiency checks. Pilots and operators 

are also encouraged to study available educational publications in aviation 

meteorology in Iceland. 

3. To reevaluate if sufficient consideration is taken regarding known conditions when 

using minimum sector altitudes (MSA) on instrumental flight routes and what can 

be done to improve those practices. 

4. To investigate if it is possible for aircrafts in passenger flights to have a 

decompression chamber or turbine engines to be able to fly above the worst 

conditions.   

The effort to improve communication between pilots and forecasters is an ongoing effort 

and will likely never finish completely. Icelandic aircrafts in passenger flights are still not 

required to have a decompression chamber or turbine engines as is suggested in the report.  

6.1.5 Flight data 

The aircraft was not equipped with a flight data recorder. Heights and headings are based 

on air traffic controllers radar and witness accounts.  

6.2 Meteorological data 

The synoptic-scale flow on 5 April 1986, according to the ERA-Interim re-analysis (Dee et 

al., 2011), is shown in Figure 6-6. A low pressure area is situated southwest of Iceland, 

with the center located at the southernmost tip of Greenland, Cape Farewell, at 00:00 UTC. 

The low moves slowly north during 5 April. At 12:00 UTC, there is a large area of intense 

precipitation to the northwest of Iceland and an area of precipitation associated with a cold 

front stretches from it far south and over the western part of Iceland. There are strong 
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southerly winds over Iceland. According to the simulations, the center of the low has at 

midnight a pressure of 963 hPa which is the lowest value simulated. The central pressure is 

rising, it is  966.7 hPa at 06:00 UTC, 970.2 hPa at 12:00 (around the time of the accident) 

and 979.0 hPa at 18:00. This sea level pressure is a result of an extrapolation of the surface 

pressure on the Greenland ice cap and should not be taken too literally. A stationary high 

pressure system is located to the southeast of Iceland with pressure at the center of 1034,5 

hPa at 12:00 UTC. The temperature at 850 hPa is slightly above -5°C.  

 

Figure 6-6a. Precipitation, mean sea level pressure (hPa) and temperature (°C) at 850 hPa, at 00:00 and 

06:00 UTC, 5 April 1986. Figures taken from http://brunnur.vedur.is/pub/bolli/era/ on 16 November 2013.  
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Figure 6-6b. Precipitation, mean sea level pressure (hPa) and temperature (°C) at 850 hPa, att 12:00 and 

18:00 UTC, 5 April 1986. Figures taken from http://brunnur.vedur.is/pub/bolli/era/ on 16 November 2013. 

Figure 6-7 shows the 500 hPa geopotential and 1000/500 hPa thickness at 12:00 UTC, 5 

April 1986. The general flow pattern resembles the low-level flow; there is an amplified 

ridge of warm air just east of Iceland and a trough over S-Greenland. The warmest part of 

the ridge is over Iceland which is embedded in a strong southerly flow.  
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Figure 6-7. Height in 500 hPa (dam) and thickness (500 - 1000 hPa), 12:00 UTC, 5 April 1986. 

Figure 6-8 shows surface observations in Iceland at 12:00 UTC, 5 April 1986. Surface 

temperature in the west varies between 6.4 to 7.2°C. The wind is southerly and varies from 

3 to 20 m/s, strongest in the northwest and the central highlands. The pressure varies 

between 1013.0 hPa and 1025.9 hPa, lowest in the west and increasing to the east. It is 

overcast and some precipitation in most places in the west but occasional broken clouds in 

the north and the east. 
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Figure 6-8. SYNOP observations in Iceland at 12:00 UTC, 5 April 1986. Based on data from the IMO. 

Figure retrieved from pannus.vedur.is/synop-plot on 11 December 2012. 

Keflavík 
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Figure 6-9 shows the upper air observation from Keflavík in SW-Iceland and Figure 6-10 

shows the simulated sounding profiles at the same location. The observed profile indicates 

a shallow layer of conditionally stable airmass at the surface, capped by a close to saturated 

stably stratified layer reaching up to about 760 hPa. Above, the airmass is roughly speaking 

dry and stable up to about 520 hPa. The model is somewhat less stable below 900 hPa, and 

too humid above approximately 750 hPa, but in general, the simulation reproduces the 

observed profile quite well. 

