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Abstract 
 
In this study the relation between the Summer North Atlantic Oscillation (SNAO) and the sea surface 
temperature (SST) in the extra-tropical North Atlantic region is investigated using the SPEEDO model. 
It is the first time the SNAO is investigated using the SPEEDO model. A comparison between the 
SPEEDO output and reanalysis data shows that the model can reproduce the SNAO. The influence of 
the SST on the SNAO is investigated by imprinting the SST pattern belonging to the SNAO on the 
Atlantic Ocean. This is done by adding (extracting) an extra heat flux pattern belonging to the SNAO 
to (from) the regular heat flux pattern from the atmosphere to the ocean. This extra heat flux pattern 
is an extra compound in the system. The added extra heat flux pattern has three main areas where 
the extra heat flux is strong, with high positive or negative values. Due to the opposite sign, large 
temperature differences between the three areas developed. The changed temperature conditions 
caused a change in the SLP pattern: higher pressure where the temperature decreased and vice versa. 
Due to this changed SLP pattern the SNAO pattern is shifted. The recurrence interval did not increase. 
However, stronger sea level pressure anomalies can occur over Europe when the SST pattern of the 
SNAO is imprinted to the ocean. In the runs where the extra heat flux pattern is extracted, the SNAO 
weakened very much. These results imply that a relation between the SST and SNAO does exist. 
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1. Introduction 
 
In the winter months the North Atlantic Oscillation (NAO) is the dominant pattern of large-scale 
variability in the Northern Hemisphere (Barnston and Livezey, 1987) and has been a topic of 
extensive research for a long time (Cornes et al., 2013; Hurrell, 1995; Robertson et al., 2000). 
However, the NAO is a pattern not only during the winter months, but it is a year-around pattern 
(Barnston and Livezey, 1987; Portis et al., 2001). The NAO in the summer months is called the 
Summer North Atlantic Oscillation (SNAO).  
 
The SNAO can be defined in different ways (Folland et al., 2009), but it is often defined as the leading 
empirical orthogonal function (EOF) of mean sea level pressure anomaly over the extra-tropical 
Atlantic Ocean during July and August (Bladé et al., 2012b; Folland et al., 2009; Linderholm et al., 
2012). The key figure of Folland et al. (2009) representing the SNAO is presented in Figure 1.1. The 
centre of the pattern is over the UK and the structure of this centre has a SW-NE direction. Over 
Greenland, a weak negative pole is visible. 
 
The SNAO is weaker than the winter NAO, but it does influence weather conditions over Europe as 
well (Folland et al., 2009). During a positive phase, characterized by an increased pressure over 
northwest Europe and decreased pressure over Greenland (Bladé et al., 2012a), the weather 
conditions over northwest Europe are warm, dry and relatively cloud-free. Over southern Europe, the 
weather conditions are the opposite; cooler, wetter and cloudier (Folland et al., 2009). Although they 
ƘŀǾŜ ŀ ǎƛƳƛƭŀǊ ƛƳǇŀŎǘ ƻƴ 9ǳǊƻǇŜŀƴ ǿŜŀǘƘŜǊΣ ǘƘŜ ǘǿƻ b!hΩǎ ƴŜŜŘ ǘƻ ōŜ ǎŜŜƴ ŘƛŦŦŜǊŜƴǘly (Feldstein, 
2007). 
 
It is interesting to understand how the NAO responds to external forcing, including sea surface 
temperature (SST) changes in the tropics or an increased concentration of greenhouse gases (Hurrell 
and Deser, 2010). According to Robertson et al. (2000) the winter NAO is correlated with SST 
anomalies over the (sub)tropical Atlantic Ocean. Sutton and Hodson (2003) and many others (Cassou 
and Terray, 2001; Sutton et al., 2000) also assume the North Atlantic SST to have impact on the 
winter NAO. For the winter NAO this relation has often been investigated, also with a positive result 
that a relation exists. Because of the differences between NAO and SNAO, it is interesting to 
ƛƴǾŜǎǘƛƎŀǘŜ ǘƘŜ ƛƴŦƭǳŜƴŎŜ ƻŦ {{¢ ƻƴ ǘƘŜ {b!hΦ ¢ƻ ǘƘŜ ŀǳǘƘƻǊΩǎ ƪƴƻǿƭŜŘƎŜ ƛǘ ƛǎ ǘƘŜ ŦƛǊst time this 
relation is investigated. 
 
