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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 extteopical North Atlantic region is investigated using the SPEEDO model.
It is the first time the SNAO is investigated using SPEEDO modél.comparison between the
SPEEO output and reanalysis data shottgt the model anreproduce the SNAO. The influence of

the SST on the SNAO is investigated by imprinting the SST pattern belonging to thersSthaO
Atlantic Ocean. This @one 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 hes thain areas where

the extra heat flux is strongyith high positive omegative valuesDue to the opposite sign, large
temperature differences between the three areas developed. @i@nged temperature conditions
caused a change in the SLP pattenigher 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 p#igern of
SNAO is imprinted to the ocean. In the runs where the extra heat flux patemniracted, the SNAO
weakened very much. These results imply that a relation between the SST andi&&b&&ist.
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1. Introduction

In the winter months the North Atlantic Oscillation (NAO) is the dominant pattern of -Eogle
variability in the Northern HemisphergBarnston and Livezey, 198and has beera topic of
extensive research for a long timEornes et al., 2013Hurrell, 1995 Robertson et al., 2000
However, the NAO is a pattern not only during the winter months, but it is ag@amnd pattern
(Barnston and Livezey, 198Portis et al., 20001 The NAO in the summer months is called the
Summer North Atlantic Oscillation (SNAO).

The SNAO can be defined in different wéyslland et al., 2009 but it is often defined as thkeading
empirical orthogonal function (EOF) ofean sea level pressure anomalyer the extratropical
Atlantic Ocean during July and Aug(Btadé et al., 2012bFolland et al.2009 Linderholm et al.,
2012. Thekey figure offolland et al. (2009epresenting the SNAO is presented in Figure 1.1. The
centre of the pattern iover the UK and the structure ohis centrehas a SWNE direction. Over
Greenland, a weak negative pole is visible.

The SNAO is weaker than the winter NAO, but it does influence weather conditionEuregreas

well (Folland et al., 2009 During a positive phase, characterized by an increased pressure over
northwest Europe and decreased pressure over Greenl@lddé et al., 2012a the weather
condtions over northwest Europe are warm, dry and relatively ciree. Over southern Europe, the

weather conditions are the opposite; cooler, wetter and cloudieslland et al., 2009 Although they

KFEF@S + &aAYATI NI AYLI Ol 2y 9dzNRLISIY ¢ JyRelfseNE G KS
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 greenhoes@Hgaz||

and Deser, 2010 Accading to Robertson et al. (2000the winter NAO is correlated with SST
anomalies over the (sub)tropical Atlantic Oce8ntton and Hodson (200and many othergCassou

and Terray, 2001Sutton et al., 200Palso assume the North Atlantic SST to have impact on the

winter NAO. For the winteNAO this relatiorhasoften beeninvestigated, also with a positive result

that a relation exist Because ofthe differences between NAO and SNAOjsiinteresting to
Ay@SaiaAarisS GKS AyFtdsSyOS 2F {{¢ 2y stitiw&Sthif b! hd ¢
relation is investigated.

The relation between the SST and &Nwill be investigated by performing a sensitivity study. We
will investigate if the SNAO is sensitive to tI&TSn the Atlantic Regiand if so, how strong is the

M
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Figure 1.1: The Summer North Atlantic Oscillation (SNAO) accordifgliand et al. (2009)It is constructed by taking
the first covariance eigenvector of mean sea level pressure anomalies for July and August.



relation between the SST and SNAO. Next to thgtossible mechanism that canusa the elation
will be explained in more depth. To perform this research, the SPEEDO (Spesmly) model
(Severijns and Hazeleger, 2016 used. The SPEEDO model is a coupled atmosphessland
model of intermediate complexity.

The main question in this report is: How does the sea surface temperaiuttee Atlantic region
influencethe Summer North Atlantic Oscillation on a seasonal time scale? To answer this question,
two research questios are formulated:
1 Canthe SPEEDO model represent the Summer North Atlantic Oscillation and how well is this
representation compared to climate observations?
1 Is the Summer North Atlantic Oscillation sensitive to the sea surface temperature in the
Atlantic regionand 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 setup is discussed in this chapter. Chapseshows if the SPEEDO model mgproduce the

SNAO. In Chapter 4 the results of the sensitivity sty the possiblenechanismghat can be of
importance to explain the sensitivitgre discussedn Chapter 5 the discussion can be found, and the
conclusiongan be read in Chapter 6.



