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Figure 2.2: Reykjavik ATC Area and it’s Four Sectors

million sq. km, where over 110.000 aircraft spend on average 100 minutes within its

boundaries. 1 Figure 2.1 shows the Reykjavik Control Area and its four sectors. The area

shown in the magenta color identifies the indigenous Flight Information Region (FIR) of

Iceland, Reykjavik FIR. The other part of the area that covers a large part of Greenland

and extends to the North Pole is a part of the Sondrestrom FIR. Air traffic control above

19,500 ft is provided by the Reykjavik Area Control Center (ACC) under an agreement

between Denmark and Iceland.

2.3 Great Circle Distance

The shortest path between any two points on the surface of a sphere lies on the Great Cir-

cle Distance (GCD), also known as geodesic distance. To find the great circle (geodesic)

distance between two points located at specified latitudes δ and longitudes λ, where point

1 is (δ1,λ1) and point 2 is (δ2,λ2) on a sphere of radius a. The polar radius is 6371 km

while the equatorial radius is 6378 km. In the wind optimization model developed in this

study the radius used was mean radius of earth a ≈ 6371 km. Furthermore it is necessary

1
http://www.isavia.is/English/
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flight plans, both in fuel burn and flight duration. One factor that could improve them is

less variance between weather reports and the actual weather faced during the flight, by

having better and more frequently updated weather reports.

3.1 Weather Data

Figure 3.2: Geographical Area covered by the IMR weather data sets

IMR provided high resolution weather data, i.e. wind and temperature data, for four

days. Figure 3.2 shows the area covered by this data. Two days during the winter and

two days during the summer were generated. The dates chosen were the 13th and 14th

of February and then the 13th and 14th of July 2011. The data was received from IMR

in Network Common Data Form format (netCDF). The weather data provided by IMR

was actual weather that was collected and post processed, in February of 2012. These

data sets were defined on a grid with a 9 kilometre resolution in the lateral plane for the

altitudes most commonly used by commercial jet aircraft i.e. between 30.000 ft to 42.000

ft. For sake of minimizing the data sets, altitudes chosen for the model were from 33.000

ft to 39.000 ft resulting in seven horizontal planes evenly distributed with 1000 ft altitude

increments. This weather data provided an in depth view of the conditions faced by the

flights selected during those days, with temperature readings in Celsius, wind direction

in degrees and wind speed in meters per second [m/s]. The 9 km spacing between data

points was much finer resolution than needed. In order to cover the four flight routes
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York is affected with the North Atlantic jet stream making it an interesting flight track to
examine in detail. Jet streams are relatively strong winds concentrated within a current of
air in the atmosphere. Jet streams are considered to be present wherever it is determined
that wind speeds exceed 50 knots. 1

Figure 3.1: Weather Map showing Wind speed for the North Atlantic Jet Stream at 19:00
GMT on 14/7/2011

The North Atlantic jet stream changes rapidly and presents both opportunities and prob-
lems to air traffic traversing it. Flights from North America to Europe utilize the jet stream
to increase their ground speed (GS) by altering their course depending on the wind direc-
tion within the jet stream. Conversely flights travelling from Europe to the Northern parth
of the Eastern seaboard of North America try to minimize the effect of headwinds result-
ing from the jet stream. Figure 3.1 shows how the jet stream affects flight tracks between
North America and Europe. The red line on the figure parallel to the Eastern seabord of
North America and Greenland represents the jet stream. This red line indicates the jet
stream is present at 35,000 ft during ICE615’s flight on the 14th of July 2011. The wind
speed within the jet stream is from 55 meters per second to 69 meters per second, during
ICE615’s cruise phase on that date.

The jet stream falls within the IMR’s Weather data sets that is used by the wind opti-
mization (WO) model. The model reads in wind direction and wind speed values from
the weather grid. The values are used to construct a matrix, utilized during the WO. The
jet stream has a high variance in wind direction, consequently having an influence on the
wind optimization in flight ICE615’s case. The jet stream also affects the generation of
flight plans, because of its high variance. However there is considerable deviation in the

1 http://amsglossary.allenpress.com/glossary/search?id=jet-stream1
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Figure 3.4: Wind speed in m/s during ICE204’s cruise phase on 14/7/2011 at cruise alti-

tude

provided by Isavia was in Comma-Separative Values (CSV) format, which is readily ac-

cessible.