The relation between the SST and SNAO will be investigated by performing a sensitivity study. We 
will investigate if the SNAO is sensitive to the SST in the Atlantic Region and if so, how strong is the 

Figure 1.1: The Summer North Atlantic Oscillation (SNAO) according to Folland et al. (2009). It is constructed by taking 
the first covariance eigenvector of mean sea level pressure anomalies for July and August. 
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relation between the SST and SNAO. Next to that, a possible mechanism that can cause the relation 
will be explained in more depth. To perform this research, the SPEEDO (Speedy-Ocean) model 
(Severijns and Hazeleger, 2010) is used. The SPEEDO model is a coupled atmosphere-ocean-land 
model of intermediate complexity. 
 
The main question in this report is: How does the sea surface temperature in the Atlantic region 
influence the Summer North Atlantic Oscillation on a seasonal time scale? To answer this question, 
two research questions are formulated: 

¶ Can the SPEEDO model represent the Summer North Atlantic Oscillation and how well is this 
representation compared to climate observations? 

¶ Is the Summer North Atlantic Oscillation sensitive to the sea surface temperature in the 
Atlantic region and what mechanism is causing the sensitivity? 

 
The paper is structured as follows. In Chapter 2 the SPEEDO model is treated in more detail. Also the 
model set-up is discussed in this chapter. Chapter 3 shows if the SPEEDO model can reproduce the 
SNAO. In Chapter 4 the results of the sensitivity study and the possible mechanisms that can be of 
importance to explain the sensitivity are discussed. In Chapter 5 the discussion can be found, and the 
conclusions can be read in Chapter 6. 
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2. Methodology  
 
2.1 Model and settings 
The model used in this research is the SPEEDO model (Severijns and Hazeleger, 2010). The SPEEDO 
model is a coupled atmosphere-land-ocean model. It is of intermediate complexity and it is a fast 
model. Therefore, it is suitable for long runs. The model can resolve inter-annual variability in a 
recent climate setting. For these reasons the SPEEDO model is used. The model consists of a global 
atmosphere model (Speedy), a global ocean and sea ice model (CLIO) and a simple land-surface 
model. The horizontal resolution is 3.75 degrees, it has 8 vertical layers in the atmosphere and 20 
vertical levels in the ocean. A number of runs have been performed with the standard settings in 
SPEEDO. This means that the conditions in the SPEEDO model are comparable to the 20th century 
climate conditions. To start the model a spin-up run of 500 years is necessary.   
 
For different analyses in this study, a domain over the Atlantic Ocean is used. This domain is 
bordered by [90°W-30°E,40°N-70°N], presented in Figure 2.1. This domain is often used in many 
studies investigating the SNAO (Bladé et al., 2012a; Bladé et al., 2012b; Greatbatch and Rong, 2006). 
Taking this area, the Northern African region is not taken into account. This is due to the fact that 
differences between reanalysis data and real time observations are found in the Northern African 
region (Greatbatch and Rong, 2006). Therefore it is recommended to exclude the Northern African 
Region from the domain used for studies regarding the SNAO. The time period when the SNAO is 
present is called the high-summer months. Only July and August (JA) are taken as high-summer 
months. The reason for this is that according to Folland et al. (2009) the June NAO differs 
ǎǳōǎǘŀƴǘƛŀƭƭȅ ŦǊƻƳ ǘƘŜ b!hΩǎ ƻŦ Wǳƭȅ ŀƴŘ !ǳƎǳǎǘΦ  
 

2.2 Runs 
2.2.1 Standard run 

In order to compare SPEEDO data with 20th century climate observations, a standard run is 
performed. From the last day of the spin-up run the model is restarted. All conditions remain the 
same as in the spin-up run. This standard run has a duration of 100 years. The 20th century climate 
observations are taken from NCEP/NCAR reanalysis data (Kalnay et al., 1996). The period 1960-2000 
of the reanalysis data is used for the comparison.  
 