2. Methodology

2.1 Model and settings

The model used in this research is the SPEEDO r{feelatrijns and Hazeleger, 2010he SPEEDO
modelis a coupled atmospherland-ocean model. It i®f intermediate complexity andt is a fast

model. Therefore, it is suitable for long runs. The model can resolve-antanal variability in a

recent climate setting. For these reasons the SPEEDO model is used. The model consists of a global
atmosphere mdel (Speedy), a global ocean and sea ice model (CLIO) and a simpdeirfand

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 wittstdredard settings in
SPEEDOThis means that the conditions in the SPEEDO model are comparable to"tlcer2Qry

climate conditionsTo start the model a spinp run of 500 years is necessary.

For different analyses in this study, a domain over théamic Ocean is @sl. This domain is

bordered by[90°W30°E,40°N0°N], presented in Figure 12. This domain is often used in many
studiesinvestigatingthe SNAQBIadé et al., 2012a8ladé et al., 2012kGreatbatch 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 arehl time observations are found in the Northern African

region (Greatbatch and Rong, 2008 herefoe it is recommended to excluddé Northern African

Region from the domain used for studies regarding the SNA©® time period when the SNAO is

present is called the higeummer months. Only July and August (JA) are taken assurgmer

months. The reason for this is that according Folland et al. (2009the June NAO differ
ddzoadlydAlrftte FNRY GKS b!'hQa 2F WwdzZ & |yR ! daAdzAadld

2.2 Runs
2.2.1 Standard run

In order b compare SPEEDO data with"26entury climate observationsa standard run is
performed. From the last day of the spip run the model is rearted. All conditions remain the
same asn the spinup run. This standard run has a duration of 100 years. THec@6tury climate
observdions are taken from NCEP/NCAdRnalysis datéKalnay et al., 1996 The period 196@000
of the reanalysis data is used for the comparison.

To compare the global SPEEDO output and reasalgéa the mean and the standard deviatiare
calculatedfor near surface aitemperature, precipitation andhe mean sea level pressurever the

study domain. To compare the spatial patterns of SPEEDO output and the reanalysis data, an
Enpirical Orthogonal Function (EOF) analysis is made of the daily mean sea level pressure anomalies
of the Atlantic Ocean domain for the higlnmmer months (JA). Correlation maps betwede t
temperature, precipitation anagnean sea level pressure and the principahgponent (PC) belonging

to the SNAO EOF are made. The
analyses are done for both the SPEEL ooy
data and the reanalysis data.

2.2.2The differentuns 60°N

To perform a sensitivity study, differen
runs are performed with an adaptec  50°N|-
heat fluxpattern in the Atlantic region. "
The runs will be discussed later, firs
the method of adapting the SST patter

will be discussed. Figure 2.1: The domain that is used for the different analyses
performed during this study.




The SST pattern is adapted by adding or extracting an extra hegiatiiexn to or from the regular

heat fluxes that are already presenii the atmosphere to the oceariThis method is chosen,
because extrdaropical SST anomalies are, among others, forced by surface flux anomalies
(Frankignoul et al., 199&ushnir et al., 2002In this sty we choose explicitljo use a coupled
atmosphereocean 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 thatocamin anonly-atmosphere
model with fixed SST are notalistic. By adapting the heat flux pattern, the ocean capomdto

these heat fluxesand by that it can influencthe atmosphereTo investigate the relation between a
specific atmospheric circulation and the SST, the SST pattern belonging tcetigcsgmospheric
circulation can be imprted in the ocean. This methodias performed earlier byHaarsma and
Hazeleger (2007)

To copy the SST pattern of the SNAO, the heatpiibern belonging to the SNAO is computed. This
is done by taking the regression between thencipal component#Q of the SNAO onto the net
heat flux into the ocean. This heat flpattern is added tothe regular heat fluxes from the
atmosphere to the ocean in the model. This means that the heatghitern is added as an extra
compoundto the systemit is not extracted froneither the ocean or the atmosphere.

