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Abstract

Mesoscale mixing (MM) takes place on large scales up to tens of kilometseand is an essential mecha-
nism for distributing tracers such as heat, carbon, nutrients and oygen throughout the entire ocean.
Understanding of MM is necessary for improving numerical simulatiors of the ocean in climate systems.
Within this study, the MM is derived from moorings by combining mi xing length theory, mean- ow
suppression theory and vertical eddy structures. We determine MW for seasonally, weekly and daily
time scales, where we nd strong intermittency of the MM on both weekly and daily time scales. This
intermittency means a series of strong mixing bursts followed byperiods of hardly any mixing. This
intermittency has previously not been documented and is a novelrisight gained through this project.
The strength of the MM depends on the deformation radius, which repreents the length scale over
which a uid parcel conserves its properties before mixing with ts surrounding uid. This deforma-
tion radius shows a clear variation throughout the seasons. Within this sudy, MM is estimated from
moorings using di erent methods. One method, based on vertical viecity pro les, is the most accurate
way to estimate MM. However, as velocity measurements are not globallyavailable, we also compare
this to an approximation using only vertical strati cation. The use of t he vertical strati cation could
be combined with altimetry, allowing for analyses of MM from global gridded climatologies rather than
moorings.
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Chapter 1

Introduction

Chapter Abstract

This chapter serves as an introduction to the report and starts with an explanation of the circulation
in the Subpolar North Atlantic. This circulation is an essential element of the North Atlantic Ocean
and has a signi cant in uence on the global climate due to its large scale. e Irminger Current is part
of this circulation and is located in the Irminger Sea. This Irminger Current is a double core current
transporting warm and saline water in north-eastward direction. There are moorings deployed across
the Irminger Current and the data from these moorings is used to esthate the mesoscale mixing. This
chapter also explains the importance of the deducted study and statethe relevant research questions
required to estimate the mesoscale mixing.

1.1 Circulation in the Subpolar North Atlantic

The ocean's Meridional Overturning Circulation (MOC) is an essenial element of the worldwide climate system
[1]. In the Atlantic, the MOC is indicated as the Atlantic Meridional Overturning Circulation (AMOC) [2].
The AMOC consists of an upper and lower limb. The upper limb transports warm water in northward
direction from the equator up to high latitudes [3]. Along its pathway, t he water cools down and the salinity
level decreases. The cooling down of the water causes the density increase, while the loss in salinity causes
the density to decrease. In total, the cooling down of the water domimates, causing the density to decrease.
Due to the density decrease the water sinks into deeper layers dhe ocean. The lower limb of the AMOC
consists of the colder water in the deeper layers returning towars the equator [4]. The AMOC can be seen
as the heat engine of the planet. Any signi cant disruption to the AMOC may lead to a change in heat
distribution, which could lead to a change in climate [5]6].

Figure gives an overview of the currents around the North Atlantic sibpolar gyre (NASPG) contributing
to the AMOC. The North Atlantic Current (NAC) is the primary current  of the AMOC upper limb. The
NAC is a western boundary current in northeastward direction [/] and s@arates into two branches near the
mid-Atlantic Ridge: the rst branch ows in northeast direction in to the Nordic seas, while the second branch
circulates cyclonically around the Icelandic basin. This second brach ows southwest along the east side
of the Reykjanes Ridge (RR), forming the East Reykjanes Ridge Curren(ERRC) [8]. The ERRC loops
around the RR, where it continues northwards as a start of the Irminger Qurrent (IC). The IC circulates
cyclonically around the Iriminger Sea (1S) [9] and collides with the East Greenland Current (EGC) near the
east coast of Greenland, forming the Western Boundary Current (WBC).The WBC transports relatively cold
and freshwater from the Greenland Sea [10]. The circulation ends a theabrador Sea with the West Greenland
Current (WGC) which enhances the Labrador Current (LC) going in southward direction [11].

