
Rijksuniversiteit Groningen

Master Thesis

Exploring the influence of climate change on the
migration routes of Arctic Terns

Author: Supervisors:
L. van de Straat Dr. M.J.J.E. Loonen

Prof. dr. R. Bintanja





L. van de Straat

Abstract

Arctic Terns (Sterna paradisaea) have a very long annual migration. The route of this
migration can be influenced by factors such as food availability and weather conditions.
Wind patterns are shown to be an important factor on the migration routes Arctic Terns
take (Manche, 2019). This project looks at the impact of changing wind patterns due to
climate change on these migration routes in the future.

Most climate models used by the Intergovernmental Panel on Climate Change (IPCC)
provide projections of wind patterns up to the year 2100. These projections can be used
to determine flight costs of Arctic Terns on current migrations routes taken by the birds as
found by Egevang et al. (2010) and Fijn et al. (2013), both for the present and the future.
A significant change in flight costs on these routes could indicate that birds might change
their migration routes in the future.

There were no significant changes in flight cost found on the migration routes of Arctic
Terns over the period 2010-2099. It was also found that most climate models seem to
underestimate flight cost when compared to wind data by the European Centre for Medium-
Range Weather Forecasts (ECMWF).

However, it must be stated that many simplifications were made to approximate the
migration routes of the Arctic Terns. Predetermined migration tracks were used, it was
assumed that all birds departed and arrived at the same time and the period over which the
migration took place was limited to two months. Also monthly wind data was used, whereas
birds encounter daily differences.

In conclusion, more in depth research must be done to give a conclusive answer to the
question whether climate change will influence migration routes of Arctic Terns in the future.
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1. Introduction L. van de Straat

1 Introduction

Arctic Terns (Sterna paradisaea) have a very long annual migration with birds travelling up
to 90,000 km per year. They travel from circumpolar Arctic breeding grounds to circumpolar
Antarctic wintering areas (Egevang et al., 2010; Fijn et al., 2013). The route of this migration can
be influenced by a number of different factors, such as food availability and weather conditions.
One important factor that influences the migration route of Arctic Terns are wind patterns. By
choosing not the shortest route but rather one which provides wind assistance, they can limit
the cost of their migration (Manche, 2019).

In the past it was difficult to determine migration routes as they were based on sightings and
ring recoveries. In the case of Arctic Terns there was the extra difficulty of their migration route
being largely oversea. This way of inferring migration routes left large gaps of uncertainty in
the data. Despite the difficulties in determining the migration routes, Salomonsen (1967) gave a
comprehensive overview of the migration routes of Arctic Terns in which he already suggested a
dependence on wind patterns.

In more recent years, the development of new tracking techniques has allowed scientists to
track birds during their entire migration. Geolocators, or Global Location Sensing (GLS) loggers,
record time and light intensity. With these data the location of a bird can be determined. These
geolocators are attached to a bird and will record data during the whole migration trajectory.
To retrieve the data, the bird must be recaptured the next year (Manche, 2019). The first study
using geolocators to track Arctic Terns, by Egevang et al. (2010), seemed to largely confirm the
migration routes inferred by Salomonsen (1967). More studies have followed with similar results
(Fijn et al., 2013; Manche, 2019). The study performed by Manche (2019) looked specifically
at the dependency of Arctic Terns on wind patterns during their migration. This study found
that the differences in migration routes between different populations of Arctic Terns could be
explained by varying wind patterns throughout the year.

When talking about climate change, much-discussed topics are temperature and sea level
rise. A subject you hardly ever hear, is changing wind patterns. Even in the most recent report
by the Intergovernmental Panel on Climate Change (IPCC) wind is hardly discussed. When
it is discussed, it is mostly in the context of an increase in windstorms or as renewable energy
source (IPCC, 2014). However, most of the climate models on which the IPCC report is based
include projections of wind patterns up to the year 2100. These projections are of interest to
this project.

Manche (2019) determined least cost migration routes for Arctic Terns by looking solely at
current wind data. She did this for the years 2011 to 2018 and found striking similarities with
the migrations routes that were recorded with the use of geolocators in that same period. By
comparing the average migration routes found by Egevang et al. (2010) and Fijn et al. (2013)
to the wind data provided by the climate models of the IPCC up to the year 2100, changes in
the cost on these migration routes of Arctic Terns due to climate change can be determined. A
significant change in cost on current migration routes might indicate a change of route in the
future.