The data included ADS-B positioning data sent directly from aircraft while flying within

BIRD making it possible to calculate the great circle distance flown by the aircraft in order

to compare the actual flight path with the planned flight route within BIRD.

Icelandair provided detailed pre take-off flight plans for the entire flights, making it pos-

sible to cross reference flight paths and performance for each leg. Furthermore Icelandair

provided actual post flight data downloaded from the aircrafts after landing, making it

possible to analyse each aircraft performance of each flight both within BIRD and for the

entire flight. Data provided by Icelandair was mainly in the Hist file format. Figure 3.5

shows the actual ADS-B position transmissions within BIRD for flight ICE615 from New

York to Keflavik, making it possible to plot the actual flight path within BIRD. Figures

showing ICE615’s and ICE204’s tracks for the days 13th and 14th of July 2011 can be

found under Appendix A.
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been 297 minutes, when calculating the route from Icelandairs flight plan. The new route
calculated by the algorithm needs 294.7 minutes to traverse the cruise phase, with the
data available from IMR. According to this the algorithm calculated a route that took 4.3
minutes less to complete than the flight plan predicted with the data available at the time.
The improvement on the original flight plan results, is due in part to more data available
for the algorithm to work with. According to the data from IMR, the time improvement
calculated by the algorithm for cruise phase was 297 - 294.7 = 2.3 minutes. The algorithm
achieved this by deviating from the flight track, defined by the flight plan. The deviations
are noticeable in Figure 5.4.

Figure 5.3: The initial flight plan for ICE615

The planned route was 2050.1 nm in length but the route suggested by the algorithm
is 2124.8 nm, meaning it’s 74.7 nm longer than the planned route. This is a deviation of
3.6% from the planned route in nautical miles. Albeit the route computed by the algorithm
takes 2.3 minutes less time to travel it according to the algorithm and the weather data at
hand.

To estimate the fuel consumption during the cruise phase, certain parameters are needed
such as the cruise altitude. During ICE615’s cruise phase the cruise altitude was 35,000
ft, and the mean mass of the aircraft during cruise phase was 93,536 kg, it’s cruise speed
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5.1 Flight ICE615

The main reason for choosing ICE615 other than availability of data from all participants,
is that the flight ICE615 traverses the North Atlantic jet stream making it an intriguing
case to study. As this flight is flying westbound against the North Atlantic Jet stream,
the optimization consists of minimizing the effect of headwind on the aircraft during
ICE615’s cruise phase, taking advantage of wind speed and wind direction variance which
is significantly higher than on the average. Table 5.4 shows ICE615’s cruise phase portion
of fuel burn, flight track and flight time. The North Atlantic jet stream makes it interesting

Flight Portion of Burn Portion of Flight track Portion of FT
ICE615 74.75% 88.05% 89.25%

Table 5.4: Flight ICE615 cruise phase’s portion of Fuel burn, Flight track and Flight time
on 14/7/2011

to see the flight path suggested by the algorithm for ICE615’s cruise phase, compared to
the initial flight plan from Icelandair. Figure 5.1 shows the grid constructed for ICE615’s
cruise phase, using Icelandairs initial flight path as a reference point.

Figure 5.1: The grid for for flight ICE615 from Keflavik to New York on 14/7/2011

32 Lateral Optimization of Aircraft Tracks In Reykjavik Air Traffic Control Area

Figure 5.2 shows the deviation from Icelandairs flight plan for ICE615 during the cruise

phase. The algorithm performs frequent course adjustments to minimize the headwind

effect during the cruise phase. The predicted flight time for the cruise phase by the flight

plan was used as a reference point for the calculations, which the algorithm tried to im-

prove. In the case of flight ICE615 on 14th of July 2011, the flight plan calculated the

time needed to traverse the cruise phase as 299 minutes with the weather data available at

the time.