Ocean currents can be separated into two categories: surface currerand non-surface currents. An example
of a surface current is the Golf stream, which is visible from space sing satellite data. However, the lower
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Figure 1.1: Schematic overview of the major warm (red to yellow) and major cold (lble to purple) water ows
in the North Atlantic subpolar gyre. The red box indicates the ara of the IC. Within this area, the mesoscale
mixing (MM) is estimated using mooring data. The horizontal and vertical axis respectively represent the
longitude and latitude in degree].
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Figure 1.2: Schematic overview of the OSNAP array. The black lines are the OSNAP mdaags. The red

dots are the measurement instruments attached to the moorings. Ehred box indicates the location of the IC
array. The grey lines are the glider surveys. The red pathways indita warm and salty transport of subtropical
origin. The light blue pathways indicate fresh and cold surface aters of polar origin. The dark blue pathways
indicate the water of high-latitude North Atlantic and Artic origin [.



limb of the AMOC is mostly hidden from satellites as it ows into the d eeper layers of the ocean [5]; hence, it
can not be measured using satellite data. Nevertheless, the AMOC can bmeasured using in situ instruments,
such as moorings| [B]. The circulation of the Subpolar North Atlantic is alsostudied using moorings, especially
within the Overturning in the Subpolar North Atlantic Program (OSNAP), which is a program consisting
of several international institutions observing the circulation over the whole North Atlantic since 2014 [1Z].
OSNAP is designed to provide a continuous recording of the full-watercolumn, trans-basin uxes of heat,
mass and freshwater. The OSNAP array consists of 53 moorings to measure t#MOC, as shown in g. [.2]
The OSNAP mooring array is divided into two zones: OSNAP West and OSNAP Eas. OSNAP West ranges
from the southwestern tip of Greenland across the Labrador Sea to the sohern Labrador. OSNAP East
ranges from the southeastern tip of Greenland to Scotland [12]. NIOZ, the Ryal Netherlands Institute for
Sea Research, contributes to the OSNAP with ve moorings located in he Irminger Sea across the IC. Within
this study, these NIOZ moorings are used to estimate the mesoscale ring (MM).

1.2 Irminger Current

The IC is a double core current located in the north Atlantic ocean. The IC ows in the northeastward
direction towards Iceland on the west side of the RR|[13], as shown in g. At the start of the IC it
transports Subpolar Mode Water (SPMW) in the upper layers, which is relatively warm and saline water [14].
The SPMW originates from the Central Iceland Branch of the NAC [15] and coolsdown along the pathway of
the IC where it sinks into deeper layers of the IS. The water mass nderneath the SPMW is the North-East
Atlantic Deep Water (NEADW), which is relatively colder and less saline [16]. The NEADW originates from
the Iceland Scotland Over ow Water (ISOW) [8]. The NASPG also contains Labrador Sea Water (LSW),
which is an intermediate water mass originating from the Labrador Sea. The L%V is located near the centre
and east of the IS and has a relatively low salinity [12].

The IC contributes to the overturning of the North Atlantic subpolar gyre and ows cyclonically in the IS.
When the IC approaches Iceland the current bends around the southwégoast, here, the IC separates in two
currents: one current proceeds northward around Iceland, and the otar current ows westward merging with
the EGC [8,/12].

The IC consists of two cores: a western and an eastern core. The eastecore is relatively warmer and
saltier, while the western core is more variable in terms of transportand location [17]. The mean total
transport during 2014 - 2018 equals 1@ 8:9 Sv, with the western core transporting 46 6:8 Sv and the
eastern core transporting 58 5:4 Sv. As yet, the mooring data of the IC shows high daily and monthly
variability of the current without a clear seasonal cycle [17].

1.3 Motivation of this study

The mixing of the ocean is of importance in the view of climate and ecostems mechanics. The understanding
of mixing is essential to track the transportation of tracers, such as hat, carbon, nutrient and oxygen. These
transports play a signi cant role in the aspects of ocean warming, acidication and oxygenation. Which, in

the end, in uences the biodiversity and oxygen storage within theocean [[18].

MM is the mixing taking place on large scales up to tens of kilometres, bt the e ects are observed on
even larger scales. Nevertheless, the time dependency of MM is a tiophardly discussed in literature. Before,
MM was only analysed on a larger timescale of years 19. Within this study, he MM is analysed on shorter
timescales in the order of days and weeks. The approach of analysing MM onsdort timescale is a unique way
of understanding MM. Including the intermittency e ect may ha ve broad in uences on calculations of tracer
uxes. A clear understanding of MM and its intermittency is there fore required to improve the simulations of
numerical models [[20].

Further on, this study supports the general understanding of the ICin the IS, which contributes to the
large scale AMOC [8]. The variability of the AMOC is expected to in uence the regional and global climates



due to its warm water transport in poleward direction [12]. There is a sriving for a better understanding of
the water, heat and salt transport throughout the years, to improve predictions of climate change |[21].