To compare the global SPEEDO output and reanalysis data the mean and the standard deviation are 
calculated for near surface air temperature, precipitation and the mean sea level pressure over the 
study domain. To compare the spatial patterns of SPEEDO output and the reanalysis data, an 
Empirical Orthogonal Function (EOF) analysis is made of the daily mean sea level pressure anomalies 
of the Atlantic Ocean domain for the high-summer months (JA). Correlation maps between the 
temperature, precipitation and mean sea level pressure and the principal component  (PC) belonging 
to the SNAO EOF are made. These 
analyses are done for both the SPEEDO 
data and the reanalysis data. 
 
2.2.2 The different runs 

To perform a sensitivity study, different 
runs are performed with an adapted 
heat flux pattern in the Atlantic region. 
The runs will be discussed later, first 
the method of adapting the SST pattern 
will be discussed.  
 

Figure 2.1: The domain that is used for the different analyses 
performed during this study. 
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The SST  pattern is adapted by adding or extracting an extra heat flux pattern to or from the regular 
heat fluxes that are already present from the atmosphere to the ocean. This method is chosen, 
because extra-tropical SST anomalies are, among others, forced by surface flux anomalies 
(Frankignoul et al., 1998; Kushnir et al., 2002). In this study we choose explicitly to use a coupled 
atmosphere-ocean model and to change the SST by adapting the heat flux pattern from the 
atmosphere to the ocean. This is done because the heat fluxes that can occur in an only-atmosphere 
model with fixed SST are not realistic. By adapting the heat flux pattern, the ocean can respond to  
these heat fluxes, and by that it can influence the atmosphere. To investigate the relation between a 
specific atmospheric circulation and the SST, the SST pattern belonging to the specific atmospheric 
circulation can be imprinted in the ocean. This method was performed earlier by Haarsma and 
Hazeleger (2007).  
 
To copy the SST pattern of the SNAO, the heat flux pattern belonging to the SNAO is computed. This 
is done by taking the regression between the principal component (PC) of the SNAO onto the net 
heat flux into the ocean. This heat flux pattern is added to the regular heat fluxes from the 
atmosphere to the ocean in the model. This means that the heat flux pattern is added as an extra 
compound to the system, it is not extracted from either the ocean or the atmosphere.  
 
The heat flux pattern is also extracted from the regular heat fluxes from the atmosphere to the 
ocean. Again, the heat flux pattern that is extracted is removed from the system, it does not stay in 
the atmosphere. The heat flux pattern is extracted from the regular heat fluxes, to investigate how 
the atmosphere and the SNAO will react on an ocean which is less favourable for developing a SNAO, 
because the SST pattern of the SNAO is removed from the ocean. 
 
To investigate the sensitivity of the SST onto the SNAO, two different set-up for the runs are 
performed. A number of 100-year runs where the extra heat flux pattern is added or extracted are 
performed. During these runs, the extra heat flux is constantly added to or extracted from the 
regular heat fluxes. This causes a constant SST pattern belonging to the SNAO. To get a clear signal, 
the added or extracted heat fluxes are multiplied by 1, 2, 5 or 10. This means that in total 8 different 
100-year runs are performed, four runs with the added heat flux pattern multiplied by 1,2,5 or 10 
and also four runs with the extracted heat flux pattern multiplied by 1,2,5 or 10. 
 
Next to that, two 100-member ensemble runs are executed. One ensemble run with the added heat 
flux pattern multiplied by 10 and one ensemble run with the extracted heat flux pattern multiplied by 
10. The duration of one member of the ensemble is one year. The start dates of the ensemble 
member runs are every first of January of the standard run. Then, the model runs normally for 3 
months. During April, May and June the heat flux pattern multiplied by 10 is added or extracted. 
From July the model is running normally again. The ensemble run is performed to investigate the 
inter-annual variability of the SNAO. The runs that are discussed in the results and the discussion are 
the 100-year runs, unless when it is mentioned differently. 
 