Figure 5.2: The shortest path for ICE615’s grid representing cruise phase

To prevent difference in weather data accuracy between the weather data available at

the time and the post processed weather data obtained from IMR the route suggested by

Icelandairs flight plan shown in Figure 5.3, was also calculated with IMR’s weather data.

Using IMR’s weather data, the calculations showed that the cruise phase should have
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a function of altitude. Based on this fuel consumption the saved fuel during cruise phase
was 129 kg. Taking the fuel bias into consideration from Icelandairs flight plan for flight
ICE615, where the rated fuel bias for both of the aircraft engines was 1.02, the expected
fuel saved was:

E[Fuel Saved] = 129kg · bias = 132kg (5.1)

The improvements on cruise performance therefore would be 0.9% fuel burn savings w.r.t
the planned burn for cruise phase and 0.8% reduction of time, when comparing the results
of the original flight plan and the optimized route using the data from IMR. Table 5.5
summarizes ICE615’s results when using IMR’s weather data.

Flight Dijkstra Path in min Flight plan in min Fuel saved in kg
ICE615 294.7 297 132

Table 5.5: Summary of Flight ICE615 cruise phase’s optimization results Fuel burn, Flight
track and Flight time on 14/7/2011

These results show that the fuel saved within BIRD would be 23.45 kg, according the
estimate done with BADA. It is necessary to take into consideration that this flight was
chosen for optimization because of the North Atlantic jet stream, not because of fuel burn
within BIRD.
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5.2 Flight ICE204

The reason for choosing flight ICE204 from Keflavik to Copenhagen on 14th of July 2011

was that 65.37% of its fuel burn was within BIRD according to Icelandairs data available

for the actual flight. The initial flight plan predicted the time in cruise phase within BIRD

as 70 minutes, which represents 55.5% of the predicted total cruise phase time of 126

minutes, according to Icelandairs flight plan. Table 5.6 shows ICE204’s cruise phase

portion of fuel burn, flight track and flight time. The portion of fuel burn is lower when

compared to ICE615 this is the results of a shorter cruise phase and less headwind during

the flight than ICE615 faced.

Flight Portion of Burn Portion of Flight track Portion of FT
ICE204 62.95% 74.65% 70.4%

Table 5.6: Flight ICE204 cruise phase’s portion of Fuel burn, Flight track and Flight time

on 14/7/2011

The same method as in ICE615’s case was used to construct a grid for ICE204, the grid

for ICE204 is shown here in Figure 5.6.

Figure 5.6: Coordinate grid for ICE204 cruise phase grid used for track optimization
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Figure 5.7 shows the deviation from Icelandairs flight plan for ICE204 during the cruise

phase. The algorithm does not perform as many course adjustments from the initial flight

plan as in ICE615’s case. The reason is the low wind speed faced during the cruise phase.

The low wind speed reduces the possibility of using the wind to increase ground speed

with WO, even though wind direction changes during the flight are considerable. There-

fore the low wind speed values makes it more difficult to increase performance during

the cruise phase. When using the data from IMR to calculate the route suggested by Ice-

Figure 5.7: The shortest path for ICE204’s cruise phase grid

landairs flight plan as shown in Figure 5.8. The calculations showed that the cruise phase

should have been 124.5 minutes instead of 126 minutes. The algorithm calculated the

shortest path for cruise phase as 123.3 minutes for ICE204, which is 2.7 minutes less than

predicted by the original flight plan, with the data available at the time. When looking at

the algorithms results with the weather data from IMR, the time improvement calculated

by the algorithm for the cruise phase was 124.5 - 123.3 = 1.2 minutes. Figure 5.9 shows

the deviation from flight track defined by the flight plan. By using the Faroe Islands and

the Shetlands as reference points the difference in the flight path’s can be observed in Fig-

ures 5.8 and 5.9. The difference is the deviation suggested by the optimization algorithm

from the flight plan, shown in Figure 5.7.