1.4 Research questions

This section states the three main research questions. The rst reearch question concerns the suppression
e ect of the MM. Suppression occurs when a mesoscale eddy and cuntepropagate with a di erent velocity
and/or direction, which results in an e ciency loss of the MM. Both the MM and suppression take place in
horizontal dimensions, therefore in two dimensions. However, in terature, the suppression e ect is approached
as one-dimensional|[22]. This one-dimensional approach assumes the mestseddies to only propagate in
zonal direction, with the suppression factor acting in the meridional direction. The suppression e ect is also
approached as an alternation of one-dimensional systems [19,24], where theppuession is applied meridional
or zonal, but not in a direction in between. The two-dimensional suppession e ect is, however, not clearly
de ned in literature, which brings the rst research question:

RQ 1: How should suppression of mesoscale mixing be interpreted the horizontal plane?
The second research question is based on the timescale of MM. In liteture, MM is approached as a time-
dependent factor with a timescale of years [19]. However, MM can be detained on signi cantly shorter time
scales using the mooring data. Estimating the MM on these short timesales is a new approach to MM, which
brings the second research question:

RQ 2: What are the characteristics of a mesoscale mixing time serieof a single water column?
Finally, the third research question is related to the method usel to estimate MM. MM is initially estimated
using the velocity measurements from the mooring data. Another approde would be to use rst-surface
modes, which allows the use of altimetry data instead of mooring datal9], which brings the third research
guestion:

RQ 3: How does mesoscale mixing based on rst-surface modes coang to mesoscale mixing based

on direct velocity measurements?

The rst research question is answered in chaptef P. The second and ttd research questions are answered in
chapter[4.

1.5 This report

This report covers the following topics.

" In chapter [2 the theory is described, starting with the derivation of the MM. This derivation is based on
mixing length theory, mean- ow suppression theory and vertical edd structures.

~ Chapter [3 describes the experimental setup. The chapter gives anverview of the used measurement
instruments and the required data processing.

" Chapter [4 contains the results derived from the mooring data. The MM b analysed for di erent methods
and timescales.

" Chapter [{ serves as conclusion and outlook, describing the remaininghallenges and further research
steps.



Chapter 2

Theory

Chapter Abstract

This chapter explains the derivation of the mesoscale mixing. The measscale mixing is initially estimated
using the Mixing Length Theory, which assumes mesoscale eddies togpagate with the same velocity as
the large scale mean ow. If however, an eddy propagates with a di erentvelocity, then the mesoscale
mixing is reduced as the eddy weakens due to shear stress. Thisdegction in mixing strength is
known as suppression and is here derived using a one-dimensionaksm where both the eddy and the
ow propagate in the zonal direction. The one-dimensional system is ex¢nded to a two-dimensional
system, where the eddy and ow propagate in both the zonal and meridional @ection. The mesoscale
mixing is preferably estimated using vertical velocity pro les. However, as velocity measurements are
not globally available, we also compare this to an approximation using only ertical strati cation.
The use of strati cation could be combined with altimetry, allowing f or analyses from global gridded
climatologies rather than moorings.

2.1 Mixing Length Theory

The Mixing Length Theory (MLT) is used for a rst estimation of the mes oscale eddy mixing in turbulent
ows, as de ned by [25]26]:

KMLT = Ums Lmix ; (2.1)

with Ky 1 the mixing derived using the MLT inm?s 1. is the mixing e ciency, which is usually assumed
to be an order-one constant|[24].Lmix is the mixing length scale in m, which is the characteristic lengthto
which a uid parcel conserves its properties before mixing with te surrounding uid [27]. The MLT assumes
that the eddy propagation speed is consistent with the propagation speed ahe long Rossby waves; therefore
the mixing length Lyix is set equal to the rst Rossby deformation radiusLy [19]. uims is the root mean
square (rms) velocity in ms !, de ned as

Ums = U Ut 2+ v vt ?

= P u® + y@® (2.2)

= P 2EKE;

with U and V respectively the velocity in the longitudinal and latitudinal dir ection. u® and v° are the corre-
sponding velocity variations of U and V. The EKE is the eddy kinetic energy in nfs 2, which represents
the kinetic energy of the time-varying component in the velocity eld. For a single water column, the mixing



Kwmur depends on both timet and height z, asL ik is a function of time and uyns is a function of both time
and height.