 

Figure 6-9. Keflavík upper air sounding at 12:00 UTC, 5 April 1986. See exact location in Figure 6-8 

(top). Data retrieved from http://weather.uwyo.edu/upperair/sounding.html on 11 December 2012. 

There are only small changes in the simulated profile from 12:00 to 15:00 UTC. The winds 

are from the south, 20-26 m/s throughout the troposphere, above the surface layer. They are 

well reproduced by the model as can be seen in subsequent figures in this section.   

The simulated upper-air profiles of temperature and humidity on the windward side of the 

Snæfellsnes peninsula and at the location of the accident on the lee slopes of the 

Snæfellsnes mountain ridge are shown in Figures 6-11 and 6-12. The upstream sounding is 

very similar to the Keflavík sounding (Figure 6-10), but the profile above the location of 

the incident is quite different. The downstream sounding (Figure 6-12) is warmer and it has 

much lower relative humidity at all levels shown in the figures (below 500 hPa). The 

stability profiles are however similar; at the surface there is a conditionally stable layer, 

capped by a thick layer of stable air, reaching far above mountain top level.  
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Figure 6-10. The simulated profile of temperature (°C) and dew point (°C) in Keflavík at (from the top) 

12:00, 13:00, 14:00 and 15:00 UTC, 5 April 1986. See exact location in Figure 6-8 (top). 



80 

 

Figure 6-11. The simulated profile of temperature (°C) and dew point (°C) on the windward side at 12:00, 

13:00, 14:00 and 15:00 UTC, 5 April 1986. See exact location in Figure 6-13 (top). 
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Figure 6-12. The simulated profile of temperature (°C) and dew point (°C) at the place of the accident, at 

12:00, 13:00, 14:00 and 15:00 UTC, 5 April 1986. See exact location in Figure 6-13 (bottom). 
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Figure 6-13. Locations of the simulated profiles of temperature and dew point in Figures 6-11(top) and 6-

12 (middle). Location of the cross section in Figure 6-16 is at the bottom. 
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Figure 6-14a. Simulated wind (wind barbs) and temperature (°C) at 925 hPa at 14:00 UTC, 5 April 1986. 

Figure 6-14 shows temperature and wind barbs at 500, 700, 850 and 925 hPa. In general 

the wind field is quite uniform with winds typically from the south at close to 25 m/s. 

There are elongated plumes of warm air downstream of topography, indicating 

downdraughts associated with gravity waves. The temperature anomalies in the plumes are 

typically 1-4 °C. At 850 hPa, the relative humidity in the plumes falls typically below 60%, 

while the background value is close to saturation (Figure 6-15). 
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Figure 6-14b. Simulated wind (wind barbs) and temperature (°C) at 850 hPa at 14:00 UTC, 5 April 1986. 
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Figure 6-14c. Simulated wind (wind barbs) and temperature (°C) at 700 hPa at 14:00 UTC, 5 April 1986. 
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Figure 6-14d. Simulated wind (wind barbs) and temperature (°C) at 500 hPa at 14:00 UTC, 5 April 1986. 
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Figure 6-15. Relative humidity (%) at 850 hPa at 14:00 UTC, 5 April 1986. 
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Figure 6-16a. Cross section of Ljósufjöll displaying wind (vectors, m/s) and θ (contours, K), at 14:00 UTC, 

5 April 1986. See exact location of the cross section in Figure 6-13 (bottom). 

Figure 6-16 shows a cross section through the location of the incident, showing winds and 

isentropes. The figure reveals a clear wave pattern above and downstream of the mountain 

range. There is a speed-up at the top of the mountain range, with somewhat stronger winds 

over the downslopes than over the upslopes. The maximum simulated descending motion 

is about 3.5 m/s (about 600-700 ft/min). The wavelenght of the lee-waves is about 10 km 

and there is a clear low-level wind speed maxima and a small counter-clockwise veering of 

the wind direction at the bottom of each wave.  
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Figure 6-16b. Cross section of Ljósufjöll displaying meridional component of wind (m/s) at 14:00 UTC, 5 

April 1986. See exact location of the cross section in Figure 6-13 (bottom). 
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Figure 6-16c. Cross section of Ljósufjöll, displaying zonal component of wind (m/s) at 14:00 UTC, 5 April 

1986. See exact location of the cross section in Figure 6-13 (bottom). 
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Figure 6-16d. Cross section of Ljósufjöll displaying vertical velocity (cm/s) at 14:00 UTC, 5 April 1986. 