The planned route was 904.1 nm in length but the route suggested by the algorithm was

900.2 nm. Therefore the algorithm comes up with a better solution both for distance flown

and time to traverse the grid representing ICE204’s cruise phase improving the flight plan

by 3.8 nm and 1.2 minutes. The short cruise phase makes it even more difficult to increase

the performance during the cruise phase.

The cruise altitude in ICE204’s case is 35,000 ft, and the mean mass of the aircraft during

cruise phase was 87,900 kg and with a cruising speed of Mach 0.76. Unlike ICE615 this

was a Boeing 757-300 instead of Boeing 757-200 needing appropriate adjustments when
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Figure 5.8: The planned flight track for ICE204’s cruise phase on 14/7/2011

dealing with the BADA model. Calculated fuel consumption by BADA and according to

the input parameters was 54.96 kg/min at 35,000 ft and ISA weather conditions. Based

on this fuel consumption the saved fuel during cruise phase was 66 kg. The rated fuel bias

for this aircraft was 1.012, hence expected fuel fuel saved was:

E[Fuel Saved] = 66kg · bias = 66.8kg (5.2)

These improvements in cruise performance therefore are estimated to be 0.96% fuel burn

savings w.r.t the planned burn for cruise phase and 0.95% w.r.t time and with 55.56% of

the cruise phase within BIRD the fuel saved within BIRD ought to be 36.7 kg, according

to the estimate done with BADA.

Flight Dijkstra Path in min Flight plan in min Fuel saved in kg
ICE204 123.3 124.5 66.8

Table 5.7: Summary of Flight ICE204 cruise phase’s optimization results Fuel burn, Flight

track and Flight time on 14/7/2011
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Fig. 15. a) Difference in 2 m temperature (K) and b) difference in sea level pressure (hPa) in domain 3 (1 km horizontal
resolution) between the CTRL and the FDDA-all simulations at 1600 UTC on 19 July 2009. Terrain elevation is given with
250 m contour intervals.

50

Fig. 2. Map of domain 2 (small, lower left, 3 km horizontal resolution) and of the MOSO experiment site (large, upper
right). The location of each automatic weather station is indicated by a dot and name. The stations additionally marked with
a star do not measure relative humidity. The main observation site /SUMO operation location of Eyrarbakki is marked by a
diamond. The outer extents of domain 3 (1 km horizontal resolution) are indicated with a grey box in the small map. Area
East is the area of main interest where the studied sea-breeze took place. The grey, dashed line (from A to B) indicates the
position of the vertical cross sections of wind speed and relative humidity in Figure 14.
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The	
  SUMO	
  has	
  been	
  equipped	
  with	
  an	
  op6cal	
  dust	
  sensor	
  	
  

Addi6onal	
  sensors	
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GP2Y1010AU0F	
  is	
  a	
  dust	
  sensor	
  by	
  op6cal	
  sensing	
  
system:	
  
•  An	
  infrared	
  emi{ng	
  diode	
  (IRED)	
  and	
  an	
  

phototransistor	
  are	
  diagonally	
  arranged	
  into	
  
the	
  device	
  

•  It	
  detects	
  the	
  reflected	
  light	
  of	
  dust	
  in	
  air	
  
•  Especially	
  effec6ve	
  to	
  detect	
  very	
  fine	
  par6cle	
  
•  In	
  addi6on	
  it	
  can	
  dis6nguish	
  smoke	
  from	
  house	
  

dust	
  by	
  pulse	
  patern	
  of	
  output	
  voltage	
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Satura6on	
  at	
  about	
  500μg/m3	
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The	
  SUMO	
  dust	
  sensor	
  has	
  been	
  tested	
  in	
  France	
  and	
  Iceland	
  

Preliminary	
  results	
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The	
  SUMO	
  dust	
  sensor	
  has	
  been	
  tested	
  in	
  France	
  and	
  Iceland	
  

Preliminary	
  results	
  

Sensor	
  is	
  now	
  being	
  calibrated	
  and	
  tested	
  	
  
with	
  ash	
  from	
  Mt.	
  Eyja}allajökull	
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 Figure 6  Runs 11 – 15, BU OPC results 
 
Discussion 
 
The BU – OPC DM equilibrium results are compared in figure 7 
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 The test facility 
 
The Bergen University OPC (BU OPC) is mounted in a top piece of a Sumo model airplane. 
(Figure  1). The piece is placed in the test section of the UI recirculating wind facility, the test 
section is 100 mm while the main windpipe is 75 mm. The intake nose of the piece is 
mounted in front of the center line of the 75 mm pipe to model the ambient free stream.  
 