A mesoscale eddy causes patrticles in a current to mix in both the zondk) and meridional (y) directions.
The eddy transport along the current is dominated by the mean currentadvection. Therefore, within this study,
we only focus on the cross-current e ective mixingK » , as in this direction the transient eddies dominate |[22].
The estimated mixing Ky .t is, however, not always equal to the e ective cross-current mixng K, , as a
background ow could weaken the eddy. If there would be no background av, then the eddies do not
experience any shear by the ow; hence, the eddies remain theitrength and di usivity is maximized [24]| In
addition, Lnix equals the eddy scale and the e ective mixingK, equalsK y.t . However, if there would be a
background ow, then an eddy is torn apart by the shear of the ow, causingthe mixing length L ,x to reduce
and the eddy to weaken|[22]. The reduction in eddy strength induces decrease of the e ective mixing, which
is known as suppression. The e ect of suppression will be furtheillustrated in the next sections, starting
from a one-dimensional di usion mechanism.

2.2 One-Dimensional Mesoscale Mixing

This section explains the MM induced by an eddy on a current for a onedimensional system. As the system
is one-dimensional, both the mesoscale eddy and current propagate alongdtsame or opposite direction. For
now, the eddy and current only propagate along the zonal direction. A more ealistic approach would be the
two-dimensional MM, where both the eddy and current propagate in the zoml and meridional direction. The

two-dimensional MM is derived using the one-dimensional MM mecharts, as further described in sectiofn 2]3.

y y K, y
] ~ ] ] [
.«l« Su Su
X X X
(@) Eddy and current moving at the (b) Eddy moving at a slower speed (c) Eddy and current moving in op-
same speed. than the current. posite direction.

Figure 2.1: Plots of an eddy (red dot) propagating in positivex-direction (red arrow) with velocity ¢, , located
within a current (blue dot), propagating in the positive or negativex-direction (blue arrow) with current velocity

U. The eddy causes mixing of the current (green arrows). The e ective miing component perpendicular to
the current (solid green arrow) is indicated asK, .

Consider the systems of g.[2.], showing a current propagating with vedcity U and a mesoscale eddy prop-
agating with the Doppler-shifted eddy drift velocity cyx. There is assumed that the mesoscale eddies are
transported by Rossby waves and by mean current advection [28]. Therefe, cyx equals the propagation
velocity of these Rossby waves plus the background advectiod?*, c,.x becomes

Cux = U L3 (2.3)

for the one-dimensional system [29]. Here, is the Rossby parameter, also known as the meridional derivative
of the Coriolis parameter f. For the system of g. both the current and eddy propagate eastwards,
therefore, the velocity dierence u = c,x U =0. Hence, there is no shear acting on the eddies, and these
eddies are not torn apart by the current. The observed cross-currenmixing K, occurs at the same strength
as estimated from the MLT, thus K, = Ky.r . For the system of g. P.Ib the eddy moves slower than the
current, therefore, the velocity dierence u < 0. Due to the velocity di erence, the eddy observes friction
with the current, which pulls the eddy apart as laments from the eddies are peeled o. The e ective mixing



is reduced due to the weakened eddy. The cross-current mixink » is thus suppressed and is weaker compared
to the estimated MLT mixing, thus K, < Kyt . For the system of g. the eddy and current move in
the opposite direction, resulting in an even larger shear velocitywhich lowers the e ective mixing even more
due to the enhanced suppression.

The strength of the suppression can be derived from the one dimensiahdi usion equation. This derivation
starts with the mixing K- in meridional (y) direction, which is de ned as follows:

Z t
Ko (xy;t) = lim . R (t%t) dt’, (2.4)

with R the autocorrelation of the meridional Lagrangian velocity [30], which equals
R(t%t) = hvi (t:x;y;t) v (t%: x;y;t)i

b (t oy v (t00 X, y; )i (2.5)
Rwy (to) ;

with R, the meridional term of the autocorrelation in ms 2 and v is the Lagrangian velocity in ms 1. The
eddy eld of the stochastic model is stationary, therefore, the autaorrelation R only depends on the di erence
t®and t:

R(ttY=R(t t9: (2.6)

The Lagrangian velocity is equal to

ve(t%ixyit) = v(x  Ut%y;t9; (2.7)

with v the Eulerian velocity, which can be used in the autocorrelation as

Rw (19 = hv(x  Ut%y;tYv(x;y; 0)i: (2.8)

An expression forv is determined using the quasi-geostrophic potential vorticity (QGPV) equation [29]:

@+ U@q+(@Q)@ +J(:;q)=0; (2.9)

with J the Jacobian, the geostrophic streamfunction, andq the potential voriticity equal to q=r 2 L 3
To solve the QGPV the following streamfunction (in terms of Fourier transform) is proposed:

1 X X ) .
Gyt = 3 a(t)e v +c:c; (2.10)
koI
here, c.c. stands for the complex conjugate. The amplitude is equal to

2Uple

a(t) = rt e  kewx d: (2.11)

0

with 2 = k2 + 12 the square of the total wavenumber and * the eddy decorrelation time scale. The decor-
relation time scale ! represents the eddy interaction time scale in the stochastic sdiace quasi-geostrophic
model. ! interacts with the time scale over which energy is transferred beveen wave%of eq.O) [22]. In
turbulent elds, the eddy interaction time scale is proportional to the eddy strain rate of  2(Uu s ) *. Using
this proportionality  is rewritten to

_ Ums |
= dqo%, (2.12)



with dy a proportionality coepclent. Further on, there is assumed that the e nergy contained in the eddies is
isotropic, and set equal to 2k. The wavenumberk is rewritten as 2 =L 4, and is once more reduced to

2U ms
= : 2.1
doL g (2.13)
The velocity v is determined from eq. [2.10),
vix utyty= @
@X(x UtCy;t0) (2.14)
1 . o,
= Zika (t9 &% (x Ut+ily .
5! a(tde ;
and is used to determine the autocorrelation of eq.8):
Z VA
27,2 1 1 ]
Rw = k“% d° dh@ 9r@ e (*Pkew U0 )icq (2.15)
0 0

here the c.c. is the complex conjugate of the preceding double integt. The autocorrelation Ry, is reduced
with

M Or @ di= @° ° t+ ); (2.16)
and so eq. [2.1p) reduces to
I(zurzms t 0
Ry (19 = —3"e ' cosk(cux U)tY: (2.17)
The meridional mixing of eq. (2.4) becomes:
2 2
K, = < Uims : (2.18)

2 2+ K2 (cux  U)?
When cyx = U, the eddies propagate with the same velocity as the ow itself, the nixing is then equal to
Kmet -
k2u?

rms
Kuer = —5—

Uns
2 (2.19)
doUrms L
4
= Urms Lg;

with the mixing e ciency set equalto dy=4 . The suppressed mixingK , is rewritten using Ky :

_ Kmer
The mixing K, can be expresses a .t multiplied with a suppression factor S, :
Ko = S Kt (2.21)
S, =(1+ k®u?=2) L (2.22)

The e ective across-current mixing K » is the suppressed version ok .t . The suppression factorS, ranges
from O up to and including 1. The strength of the suppression increasefor decreasingL 4, decreasing or
increasing u.

10



2.3 Two-Dimensional Mesoscale Mixing

y 6u Q‘\

|

K,

Figure 2.2: Similar to g. but now for the two-dimensional MM system, whee both the eddy and current
propagate inx and y-direction.

This sections explains the two-dimensional system for MM, as showmi g. £.2] In the previous section, the
eddy and current propagated only in the zonal direction; however, in ths section, the eddy and current have
an additional meridional component. In two-dimensions the current vebcity and the Doppler-shifted eddy
drift velocity respectively become

U = Ue + Vey; (2.23)
cw = (U L 3ec+ Vile: (2.24)

This two-dimensional system is more realistic compared to the one-diensional system, as, for the moorings,
the meridional velocity components of the eddy and current are of simar magnitude as the zonal components.
Vertical velocities are neglected; therefore, the system doesoh have to be extended to three-dimensions.

As explained in section[2.2, the e ective across-current mixingK, is a function of u, which equals
cwx U for the one-dimensional system. However, for the two-dimensional sysm, the value of u is less
straightforward. The across-current mixing K, requires the velocity di erence u between the current and
the eddy in the direction of the current. u is calculated by projecting c,, in the direction of the current ey .
The value of u is de ned as following:

u=jicwku Uji
=cw ey jj Uj
= G U eV Pims (2.25)
Uz+ V2
_ (Cwx U.,\)U‘*(Cw;y V)V,
= PW )

with ¢,y the component ofc,, projected on U, and ey the unit vector of U. The suppressed mixingK »

across the current is de ned by eq. [2.2D). u of eq. {2.2%) is veri ed for its one-dimensional limit cases: in
the limit of V =0 and ¢y, =0, u equalscyyx U which corresponds with sectio@. In the limit case of
U=0and cy;x =0, u equalscy,y V which corresponds with literature [19]. The rst research question
RQ1 of section[1.4 is now answered, with the suppression factor de mkeby eq. (2.22).