See exact location of the cross section in Figure 6-13 (bottom). 

 

The vertical wind field at 850 hPa is a test-product in aviation forecasting in Iceland and it 

is shown in this case in Figure 6-17. The wavy pattern is very clear and there are locations 

where downdraughts reach more than 5 m/s (1000 ft/min). There are values of vertical 

velocities of more than 2 m/s at distances of 10-20 km away from the mountains generating 

the waves.  
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Figure 6-17. Simulated vertical velocity (cm/s) at 850 hPa at 14:00 UTC, 5 April 1986. 

 

Figure 6-18. Brunt Väisälä number, N (1/s), Nh/U (unitless) and wind (m/s) on the windward side at 850 

hPa. To fit in the diagram, N was multiplied by 1000 and Nh/U by 100. The diagram shows values from 

20:00 UTC, 4 April 1986, until 10:00 UTC, 6 April 1986. 
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6.3 Discussion  

The value of Nh/U is in this case close to 0.3 at 14:00 UTC but increases to 0.6 the 

morning after the accident, see Figure 6-18. Maximum wave activity can be expected to be 

reached for values considerably higher (e.g. Ólafsson, 2000). An increase in mountain 

height or static stability could therefore be expected to give greater waves. Such conditions 

do often happen, and this case is therefore not unique in terms of the generation of 

mountain waves and the associated vertical velocities.  

The simulations show vertical velocities at the site of the incident to be much less than the 

9-12 m/s estimated by Hafsteinsson (1986), based on Casswell´s method (Casswell, 1966, 

see also Shutts, 1997). It is indeed likely that locally, the downdraughts have been greater 

than the simulated 3.5 m/s at low levels, even much greater. The topography is smoothed in 

the model and the peak of Ljósufjöll is about 230 m lower in the model than in reality. A 

smooth topography can be expected to lead to less variability in the vertical velocities. A 

lower mountain with relatively low Nh/U does, in this case, lead to weaker waves and 

weaker vertical velocities.     

 

Figure 6-19. Hertenstein and Kuettner´s (2005) diagram redrawn by Ágústsson and Ólafsson (2014), with 

the Ljósufjöll case superimposed (red box) according to simulations.  

When the Ljósufjöll accident is superimposed on the Hertenstein and Kuettner´s diagram 

(Figure 6-19) it indicates that either a rotor associated with lee waves or a rotor associated 

with a hydraulic jump is present. According to the Keflavík sounding the wind varied from 

20 to 26 m/s in the atmosphere and the shear is considered negligible or 0.0 1/s. However, 

the case falls in an area in the diagram that does not have many cases previously studied 

and any interpretation should therefore be given extensive thought. There is furthermore 

not a distinct inversion in the current case. 
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7 Origins of the lowest level airmasses 

A fundamental difference between the 4 March 1974 (Hvalfjörður) and the 5 April 1986 

(Ljósufjöll) cases is the presence of an inversion in the 4 March 1974 case. This may be of 

importance, as the inversion can be expected to favour amplification of waves and rotors.    

The process leading to the creation of the inversion is consequently of interest. Figures 7-1 

and 7-2 show 96 hour backward trajectories ending in SW-Iceland in both cases. 

 

Figure 7-1. A backward trajectory showing the origin of the airmass over SW-Iceland at 12:00 UTC, 4 

March 1974. 
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In the inversion case (4 March 1974), Figure 7-1, the lowest level airmass originates over 

Canada where it is relatively cold, while the airmass ending at 3 km originates over the 

southern part of the N-Atlantic Ocean. In the non-inversion case (5 April 1986), Figure 7-2, 

the entire airmass ending at 1 to 3 km height over SW-Iceland originates over Atlantic 

Ocean, far south of Iceland. The inversion appears in other words partly to be a 

consequence of advection of cold low-level airmass from Canada. 