The heat fluxpattern is also extracted from the regular heat fluxesnfrahe atmosphere to the
ocean Again the heat fluxpattern that is extracted is removed from the system, it do®s stay in

the atmosphere. The heat flyxattern is extracted from the regular heat fluxe® investigate how

the atmosphere and the SNAfII react onan 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 diffeetnipsfor the runs are
performed. A number of 106/ear rurs where the extra heat fluypattern is added or extracte@re
performed. During teseruns, the extra heat flux is constantly addeéd or extracted from the
regular heat fluxes. This causes a cons@&ST pattern belonging to the SNA®.get a clear signal,
the added or extracted heat fluxes are multiplied by 1, 2, 5 or 10. This means tiwidli 8 different
100year runs are performed, fouuns with the added heat flupattern multiplied by 1,2 or 10
and also for runs with the extrated heat flux pattern multiplied by 1,2,5 or 10.

Next to that, two 10@membea ensemble runs are executed. One ensemble run with the added heat
flux pattern multiplied by 10 and one ensemble run with the extracted heat filattern multiplied by

10. The duration of onenember of theensemble is one year. The start dates of the emisie
member runs are every first of January of the standard run.nfhtee model runs normaly for 3
months. During April,May andJunethe heat fluxpattern multiplied by 10 is addedr extracted
From July the model is running norryahgain. The ensemble run is performed to investigate the
inter-annual variability of the SNAO®he runs that are discussed in the results and the discussion are
the 100year runs, unless when it is mentioned differently.

A summary of all runs that are 100 yr run kbl 05,241
performed in this study is present ir  [TTTTToooTooooooos >
Figure 2.2. The runs where the heat flL . .

pattern is added to the regular hea SOy spirupfime ) 100yrrun hbel0/5/3/1
TtdzESE 3ISG GKS Ay

Ydzt GALX ASaQd ¢KS N 100 yr run standard

is extracted get the index hf¥'y" dzY 0 ¢ v v v ensemble run hix-10

Ydzf G A LX A S deQtite rah2vNdres v 4 4 ensemble run 10
the heat flux multiplied by 10 is déd to

the regular heat fluxes receivéise name Figure 2.2: The runs that are performed during this study. In the t
WKTEMAQO® a more detailed explanation is given about the different runs.



With these two different setip for the runs, the sensitivity of the SNAO is investigated. This is done
by performing the EOF analysis for tiéerent runs and compare them to the standard run. Also a
histogram of the SLP anomalies in the domain708°W-30°E,40°N0°N]is calculated for both run
set-ups. With these toolsve will studyif and how the SNAO pattern is changed.






3. Comparison SPEDMutput and reanalysis data

To investigate the SNAO using the SPEEDO model, the first step is to check if the SPEEDO model can
NBLINR RdzOS GKS {b!hd ¢KA& Aa ySOSaalNeB>X o0SOIdaS
SNAO is investigated usitige SPEEDO modaNe comparethe SNAO output with NCEP/NCAR
reanalysis datgKalnay et al., 1996 This comparison iperformed in three steps. In Section 3.2

some standard parameters are calculated for both data sets and compared. Secondly, the spatial
structure ofthe SNAO is compared using Engail Orthognal Function (EOF) analyé&ection 3.3)

Finally, the influence of SNAO on the precipitation and tempeeatier Europe is compared using
correlation mapgSection 3.4)

3.1.Overall checbkf the SPEEDO model

Before the SPEEDO output can be compared to reanalysis data, it is important to check if the SPEEDO
model rurs properly. To do this, the global 2 meter temperature.{Tis calculated and compared

with the T, found bySeverijns and Hazeleger (2010) their paper they found a glob#,, of 285.3

K. The global,f that is found in this study is 285.4 K. Also other variabsegh as the zonal wind at

925 hPaand the global stream functigrare compared (not shown). The figur@® almost similar

This means the model runs properly.