11



2.4 First-surface modes

In previous sections the MM is derived using velocity measurems, however, as velocity measurements are
not globally available, we also compare this to an approximation using only ertical strati cation. The use
of strati cation could be combined with altimetry allowing for analyses from global gridded climatologies
rather than moorings. This alternative method relies on rst-surface modes, which are baroclinic (BC) modes
that are obtained over steep or rough bathymetry [31]. These rst-surfa@ modes are derived from the linear
quasi-geostrophic potential voriticity (QGPV) equation:

@ .,@ ’@ , @

o' Te:ve: " ax (220
with N (z) is the buoyancy frequency in s !, de ned as:
gdo
N2= =27, 2.27
e (2.27)

with g the gravitational acceleration of the earth, o(z) the background density and . the reference density
of the water. The solutions of the linear QGPV equation are assumed to be ave-like in the horizontal plane,
similar to section[2.2:

X Lo
(xy;z;t) = (z)glx iy it (2.28)
k;l;!
here (z) describes the vertical structure or mode of . k and | are respectively the wavenumbers in thex
and y-direction and ! the frequency. The wave-like solutions are substituted into eq (R.26), resulting in the
following di erential equation [32]:

d fgd
o N7025 + 2 =0: (2.29)
with  equal to:
S Sh Bl (2.30)

The derived modes of eq.9) are used to estimate the Rossby deforniat radius L4, which equals

C1

Lg= i (2.31)

with ¢, the eigenvalue of the rst mode [33].

The vertical structure is derived by solving eq. [(2.2D). The boundary condition at the surfacez = 0 is
assumed to be rigid, so that the vertical velocityw and the vertical derivative of  vanish [33]:

@ _0 (2.32)
@Z ;=)
The boundary condition at the bottom z= H could be at or rough. For a at bottom the same boundary
condition holds as at the surface:
@ =0 (2.33)
@Z(,- )

which is used for traditional baroclinic mode calculations [33]. The rst at bottom mode exhibits a clear zero
crossing as shown in literature|[33]. The other boundary condition, therough bottom, is de ned as following:

12



(z= H)=0; (2.34)

imposing that there is no ow at the bottom. The derived using a rough bottom boundary condition
is also known as the rst-surface mode. This mode decays monotonidgl from the surface to the bottom
without changing sign |33]. To verify the correctness of the bottom condion (at or rough), the vertical
structure is compared with the dominating empirical orthogonal function (EOF) mode from current meter
observations [32]. These EOF modes provide a simple representatiarf the vertical structure and can be
derived using the mooring data. It has been shown that in almost the etire ocean the rough bottom boundary
condition holds when assuming exponential strati cation pro les [33]. Within this study, both the at and
rough bottom conditions are compared with the dominating EOF mode to detemine which condition suits
best. The comparison in boundary conditions is further discussed irsection[4.5.

There are two di erent solution methods considered for solving eq(2.2§) for . The rst solution method
is the Wentzel-Kramers-Brillouin (WKB) approximation [34]) The W KB assumes an exponential wavefunction
with a changing amplitude or phase. The other solution method is the Fouth-order Runge-Kutta (RK4) [35],
which integrates downward from the surface from an initial guess, withadjustments to the eigenvalue made
by using Newton's method until the bottom boundary condition is satis ed [33]. Here, the RK4 method
utilizes the WKB solution as an initial guess. Within this study both solution methods are compared, there is,
however, expected that the RK4 method is preferred due to its abiity to solve complex strati cation pro les
numerically.

Finnally, eq. is solved for using only the strati cation N?2. Next, is used to determineu,,s as
followig:

P

with EKE ( the eddy kinetic energy at the surface, which can be measured usirgtimetry [19]. The required
N2 proles can be obtained using the World Ocean Atlas (WOA) [19,/36] or using tte mooring data. With
this method u,ms can be determined without using any in situ velocity measuremers, therefore, also the MM
of section[2.3 can be estimated without the use of velocity measuremenby moorings. Within this study, two
methods to estimate MM based on rst-surface modes are compared. Onmethod uses rst-surface modes
derived from the WOA, and the other method uses rst-surface modegserived from the strati cation pro les
of the moorings. In addition, these rst-surface modes are compared wh the velocity measurements of the
moorings.
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Chapter 3

Experimental setup

Chapter Abstract

This chapter describes the experimental setup used to derivehie mesoscale mixing. The mesoscale
mixing is calculated from moorings deployed across the Irminger Cuent. Di erent measurement in-
struments are used to measure velocity, temperature, salinity ad pressure. The mooring data is ltered
to remove tidal e ects and data gaps are covered using regression coeients and extrapolation. The
vertical pro les per mooring are determined using interpolation to a partial Cartesian grid. A cross-
section of the velocity, temperature, salinity and pressure of thelrminger Current is determined by
horizontally interpolating these vertical pro les.