 

Figure 7-2. A backward trajectory showing the origin of the airmass over SW-Iceland at 12:00 UTC, 5 

April 1986. 
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8 Climatology of windstorms in Iceland 

The aircraft incidents that are explored in this thesis have in common that the strong winds 

are associated with impacts from local topography. This raises questions on how in general 

such effects are during extreme winds in Iceland. To shed a light on this question, data is 

explored from a large number of automatic weather stations, see Figure 8-1. The data is 

analyzed with respect to what kind of topographic acceleration may have affected the 

winds and from which direction the wind blows during extreme wind speeds. The seasonal 

and diurnal variability is also explored.  

8.1 Data 

The data is based on 10 minute mean winds registered every hour at 77 automatic weather 

stations that have all been in continuous or almost continuous operation during the period 

2001 to 2010. The weather stations belong either to The Icelandic Met Office (IMO) or The 

Icelandic Road Authorities. The observations are made with internationally recognized 

instruments at 7-12 m above the ground and checked for systematic errors at IMO. A total 

of 231 event is collected, consisting of the strongest three windstorms at each weather 

station. The location of the weather stations is shown in Figure 8-1. Upper air data comes 

from 12-hourly radiosoundings at Keflavík airport, SW-Iceland. 

Figure 8-1. The location of the 77 weather stations in Iceland applied in this study. 
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8.2 Temporal and directional variability 

The seasonal variability of the windstorms  is shown in Figure 8-2. None of the windstorms 

occurs from May to August and there is a distinct maximum in December. This variability 

reflects the seasonal distribution of extreme winds (f > 35 m/s) during the same period at 

850 hPa over Keflavík, shown in Figure 8-3. The December maximum that appears in both 

datasets is an anomaly and not representative for the long-term seasonal distribution of 

windstorms (see Jónsson, 2002, and Ágústsson and Ólafsson, 2012). A majority of the 

windstorms occurs during the night, see Figure 8-4, but the observations are not 

independent in time (a single violent storm may be registered at several stations) and 

consequently they can not be submitted to a regular test of statistical significance. The most 

frequent wind direction during the windstorms is SE and the least frequent directions are W 

to NNW and NE to E, shown in Figure 8-5.   

 

Figure 8-2. Seasonal variability of extreme winds at the surface. Three of the strongest winds were 

collected from each station (see Figure 8-1) for location of stations. Based on all observations during the 

period 2001 to 2010. 

 

Figure 8-3. Seasonal variability at 850 hPa over Keflavík of extreme winds (> 35 m/s). Based on all 

observations during the period 2001 to 2010. 
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Figure 8-4. Diurnal variability of extreme winds. Based on all observations during the period 2001 to 

2010. 

 

Figure 8-5. Directional variability of extreme winds. Based on all observations during the period 2001 to 

2010.  
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8.3 Impact of surface type and topography 

The extreme windstorms have been classified according to the upstream land surface and 

topography. Figure 8-6 shows that only 10% of the cases have the sea less than 10 km 

upstream of the station while 90% have winds that have blown for more than 10 km over 

land before reaching the station. In Figure 8-7, the cases are classified according to 

upstream topography. A little more than half of the extreme cases are in winds coming 

directly from a steep mountain (rising more than 500 m above the station less than 10 km 

away). Another 16% are cases of winds blowing down a gentle slope. This makes a total of 

almost 70% of the cases being downslope windstorms. A total of about 10% occur in 

winds that blow along the slope of a mountain (barrier wind), either low mountains 

(h<500m) or high mountains (h>500m). Five percent of the cases occur in winds that blow 

from the open ocean and about 18% of the cases occur in winds blowing over flat land 

without any obvious topographic impact upon the flow.  

 

Figure 8-6. Extreme winds from land and ocean. Based on the dataset of the three strongest windstorms at 

each station during the period 2001 to 2010. 
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Figure 8-7. Landscape producing extreme wind. Based on the dataset of the three strongest windstorms at 

each station during the period 2001 to 2010. 

 

Figure 8-8. Mean sea level pressure (hPa) analysis chart of the N-Atlantic and Europe at 06:00 UTC,  14 

December 2007. Produced by the U. K. Met Office and retrieved from http://www.wetter3.delfax on 4 

January 2012. 
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8.4 Discussion 

First of all, it should be noted that although the number of weather stations is high, they are 

not uniformly distributed. Some of the weather stations are located away from mountains 

and away from the sea, so that the strongest windstorms inevitably fall into the category 

„flat land“. Other weather stations are located close to steep mountains and their location is 

directly a consequence of frequent downslope windstorms that are a concern for road 

traffic. A few cases can be attributed to more than one category, and in such cases, a 

subjective evaluation of the most important effect determines the classification.   