The goal of this project is to find out what effects climate change has on the migration
patterns of Arctic Terns. This leads to the following research question:

How will climate change influence migration routes of Arctic Terns?

This paper is divided into several sections. In section 2, the method used for determining
flight cost on current migration routes of Arctic Terns in the different climate models up to
the year 2100 will be discussed. In section 3, the results of the research will be presented. In
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section 4, these results will be discussed and suggestions for further research will be given. And
in section 5, the conclusion of the project will be given.

2 Method

2.1 IPCC Climate Models

The IPCC scenario used during this project, was the RCP8.5 scenario. This scenario is a so
called "business as usual" scenario. That means that in this scenario no efforts are made to
constrain or reduce the amount of carbon dioxide (CO2) that is emitted (IPCC, 2014). The
IPCC uses a total of 45 climate models for their report in 2014. 43 of these models have data
for the RCP8.5 scenario. From these 43 models, there are 34 models that have provided wind
data and thus can be used for this project.

Of these 34 climate models, 4 gave difficulties during processing. The 3 models by the Met
Office Hadley Centre (MOHC) provided the data with a 360 day calendar instead of a 365 day
calendar, which made them incompatible with the code used to process the models (Collins et
al., 2008). The model by European EC-Earth consortium also gave problems with the code, but
it was unclear what the exact cause was (EC-Earth, 2019). These 4 climate models were thus
excluded from further analysis, which meant 30 climate models were eventually used.

2.2 Arctic Tern Migration

After establishing which climate models to use, the migration routes needed to be determined.
Fijn et al. (2013) provide a schematic overview of the migration routes of Arctic Terns. Taking
data collected by Egevang et al. (2010) and their own research, Fijn et al. (2013) created a
map with the migration routes of birds breeding in the Netherlands and birds breeding around
Greenland and Iceland. The Arctic Terns are separated in these two groups, not only because of
their breeding location, but also because of the time period in which they migrate. The Dutch
birds leave earlier on both their autumn and spring migration than the Greenlandic birds.

Figure 1 shows the migration tracks that were used during this project. The tracks are
based on the schematic migration routes described by Fijn et al. (2013) and Egevang et al.
(2010). The red track shows the southbound migration route followed by the birds breeding in
the Netherlands. The blue track shows their northbound migration route. The birds breeding
in Greenland and Iceland take one of two southbound migration routes that are shown by the
green tracks. And they follow a single northbound migration route that is shown by the yellow
track.

For calculating the cost of a flight path it is not only important where the Arctic Terns are
flying, but also when the birds are there. It has been shown that the southbound migration
of Dutch birds can span up to five months and the northbound migration up to two months
(Fijn et al., 2013; Alerstam et al., 2019). The southbound migration of the Greenlandic birds
can span up to four months and the northbound migration again up to two months (Egevang
et al., 2010; Hensz, 2015; Hromádková et al., 2020). For this project, the time periods used by
Manche (2019) are a good starting point. For the southbound migration, she uses the months
August and September for the Dutch birds and the months September and October for the the
Greenlandic birds. For the northbound migration, she uses the months March and April for the
Dutch birds and the months April and May for the Greenlandic birds. The same time brackets
were used during this project, with the first half of the track using data of the first month and
the second half of the track using data of the second month. This simplifies the calculation of
flight costs significantly.
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Figure 1: Migration tracks of Arctic terns breeding in the Netherlands (red, blue) (Fijn et al.,
2013) and Arctic Terns breeding in Greenland and Iceland (green, yellow) (Egevang et al.,

2010).

2.3 Global Wind Patterns

During their migration Arctic Terns encounter global wind patterns. Among these patterns are
the North Atlantic jet and the Southern Hemisphere jet. These jets are found centered around
46◦N and 48◦S respectively and have prevailing eastward winds (Barnes and Polvani, 2013).
Birds encounter the North Atlantic jet at the beginning of their southbound journey on their
way to and from the North Atlantic staging area. When making their way towards the staging
area, the birds will encounter these winds head on. When leaving the staging area, the birds
will experience more tailwinds. The Southern Hemisphere jet is encountered when crossing from
the southern tips of South America and Africa to Antarctica. It is likely that this jet influences
how far East a bird will fly before crossing. This is especially relevant for the birds crossing from
Africa.