3.1 Mooring deployment

The conducted study uses observations from moorings. A mooring is a dettion of measurement instruments
connected to a wire with an anchor on the sea oor. The mooring is kept staight by buoys on top. The top
of the mooring remains below the water surface to protect the mooringagainst shing nets, rough weather
conditions and collisions with ships. A mooring is recovered by tiggering its releases, which disconnect the
mooring from its anchor, causing the mooring to oat to the surface. The gs. B.I] and [3.2 show one of
the research vessels used to recover, service and redeploy th®orings. An essential advantage of mooring
measurements is the ability to measure with a high temporal resoluton. Other advantages are the ability to
measure at great depths and to measure with an accuracy better than satdés. Further on, a cross-section
of the ocean could be analysed by deploying multiple moorings as an array

There are ve moorings deployed by NIOZ across the IC on the west side dhe Reykjanes Ridge, as shown
in g. 8.3] A vertical cross-section of the mooring array is shown in g.[34. These moorings are used to study
the variability of the IC [8,/17]. The deployed moorings provide high temporal resolution, full-depth, year-
round observations of temperature, salinity and velocity. These moangs are highly suited for studying MM
of a single water column on short time scales due to the near-continuougull water column observations [8].

Table 3.1: Overview of mooring deployment positions and bottom depths.

Mooring ID | Latitude ( N) | Longitude ( W) | Bottom depth (m)
ICO 59 12:.88° 35 07:55° 2938
IC1 59 0593 33 4093 2509
IC2 59 01.23 32 46.05° 1978
IC3 58 57:33 31 57:54° 1635
IC4 58 5312 31 1818 1477
M1 58 5233 30 31:95° 1712
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Figure 3.1: Picture of the A-frame on the back of Figure 3.2: Picture of mooring recovery. The left

the Research Vessel (RV) Pelagia used to deploy and orange buoy contains the ADCP. The yellow buoys

recover the moorings. The RV Pelagia is runned by serve as extra buoyancy. Both types of buoys are part

NIOZ. of the upper section of the mooring. Photo credits:
Nora Fried.

The moorings are labelled from west to east as ICO, IC1, IC2, IC3 and IC4. Tate[3.] shows the mooring
locations and bottom depths. The moorings are positioned in a straight lire and cover a distance of 222 km.
The moorings IC1 to IC4 are tall moorings covering the entire water colmn. The most western mooring
ICO is a short mooring, covering only the lower section of the foot of tie Reykjanes Ridge from the bottom,
at 2938 m, to 2250 m depth. ICO is used to capture the variability of the North-East Atlantic Deep Water
(NEADW). A complete pro le of the water column is required to estimate MM; therefore, ICO is not used to
estimate the MM. The four tall moorings IC1 to IC4 are located on the ank of the ridge. I1C4 is the shallowest
mooring as it is positioned on top of the ridge, with a bottom depth of 1477 m. The di erence in bottom depth
between the deepest and shallowest mooring equals 1461 m. The averagettom slope of the IC moorings
equals 858 mkm *. An additional American mooring M1 is added to the analysis, which is posioned on the
East side of the RR, as shown in g[3:3. The measurements of M1 are initi4y used to determine the border
between the IC and the ERRC. The IC moorings and M1 cover a total distarte of 267 km, with an average
spacing of 37 km per mooring.

The moorings were deployed for the rst time during the summer of 2014and have been serviced in 2015,
2016, 2018 and 2020. For this study, a total of 4 years of mooring data is used to estate the MM, starting
from 13/07/2014 up to and including 15/07/2018. During this period the moorings have been serviced twice,
resulting in two data gaps: the rst gap is during 29/06/2015-16/07/2015 and second gap durirg 18/06/2016-
12/08/2016. Subtracting these data gaps leaves a total of 1422 measurement days.