A summary of all runs that are 
performed in this study is present in 
Figure 2.2. The runs where the heat flux 
pattern is added to the regular heat 
ŦƭǳȄŜǎ ƎŜǘ ǘƘŜ ƛƴŘŜȄ ƘŦȄ ΨƴǳƳōŜǊ ƻŦ 
ƳǳƭǘƛǇƭƛŜǎΩΦ ¢ƘŜ Ǌǳƴǎ ǿƘŜǊŜ ǘƘŜ ƘŜŀǘ ŦƭǳȄ 
is extracted get the index hfx- ΨƴǳƳōŜǊ ƻŦ 
ƳǳƭǘƛǇƭƛŜǎΩΦ CƻǊ ŜȄŀƳǇle, the run where 
the heat flux multiplied by 10 is added to 
the regular heat fluxes receives the name 
ΨƘŦȄмлΩΦ 

Figure 2.2: The runs that are performed during this study. In the text 
a more detailed explanation is given about the different runs. 
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With these two different set-up for the runs, the sensitivity of the SNAO is investigated. This is done 
by performing the EOF analysis for the different runs and compare them to the standard run. Also a 
histogram of the SLP anomalies in the domain of [7.5°W-30°E,40°N-70°N] is calculated for both run 
set-ups. With these tools we will study if and how the SNAO pattern is changed. 
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3. Comparison SPEEDO output and reanalysis data 
 
To investigate the SNAO using the SPEEDO model, the first step is to check if the SPEEDO model can 
ǊŜǇǊƻŘǳŎŜ ǘƘŜ {b!hΦ ¢Ƙƛǎ ƛǎ ƴŜŎŜǎǎŀǊȅΣ ōŜŎŀǳǎŜ ǘƻ ǘƘŜ ŀǳǘƘƻǊΩǎ ƪƴƻǿƭŜŘƎŜ ƛǘ ƛǎ ǘƘŜ ŦƛǊǎǘ ǘƛƳŜ ǘƘŜ 
SNAO is investigated using the SPEEDO model. We compare the SNAO output with NCEP/NCAR 
reanalysis data (Kalnay et al., 1996). This comparison is performed in three steps. In Section 3.2, 
some standard parameters are calculated for both data sets and compared. Secondly, the spatial 
structure of the SNAO is compared using Empirical Orthogonal Function (EOF) analysis (Section 3.3). 
Finally, the influence of SNAO on the precipitation and temperature over Europe is compared using 
correlation maps (Section 3.4). 
 

3.1. Overall check of the SPEEDO model 
Before the SPEEDO output can be compared to reanalysis data, it is important to check if the SPEEDO 
model runs properly. To do this, the global 2 meter temperature (T2m) is calculated and compared 
with the T2m found by Severijns and Hazeleger (2010). In their paper they found a global T2m of 285.3 
K. The global T2m that is found in this study is 285.4 K. Also other variables,  such as the zonal wind at 
925 hPa and the global stream function, are compared (not shown). The figures are almost similar. 
This means the model runs properly.  

Figure 3.1: The main four EOF modes of the reanalysis data. The EOFs are calculated by taking the covariance eigenvector of daily 
high summer (JA) SLP anomalies over the region [90°W-30°E,40°N-70°N] over a time period of 40 years (1960-2000). 

b

. 

a

. 

c.  d

. 

Mean St. dev. Mean St. dev.

1011.64 0.45 1012.93 0.53

2.73 0.98 2.28 0.24

287.77 1.20 288.08 1.09

Prec (mm/day)

T0 (K)

Quantity
SPEEDO model Reanalysis data

SLP (hPa)

Table 3.1: The global mean values and the standard deviation of the sea level pressure (SLP), precipitation (Prec) and the 
near surface air temperature (T0) for 100 year of SPEEDO output and 40 year (1960-2000) of reanalysis data. 
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3.2 Global parameters 
To compare the SPEEDO model with the reanalysis data, some standard statistical parameters are 
calculated for both data sets. The mean and standard deviation of the global sea level pressure (slp), 
precipitation (prec) and near surface air temperature (T0) are calculated. The results are summarized 
in Table 3.1. The SLP mean of SPEEDO output and reanalysis data differ by 0.12%. This is just a small 
difference. The difference of T0 is even smaller, 0.10%. Both parameters are well represented by the 
SPEEDO model. The global precipitation is overestimated by the SPEEDO model by 16.4%.  
 