Barnes and Polvani (2013) looked at changes in the North Atlantic and Southern Hemisphere
jets between now and the year 2100. They did this by looking at the location of the center of the
jets within the different climate models also used by the IPCC. They concluded that on average
the center of the jets shift poleward by 1◦ latitude. This shift varies between the different climate
models.

Another important global wind pattern encountered by the Arctic Terns are the Hadley Cells.
A Hadley Cell consists of warm air rising at the equator, moving away from the equator while
it cools down, the cooled air sinking around roughly 30◦ latitude and moving back towards the
equator while the air warms again. When the air moves back towards the equator, it will start
moving westward resulting in the westward trade winds (Hu et al., 2018). It is likely that the
Greenlandic birds profit from the trade winds when crossing the Atlantic during their northbound
migration.

Hu et al. (2018) looked into changes of the Hadley Cells. They could not find any definite
changes in the strength of the Hadley Cells. However, they did find evidence for a widening of the
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Hadley Cells. Meaning the Hadley Cells will increase in size extending further poleward. This
would be consistent with the poleward movement of the North Atlantic and Southern Hemisphere
jets.

2.4 Calculating Flight Cost

Equation 1 was used for the cost calculation of each migration track. S is the wind speed,
HRMF is the Horizontal Relative Moving Angle, or the angle between moving direction and
wind direction and HF is the Horizontal Factor, a function that penalizes deviation from the
wind direction (Felicísimo et al., 2008). To be able to do the cost calculation for each track,
several things are needed.

Cost =
1

S
HF,where

{
HF = 0.1 : HRMF = 0
HF = 2HMRF : HRMF 6= 0

(1)

First, the wind speed and direction was calculated. The climate models provide wind data as
a vector containing a variable for the eastward wind (U) and a variable for the northward wind
(V). Using these variables, the overall wind speed and direction could be calculated using the
Pythagorean theorem. The wind direction was given the unit of the angle in degrees between
the y-axis, or latitude axis, and the wind direction. This way it could be compared to the flight
direction of the Arctic Terns.

The flight direction of the birds was calculated by determining the slope between 2 neigh-
bouring points on the flight track. Using this slope and the Pythagorean theorem, the flight
direction as the angle in degrees between y-axis and the slope could be calculated.

The HRMF should be taken as the angle in degrees (Fernández-López and Schliep, 2019).
The HRMF can be found by calculating the difference between the wind direction and the flight
direction.

Once the HRMF was obtained, the HF could be calculated. Combining the HF with the
wind speed S in equation 1 allowed for the calculation of the cost for moving from one degree
latitude to the next. By expanding this calculation over a full flight track and adding the cost
for each step, the full cost for that flight track could be calculated.

The wind data of the climate models was provided in 1◦ by 1◦ grids. However, the wind
data of the current situation from the European Centre for Medium-Range Weather Forecasts
(ECMWF) came in 0.5◦ by 0.5◦ grids. This meant that the wind data first needed to be regridded
into a 1◦ by 1◦ grid.

To be able to compare the different climate models to the current situation, the cost was
calculated for the 5 different tracks shown in figure 1 for each of the 30 climate models and the
ECMWF wind data. This was done for a period of 10 years, 2010 to 2019, for the climate models
and a period of 8 years, 2011 to 2018, for the ECMWF wind data. Then it was averaged over
this period to account for yearly weather variations.

This process was repeated for two 10 year periods in the future for the climate models to
see if there were significant changes in cost along the migration tracks. The periods chosen were
from 2045 to 2054 and from 2090 to 2099. As the climate models provide data up until the year
2100, these periods best reflect the possible change in the near-future and far-future.

The last step in this project was to infer where in the migration tracks changes could be seen
causing a model to provide high cost or low cost. By comparing the model with the highest cost
to the model with the lowest cost for each migration track per degree of latitude, it was possible
to make differences visible along the migration tracks.
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Figure 2: Average flight cost for the ECMWF data in the period 2011-2018 (green) and the
climate models in the periods 2010-2019 (blue), 2045-2054 (red) and 2090-2099 (yellow) for the
southbound migration track of the Dutch birds (Fijn et al., 2013; Felicísimo et al., 2008). The

standard deviation is given for the period 2010-2019.