Table3.1: The global mean values and the standard deviation of the sea level pressure (SLP), precipitation (Prec) ai
near surface air temperature @J for 100 year of SPEE@Dtput and 40 year (196@000) of reanalysis data.
Quantity SPEEDO model| Reanalysis data
Mean | St. dev.] Mean | St. dev.
SLP (hPa) 1011.64| 0.45 | 1012.93 0.53
Prec (mm/day) | 2.73 0.98 2.28 0.24
TO (K 287.77 1.20 288.08 1.09
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Figure3.1: The main four EOF modes of theanalysis dataThe EOFs are calculated by taking the covariance eigenvector of d
high summer (JA) SLP anomalies over the region [33DAE40°N-70°N] over a time period of 40 years (19@000).
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Figure3.2: The main four EOF modes of the SPEEDO ouffiu¢ EOFs are calculated by taking the covariance eigenvector of ¢
high summer (JA) SlaPomalies over the region [90°V80°E,40°N0°N] over a time period of 100 years.

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 safeair temperature () 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, 78 even smaller, 0.10%. Both parameters are wellespnted by the

SPEEDO mobdhe global precipitation mverestimated by the SPEEDO model by 16.4%.

The standard deviation of the SLP andfTboth 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 s®riousproblems becauserecipitation 5 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 (EOFy ofiedail sea level
pressure (SLP) anomalies over the extopical Atlantic Ocean in July and Aug(Btadé et al.,
2012h Folland et al., 2009The extratropical Atlantic Ocean aeeis defined in this study bpQ°W

30°E, 40°N0°N]. EOF modes show the dominant pattern over a specific area and time. The variance
of a EOF modmdicateshow often this pattern is present. The main 4 EOF modesafalgsis data

are presented in Figure 3.1. In Figure 3.2 the main 4 EOF modes of the SPEED&&pitpsiented.

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 noant of the United Kingdom with a southwesbrtheast orientation.

The second EOF mode is a weast dipole, while the third EOF mode is a nestuth dipole. The

fourth EOF mode is a tripole, tHastpattern explains only 8% of the variance.



The SPEED@tput gives a slightly different set of patterns. The first EOF mode also explains 15% of
the variance. However, the pattern is a nogbuth dipole, comparable to the third EOF mode of the
reanalysis data. The second EOF mode is a diplodége the poleshave a SWNE orientation The
strongest pole of this dipole is situatgdst west of the United Kingdom. Due to éhSWNE
orientation thepositivepole looks like the first EOFaale of the reanalysis data. The negatpae of

this dipole is situated ovehe west of Greenland. The third EOF mode is awast 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 secondd=GiF m
the reanalysis (they are both a wesast dipole), the west dipole of SPEEDO is situated a bit more to
the southwest andit has a different form. However, the differences of this EOF mode are beyond
the scope of this research.

Interesting for thé research is the difference between the first EOF mode of reanalysishand
second EOF mode of SPEEM@cause these EOF modes assumed to beepresenting the SNAO.
Bladé et al. (2012a)nvestigated the SNAG CMIP3 models. For determining the SNAO in the
different runs theyused the following principlehe SNAO is @racterized by a SLP dipole with the
structure of the pole ira SW/NE orientationThey found that the location of the southern pole is
varialde. 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 athe second EOF mode. The first EOF ohadgsis data is comparable to the first EOF
Folland et al. (2009pund (their figure 1a). The EOF Bglland et al. (20095 made using the daily
MSLP analysis nsell et al. (2006)Both EOFs are a monopole and they are present asémee
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 pedtenas be
distinguished and therefor thegan be switched easily between the different EOF modes. However,

the variance that is explamg the EOF1 of the reanalysis data and EOF2 of the SPEED@relafa

the same order of magnitude 15% against 12%. It is also comparable to the redudtbaod et al.
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Figure 3.3: a) The principal component (PC) of the reanalysis data. b) The JA average MSLP pattern in the Atlanti
¢) The MSLP pattern during strongly positive phases of the SNAO. d) The MSLP pattern during strongly negateeq
the SNAO.














































