 
 
 Figure 1 The UI test facility  
 
The blower is industrial ventilation blower with very stable delivery. Flow regulation is by 
narrowing the mixing range. The ash uses was Grímsvötn 2011 eruption. It is picked from the 
Núpsvötn and is therefore rather well sorted grainsize curve in the silt (10 – 60 micron ) range 
with a tail of fine dust in the aerosol range (1 – 10 micron).  
 
The ash is placed in the settling tank (Figure 2)where the wind picks it up and carries it 
around in about one second when the wind speed is 8.6 m/sec ion the main pipe. The 50 mm 
slip stream pipe of the DustMate is mounted in the pipe circle. DustMate is. Even sediment 
distribution is ensured by placing the test section vertical and by the faster velocity in the slip 
stream pipe. Numerical test results used are averages for longer time than 100 seconds or 100 
times round in the pipe during stationary wind velocity.  
 
The dust picked up in the settling tank is carried into the mixing range where circulating flow  

Settling  
tank 

Slip stream 
pipe 50 mm 

DustMate  
OPC  

Test ection 
100 mm 

Sumo 
model 
aircraft 

Blower Mixing 
range 

Main pipe 
75 mm 

Velocity 
meter •  The	
  sensor	
  (BU)	
  readings	
  show	
  high	
  

sensi6vity	
  in	
  the	
  range	
  125	
  –	
  300.	
  
A:er	
  that	
  the	
  sensi6vity	
  is	
  rather	
  
low	
  in	
  the	
  range	
  350	
  to	
  700.	
  

•  Using	
  the	
  meter	
  for	
  ash	
  surveillance	
  
for	
  jet	
  aircra:s,	
  the	
  best	
  thing	
  would	
  
be	
  to	
  designate	
  below	
  300	
  as	
  “safe”	
  
but	
  above	
  400	
  as	
  “unsafe”	
  



Various	
  uses	
  of	
  model	
  output	
  

To	
  correctly	
  simulate	
  
distribu6on	
  of	
  pollutants,	
  it	
  is	
  
very	
  important	
  to	
  correctly	
  
simulate	
  the	
  atmospheric	
  
condi6ons	
  close	
  to	
  the	
  source.	
  
	
  
Data	
  courtesy	
  of	
  Prof.	
  Saji	
  
Hameed	
  at	
  the	
  University	
  of	
  
Aizu,	
  Fukushima.	
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•  Model	
  resolu6on	
  is	
  important	
  
•  Especially	
  in	
  the	
  vicinity	
  of	
  complex	
  terrain	
  

•  Addi6onal	
  observa6ons	
  can	
  improve	
  the	
  simula6on	
  
•  Ver6cal	
  profiles	
  made	
  by	
  the	
  SUMO	
  

•  The	
  SUMO	
  is	
  a	
  low-­‐cost	
  system	
  with	
  many	
  advantages	
  
•  Proof	
  of	
  concept	
  before	
  inves6ng	
  in	
  a	
  more	
  durable	
  
and	
  expensive	
  UAS	
  

•  Addi6onal	
  sensors	
  are	
  being	
  added	
  to	
  the	
  system	
  
•  Fast	
  response	
  6me	
  is	
  crucial	
  in	
  SAR	
  opera6ons	
  

•  SARWeather	
  meets	
  these	
  needs	
  
•  Good	
  weather	
  informa6on	
  help	
  improve	
  decisions	
  

•  The	
  SUMO	
  is	
  currently	
  being	
  integrated	
  to	
  the	
  
SARWeather,	
  on-­‐demand,	
  Crisis	
  Response	
  System	
  

Conclusions	
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