3 Results

First, the average flight cost for each climate model and the ECMWF wind data was calculated.
This was done for the 5 different migration tracks shown in figure 1. The ECMWF wind data
is currently measured data available for the period 2011-2018. However, as the climate models
provide data up until 2100, the average cost was calculated for the periods 2010-2019, 2045-
2054 and 2090-2099. The results of these calculations for the southbound migration track of
the Dutch birds are shown in figure 2. The flight cost for the ECMWF wind data with its
standard deviation is shown in green. The flight cost for the climate models with their standard
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deviation over the period 2010-2019 are shown in blue. These are compared to the flight cost
over the period 2045-2054, in red, and the flight cost over the period 2090-2099, in yellow. It
is immediately clear that the climate models differ greatly in flight cost. The ECMWF wind
data has a relatively high flight cost compared to the climate models. Also there is no conclusive
evidence for an increase or decrease in flight cost in the future. The results for the other four
migration tracks can be found in appendix A. These results are similar to the results found for
the southbound migration track of the Dutch birds. A further breakdown of the flight cost for
the period 2010-2019 into separate years can be found in appendix B

To be able to distill more information from the results in figure 2 and appendix A, the flight
cost was averaged over all climate models. This was done for all three time frames, 2010-2019,
2045-2054 and 2090-2099. Not only the flight cost was averaged this way, but also the standard
deviation of this flight cost was averaged over all climate models. This resulted in figure 3. The
average for the period 2010-2019 is shown in blue, the average for the period 2045-2054 is shown
in red and the average for the period 2090-2099 is shown in yellow. A slight change in flight cost
through the years can be observed. But this change lies within the standard deviation, meaning
that the changes are not significant. Similar results were found for the other four flight tracks.
These results can be found in appendix C.

Figure 3: Flight cost and standard deviation averaged over all climate models for the periods
2010-2019 (blue), 2045-2054 (red) and 2090-2099 (yellow) for the southbound migration track

of the Dutch birds.

Another method to get more information from the results in figure 2 and appendix A was
by ranking the climate models. For each migration track the climate models were assigned a
rank. A high rank for high flight cost models and a low rank for low flight cost models. These
ranks were averaged over the five different climate models. This provided the final ranks with
their respective standard deviation for the climate models shown in table 1. Models with a final
rank over 20 have been coloured red and models with a final rank below 10 have been coloured
blue. The ECMWF wind data has been coloured green. The ECMWF wind data has one of
the highest ranks, showing that almost all climate models underestimate the flight cost if the
ECWMF data are considered the "truth". Six climate models have an average high rank and
two climate models have an average low rank, meaning that most climate models do not have
a consistently high or low flight cost. Having an average rank (between 10 and 20) means that
a climate model has either large variations in rank between the different flight tracks, shown by
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a large standard deviation, or an average rank for each flight track, shown by a small standard
deviation. It is important to note that the rank of a climate model only tells something about
the relation to other climate models. It does not tell anything about the actual flight cost within
that particular climate model.

Rank σ Climate model
3.8 4.7 NorESM1-M
7.0 4.8 CanESM2
10.2 7.1 BNU-ESM
10.4 3.9 CMCC-CMS
10.8 3.1 MPI-ESM-MR
11.4 6.1 CMCC-CESM
12.4 8.7 GISS-E2-H
13.0 9.0 MIROC-ESM
13.0 8.7 bcc-csm1.1
13.4 12.4 GFDL-ESM2M
13.6 7.9 GFDL-CM3
13.8 9.3 CSIRO-Mk3.6
15.2 6.3 MPI-ESM-LR
15.6 8.3 ACCESS1.3
15.6 5.0 MRI-CGCM3
16.4 10.2 MRI-ESM1
16.4 8.2 inmcm4
17.2 4.0 GISS-E2-H-CC
17.2 8.2 MIROC5
17.8 8.2 IPSL-CM5A-MR
17.8 9.2 bcc-csm1.1(m)
18.0 9.0 GFDL-ESM2G
18.8 9.0 CNRM-CM5
19.6 5.9 CMCC-CMS
20.4 7.2 ACCESS1.1
20.6 2.9 MIROC-ESM-CHEM
20.8 2.9 GISS-E2-R
20.8 7.3 GISS-E2-R-CC
21.6 9.3 IPSL-CM5A-LR
23.0 6.5 Current Data
30.4 0.8 IPSL-CM5B-LR

Table 1: The average rank of each climate model, with models with a high rank (>20) shown in
red, models with a low rank (<10) shown in blue and the ECMWF data shown in green.