The standard deviation of the SLP and T0 of both data sets is in the same order of magnitude. The 
standard deviation of the precipitation is also too large compared to the reanalysis data. However, 
the overestimation of the precipitation will not lead to serious problems, because precipitation is not 
of importance for determining the SNAO. The other parameters are well represented by the SPEEDO 
model, so the model can be used.  
 

3.3 Spatial structure using EOF analysis 
The SNAO is defined as the leading Empirical Orthogonal Function (EOF) of daily mean sea level 
pressure (SLP) anomalies over the extra-tropical Atlantic Ocean in July and August (Bladé et al., 
2012b; Folland et al., 2009). The extra-tropical Atlantic Ocean area is defined in this study by [90°W-
30°E, 40°N-70°N]. EOF modes show the dominant pattern over a specific area and time. The variance 
of a EOF mode indicates how often this pattern is present. The main 4 EOF modes of reanalysis data 
are presented in Figure 3.1. In Figure 3.2 the main 4 EOF modes of the SPEEDO output are presented.  
 
In Figure 3.1 the SNAO is clearly visible as the first EOF mode, and it explains 15% of the variance. It is 
a monopole, situated to the north of the United Kingdom with a southwest-northeast orientation. 
The second EOF mode is a west-east dipole, while the third EOF mode is a north-south dipole. The 
fourth EOF mode is a tripole, this last pattern explains only 8% of the variance.  
 

Figure 3.2: The main four EOF modes of the SPEEDO output. The EOFs are calculated by taking the covariance eigenvector of daily 
high summer (JA) SLP anomalies over the region [90°W-30°E,40°N-70°N] over a time period of 100 years. 

b

. 

a

. 

c.  d

. 
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The SPEEDO output gives a slightly different set of patterns. The first EOF mode also explains 15% of 
the variance. However, the pattern is a north-south dipole, comparable to the third EOF mode of the 
reanalysis data. The second EOF mode is a dipole where the poles have a SW-NE orientation. The 
strongest pole of this dipole is situated just west of the United Kingdom. Due to the SW-NE 
orientation the positive pole looks like the first EOF mode of the reanalysis data. The negative pole of 
this dipole is situated over the west of Greenland. The third EOF mode is a west-east dipole and the 
forth EOF mode is a tripole. The fourth EOF mode of SPEEDO is comparable to the fourth EOF mode 
of the reanalysis data. When comparing the third EOF mode of SPEEDO and the second EOF mode of 
the reanalysis (they are both a west-east dipole), the west dipole of SPEEDO is situated a bit more to 
the south-west and it has a different form. However, the differences of this EOF mode are beyond 
the scope of this research.  
 
Interesting for this research is the difference between the first EOF mode of reanalysis and the 
second EOF mode of SPEEDO , because these EOF modes are assumed to be representing the SNAO. 
Bladé et al. (2012a) investigated the SNAO in CMIP3 models. For determining the SNAO in the 
different runs they used the following principle: the SNAO is characterized by a SLP dipole with the 
structure of the pole in a SW/NE orientation. They found that the location of the southern pole is 
variable. In some runs the position of it is even in the centre of the Atlantic. Also in different runs the 
SNAO is represented by the second EOF mode. In the SPEEDO output the SNAO is also represented as 
a dipole and as the second EOF mode. The first EOF of reanalysis data is comparable to the first EOF 
Folland et al. (2009) found (their figure 1a). The EOF by Folland et al. (2009) is made using the daily 
MSLP analysis by Ansell et al. (2006). Both EOFs are a monopole and they are present at the same 
location.  
 
In the SPEEDO data the SNAO is represented by the second EOF mode. The variances of the main 
four EOF modes are in a small range (15% to 9%), and because of that the patterns cannot be 
distinguished and therefor they can be switched easily between the different EOF modes. However, 
the variance that is explaining the EOF1 of the reanalysis data  and EOF2 of the SPEEDO data  are of 
the same order of magnitude 15% against 12%. It is also comparable to the results of Folland et al. 

Figure 3.3: a) The principal component (PC) of the reanalysis data. b) The JA average MSLP pattern in the Atlantic region. 
c) The MSLP pattern during strongly positive phases of the SNAO. d) The MSLP pattern during strongly negative phases of 
the SNAO.  
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