The seasonal variability is similar to what can be expected (Jónsson, 2002, and Ágústsson 

& Ólafsson, 2012), with the exception of December which had anomalously high number 

of extreme wind events during the period in question. The diurnal variability is on the other 

hand quite surprising. It indicates that the temperature profile of the atmosphere may play a 

role – an indication that points towards gravity waves and other topographic disturbances 

such as gap winds or barrier flows.        

Strong SE winds usually occur in highly baroclinic conditions, in front of a frontal system 

associated with a deep extratropical cyclone (e.g. SW-Iceland in Figure 8-8). The high 

frequency of extreme winds in SE winds underlines the baroclinic nature of extreme 

weather events in Iceland. The absence of extreme winds in flow from the NW may be 

attributed to deformation of lows by Greenland (e.g. Rögnvaldsson and Ólafsson, 2003). 

The low frequency of extreme events in winds from the ENE may be related to the NE-SW 

orientation of the topography of Iceland, but that remains to be investigated further.      

The high frequency of extreme winds during downslope flow and low frequency of flow 

from the sea is presumably the most interesting part of the present analysis. In spite of the 

low roughness over the sea, only 10% of the extremes occur in winds from the sea while a 

large majority of extreme winds in our dataset occurs in downslope windstorms. This 

underlines the role of internal gravity waves and static stability in the climatology of 

extreme winds in Iceland. The well known importance of static stability on gravity waves 

and downslope flow indicates that the diurnal variability of extreme winds is in fact an 

integral part of the climatology of extreme winds in Iceland, a part that needs to be 

explored further.  

8.5 Summary 

There is great variability in the wind direction of extreme windstorms in Iceland, but they 

are most frequent in winds from the SE. There are indications that extreme windstorms are 

more frequent during the night than during the day and extreme windstorms occur 

predominantly in downslope flow and not winds from the sea.  
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9 Summary and conclusions 

In this thesis, the weather during two flight incidents, Hvalfjörður on 4 March 1974 and 

Ljósufjöll on 5 April 1986, was examined. Elements of the climatology of windstorms was 

also explored.  

The flight data in the Hvalfjörður incident shows extreme up- and downdraughts of 

magnitude and dimensions that are almost certainly an indicator of a rotor. The simulations 

presented in this study are however not able to reproduce such a phenomena. Vertical 

velocities of 45 m/s were observed. Adding maximum simulated vertical velocities to the 

engines capabilities to climb yields only 12.4 m/s. This leaves 32.6 m/s unaccounted for.  

The most likely reason for the underestimation of the simulated vertical velocities is poor 

resolution.  In fact, it is simply impossible to reproduce circulations on the scale of less 

than 1 km in a grid with horizontal resolution of 1 km.  A higher spatial resolution is 

necessary to represent details in the vertical profile and small scale features of the flow.  

The simulation does show a high likelihood of turbulence with strong up- and 

downdraughts but not close to the extremes actually encountered.  

In the Ljósufjöll accident there was no flight data recorder on board the aircraft and 

therefore it was not as well documented as the Hvalfjörður incident. The simulation itself 

was not able to reproduce the extreme downdraughts necessary to bring the aircraft to the 

ground. The reason is most likely the coarse resolution. There is reason to believe that a 

higher resolution would bring more conclusive results. 

The simple climatology presented of windstorms and atmospheric conditions that lead to 

wind extremes in the vicinity of mountains shows that there is great variability in the wind 

direction of extreme windstorms in Iceland, but they are most frequent in winds from the 

SE.  There are indications that extreme windstorms are more frequent during the night than 

during the day and extreme windstorms occur predominantly in downslope flow and not 

winds from the sea.  

The present thesis shows that even at 1 km horizontal resolution, local severe wind 

conditions may not be reproduced. It is however not certain that greater resolution alone 

will resolve the flow features in question, more accurate initial and boundary conditions, 

particularly in terms of temperature profile, may be of importance. This needs to be 

explored. Meanwhile, the forecaster should keep in mind the limited ability of simulations 

to reproduce extreme weather in the vicinity of mountains.  
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