The last method used to gain information from figure 2 and appendix A was by breaking
down the flight cost of the different migration routes into degrees of latitude. By doing this
for the climate model with the highest flight cost and the climate model with the lowest flight
cost, a comparison between these could be made. This shows where on the migration tracks
the largest difference in cost can be found. Figure 4 shows this comparison for the southbound
migration track of the Dutch birds. The green dots show the flight cost for the climate model
with the lowest total flight cost and the red dots show the flight cost for the climate model with
the highest total flight cost. In addition, figure 4 also shows the month in which the birds fly
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and indicates the flight direction with the black arrow. The results for the other four migrations
tracks can be found in appendix D. The largest differences between the climate models in figure 4
and appendix D can be seen around the locations where the Arctic Terns encounter the North
Atlantic and Southern Hemisphere jets. This corresponds with the variation in location of these
jets between climate models found by Barnes and Polvani (2013).

Figure 4: Flight cost per degree latitude for the southbound migration track of the Dutch
birds. Green indicates the climate model with the lowest flight cost on this track. Red indicates

the climate model with the highest flight cost on this track.
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4 Discussion

There were no significant changes found in flight cost on the migration routes of Arctic Terns as
determined by Fijn et al. (2013) and Egevang et al. (2010). As seen in figure 2 and appendix A
the set of 30 climate models used in this project do not show a consistent increase or decrease
in flight cost over the period 2010-2099. As mentioned in section 2.3 there seems to be a trend
in the shift of the North Atlantic and Southern Hemisphere jets and the widening of the Hadley
Cells. However, these changes are averaged over the different climate models, while each climate
model separately shows different changes. These differences could account for the inconsistencies
in the increase and decrease in flight cost over the period 2010-2099 between the different climate
models.

Figure 3 and appendix C confirm that there is no consistent increase or decrease in flight cost
by showing that the average changes over the years fall easily within the standard deviation of
the flight cost for each time period. It was also found that most climate models underestimate
the flight cost on the migration routes of Arctic Terns. This is striking as the climate models are
able to accurately predict, for example, the rise in temperature over the years.

There are certain factors that were not taken into account during this project, mainly due
to time constraints, which would influence the calculation of flight costs during the migration
of the Arctic Terns. The first factor that was not taken into account, was the fact that the
birds depart at different times on migration. This means that each bird encounters unique
wind patterns on their migration, which influences the total flight cost on each migration track.
There are a multitude of factors that can influence the decision of individual birds about when
to depart. Favorable winds can mean that a bird will depart earlier or unfavorable winds can
mean that a bird will depart later. Local wind conditions can also give an indication of what
a bird can expect further afield and thus influence the decision that way. However, it are not
only wind conditions that influence the decision to depart. Other factors can be precipitation
and temperature. How selective a bird will be depends strongly on how long they can afford to
wait for suitable conditions (Shamoun-Baranes et al., 2017). And also the arrival date can be
influenced by varying wind patterns. Barrett (2016) found that the arrival date of the spring
migration of Arctic Terns in Troms Norway was influenced by the presence of head- or tailwinds
in the 10 days prior to the arrival of the birds. This difference was found to be up to four days.

The second factor that was not taken into account, was that Arctic Terns stop at staging
areas to feed. The birds have been measured to spend from 6 up to 32 days at these staging areas,
with the two most important staging areas found in the North Atlantic and west of Southern
Africa (Fijn et al., 2013; Egevang et al., 2010). The time a birds chooses to spend at a staging
area influences when a bird will be where on their migration route, thus contributes to the
uniqueness of the wind patterns that birds will encounter. These staging areas are especially
important on the southbound migration of the birds. Hromádková et al. (2020) found that Arctic
Terns migrate between different staging areas on their southbound migration, making use of the
abundant food availability in these areas. On their northbound migration, they mainly make
use of favorable wind patterns, which results in a much faster migration. This means that the
calculation of flight costs is likely more accurate on the northbound migration tracks.

There is a third factor that influences the prediction for flight costs significantly. As stated
before, climate models are able to accurately predict the change in temperature over the years.
Temperature is one of the influencing factors in wind patterns. However, the wind patterns in the
climate models do not change in the same way between the different climate models, while the
temperature does. This suggests that the wind patterns in the different climate models are not
as well developed as the temperature is. By further developing the wind patterns in the climate
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models, more accurate predictions on the change in flight costs in the future can be made.
Another step that was taken within this project, was the use of monthly data for the wind

patterns and the averaging of flight cost over periods of 10 years. This accounts for outliers
caused by yearly weather differences, but also removes the nuances that can be caused by slight
differences in the wind patterns for each year.

4.1 Future research

As previously discussed, there are several factors that were not taken into account because of
time constraints. Also, the migration routes of the Arctic Terns were restricted to specific tracks,
monthly data was used and flight cost was averaged over periods of 10 years. In addition, there
are a number of figures that have the potential of yielding more information than they do in their
current form. Mainly figure 4 can be improved to reveal how bird behaviour and wind patterns
connect.

In section 2.2 it was stated that the southbound migration of Arctic Terns can be spread
over a period of up to five months. However, in this project a period of two months was used to
simplify the calculations. It was also assumed that the first month transitions into the second
precisely halfway through the migration. By including more months in the flight cost calculation
and randomizing the moment of transition, it will be possible to obtain more accurate numbers
for the flight cost. Manche (2019) applies a method similar to this when she calculates the
optimal flight tracks for the period 2011-2018. This randomization of the transition from one
month to the next during both the southbound and the northbound migration means not only
the difference in departure and arrival (Shamoun-Baranes et al., 2017; Barrett, 2016) is taken
into account, but also the stopover time in staging areas (Hromádková et al., 2020).

Again in section 2.2 it was explained that the flight cost over the average migration routes
as determined by Fijn et al. (2013) and Egevang et al. (2010) was calculated. By using this
method, the Arctic Terns were restricted to a single track on each migration route. As shown
by a number of studies this is not a realistic approximation. Each bird takes a different route
depending on the unique wind patterns they encounter (Egevang et al., 2010; Fijn et al., 2013;
Hensz, 2015; Alerstam et al., 2019; Hromádková et al., 2020). An alternative method was used
by Manche (2019). She restricted only the points of departure and arrival and determined the
least cost path between these two points. By repeating this process for the 8 years within the
period 2011-2018 and for several different transition points between the months, she was able to
obtain a flight path that would be most likely for the Arctic Terns to take. Using this process
for the different climate models and the different time periods, a most likely flight path can be
determined for each model and each time period. Differences that might show up between these
flight paths can then be attributed to changes in the wind patterns. It will also be easier to
locate were the biggest changes can be found.

Using the method described above also solves the possible problem of information loss due
to the averaging of the flight cost over periods of 10 years. However, it still uses only monthly
data, despite the fact that wind patterns can change within a much shorter period of time.

As stated previously, figure 4 can be improved to yield more information. This can be
done in a number of different ways. Firstly, adding wind vectors to the different latitudes can
give several insights. If wind vectors are given relative to where North is, it can reveal the
differences between the different climate models in more detail. By adding vectors, it becomes
visible whether the differences are to be found in wind direction or speed. In addition, if wind
vectors are given relative to the bird’s flight direction, it will give a better idea of where the
birds encounter headwinds or tailwinds. This can then be related to the global wind patterns
the birds encounter.
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Secondly, a version of figure 4 can be made that includes the data from the ECMWF. It can
be interesting to add wind vectors in this version as well. This can reveal where the differences
between the climate models and the ECMWF data is located and how significant these differences
are. And again it can show whether the differences are caused by a change in wind direction or
speed.

Lastly, figure 4 can show not a comparison between separate models for a single time period,
but a comparison of the mean values of all climate models per time period. This shows where
on the different flight tracks the changes are largest. These changes can then be linked to the
wind patterns on those locations.

5 Conclusion

This project has looked at the flight cost of Arctic Terns on their annual migration. This was
done by comparing the flight cost calculated with ECMWF data to data from 30 IPCC climate
models in the RCP8.5 scenario for the period 2010-2019. To see how flight costs might change
in the future, the previous results were compared to the 30 IPCC climate models for the periods
2045-2054 and 2090-2099. No significant changes in flight cost were found in the five different
migration tracks of Arctic Terns provided by Fijn et al. (2013) and Egevang et al. (2010). It
was also found that the climate models consistently underestimated the flight cost for the period
2010-2019.

These results would suggest that the wind patterns are less accurately simulated by the
IPCC climate models compared to for instance temperature. However, during the project major
simplifications were made to the simulation, such as taking the same moment of departure for all
birds, limiting the number of months in which the birds migrate and not taking the time spend
at staging areas into account. These simplifications can be another explanation for the lack of
significant changes in flight cost.

Thus, this project cannot give a conclusive answer to the research question stated in section 1.
Further development of the wind data in the climate models and a more realistic simulation of
bird behaviour is needed to provide a reliable answer.
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Appendices

A Flight cost per climate model per migration track for the cur-
rent and future situation

Figure 5: Average flight cost for the ECMWF data in the period 2011-2018 (green) and the
climate models in the periods 2010-2019 (blue), 2045-2054 (red) and 2090-2099 (yellow) for the
northbound migration track of the Dutch birds (Fijn et al., 2013; Felicísimo et al., 2008). The

standard deviation is given for the period 2010-2019.
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Figure 6: Average flight cost for the ECMWF data in the period 2011-2018 (green) and the
climate models in the periods 2010-2019 (blue), 2045-2054 (red) and 2090-2099 (yellow) for the

southbound migration track via Africa of the Greenlandic birds (Egevang et al., 2010;
Felicísimo et al., 2008). The standard deviation is given for the period 2010-2019.
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Figure 7: Average flight cost for the ECMWF data in the period 2011-2018 (green) and the
climate models in the periods 2010-2019 (blue), 2045-2054 (red) and 2090-2099 (yellow) for the

southbound migration track via Brazil of the Greenlandic birds (Egevang et al., 2010;
Felicísimo et al., 2008). The standard deviation is given for the period 2010-2019.
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Figure 8: Average flight cost for the ECMWF data in the period 2011-2018 (green) and the
climate models in the periods 2010-2019 (blue), 2045-2054 (red) and 2090-2099 (yellow) for the
northbound migration track of the Greenlandic birds (Egevang et al., 2010; Felicísimo et al.,

2008). The standard deviation is given for the period 2010-2019.
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B Flight cost broken into separate years per climate model per
migration track for the current situation

Figure 9
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Figure 10

22



L. van de Straat B. Flight cost broken into separate years per climate model per . . .

Figure 11
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Figure 12
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Figure 13
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C Flight cost averaged over all climate models per migration
track for the current and future situation

Figure 14: Flight cost and standard deviation averaged over all climate models for the periods
2010-2019 (blue), 2045-2054 (red) and 2090-2099 (yellow) for the northbound migration track

of the Dutch birds.

Figure 15: Flight cost and standard deviation averaged over all climate models for the periods
2010-2019 (blue), 2045-2054 (red) and 2090-2099 (yellow) for the southbound migration track

via Africa of the Greenlandic birds.
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Figure 16: Flight cost and standard deviation averaged over all climate models for the periods
2010-2019 (blue), 2045-2054 (red) and 2090-2099 (yellow) for the southbound migration track

via Brazil of the Greenlandic birds.

Figure 17: Flight cost and standard deviation averaged over all climate models for the periods
2010-2019 (blue), 2045-2054 (red) and 2090-2099 (yellow) for the northbound migration track

of the Greenlandic birds.
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D Comparison between the climate models with the highest and
lowest flight cost for the current situation

Figure 18: Flight cost per degree latitude for the northbound migration track of the Dutch
birds. Green indicates the climate model with the lowest flight cost on this track. Red indicates

the climate model with the highest flight cost on this track.
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Figure 19: Flight cost per degree latitude for the southbound migration track via Africa of the
Greenlandic birds. Green indicates the climate model with the lowest flight cost on this track.

Red indicates the climate model with the highest flight cost on this track.
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Figure 20: Flight cost per degree latitude for the southbound migration track via Brazil of the
Greenlandic birds. Green indicates the climate model with the lowest flight cost on this track.

Red indicates the climate model with the highest flight cost on this track.
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Figure 21: Flight cost per degree latitude for the northbound migration track of the
Greenlandic birds. Green indicates the climate model with the lowest flight cost on this track.

Red indicates the climate model with the highest flight cost on this track.
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