3.2 Measurement Instruments

This section describes the used measurement instruments|[8] @thed to the moorings, as shown in g.
For the IC moorings the velocity is measured by two types of currentmeters: multi-point and single point.
Multi-point measurements are done by the Acoustic Doppler Current Ro ler (ADCP). An ADCP sends an
acoustic signal which re ects due to the particles within the water column. The re ected signal is captured
by the ADCP and translated into velocities using the Doppler e ect. The IC moorings use the ADCP RDI
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Figure 3.3: Schematic overview of currents,
bathymetry and moorings in the Irminger Sea. The
indicated currents are the double core IC, the East
Greenland Current (EGC) and the East Reykjanes
Ridge Current (ERRC). Two main topographic ele-

ments are the Reykjanes Ridge (RR) and the Bight
Fracture Zone (BFZ). Red dots are the IC moorings

ICO (west) up to and including IC4 (east). White

dots are the other OSNAP moorings. Black dot is
the M1 mooring. Green diamonds are the positions
of the LOCO moorings. The grey dots are central
Irminger Sea moorings [8].
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Figure 3.4: Schematic overview of instrument
depths. Black line is the bottom topography, dotted
black lines are the moorings lines, green triangles the
current meters, blue spheres the thermistors and the
oranges diamonds the ADCP|[1[].

75 kHz Long Ranger. The ADCPs are only attached to the tall moorings at a target deph of 475m and are
looking upward. The ADCP's measure up to 50 m depth below the surfacewith a sample interval of 1 hour.
The single point measurements are done by RCM11's and Aquadopps. RCM stasdfor Rotating Current

Meter. However, the RCM11 is not actually an RCM,

as it does not have any otating element. Both the

RCM11's and Aquadopps use the Doppler e ect to measure the current velcity at a single depth. For the
tall moorings the single point current meters are attached at target depts of 725, 950, 1450, 2250 and 50 m
above the bottom. The sample interval of the current meters is set to20 or 30 minutes.

MicroCATs are instruments used to measure temperature, conductiity and pressure. These MicroCATs
are attached to the tall moorings at target depths of 60, 475, 950, 1450, 2250 and 50 m above thettom.
The sample interval of the MicroCATs is 15 minutes. Additional Sea-Brid SBE56 thermistors are used for a

more detailed temperature pro le, therefore, improving

the estimation of the thermocline. The thermistors

are attached to the tall moorings at target depths of 180 and 725 m. The thermisbrs sample with a frequency

of 5 minutes.

For M1 the instruments are attached at di erent target depths. The ADC P is at 300 m and is looking
upward. The Nortek Aquadopp current meters are positioned at 700, 1200, 1430 and 1645 m.h& MicroCATs
are at 50, 100, 350, 500, 700, 900, 1200, 1430 and 1645 m. The sample interval of the ADCP di ers to the
sample rate of the IC moorings, and is set to 20 minutes |[8].
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Figure 3.5: Bottom topography and interpolated grid. Horizontal axis and vetical axis are respectively the
distance along the mooring arrayx and the height to the surfacez. Red dotted lines are mooring lines,
continues red line is the bottom topography and continues blacknié is the bottom topography of the used grid.
(a) Original non-uniform grid (b) Interpolated uniform grid.

3.3 Data processing

This section describes the performed data processing [8] of the mong measurements, starting with the
velocity. The velocity pro les are determined by combining the data of the ADCP, RCM11's and Aquadopps.
The velocity pro les are ltered with a 41-hour low-pass Butterwort h Iter to remove the tides and inertial
motions. There are a couple of instruments that malfunctioned, whichresulted in data gaps. These data gaps
are lled using vertical regression coe cients, as the velocity shows strong barotropic components [8].

The vertical velocity pro les per mooring are determined before horizontally interpolating the data to a
two-dimensional grid. The data is interpolated to a grid which consist of two parts: an upper Cartesian grid
and a lower non-Cartesian grid, as shown in g. 3.5a. The upper grid ranges &m the surface to a depth of
1300 m, and has horizontal and vertical spacings of respectively 2km and 10 m. HE lower grid is a bottom-
following contour with a xed horizontal spacing of 2km. The vertical spacing depends on the bottom depth,
and varies between the deep basin and top of the Reykjanes Ridge, respiwely equal to 55m and 15m. The
velocities are extrapolated to the surface using shape-presengnpiecewise cubic Hermite interpolants. The
velocities alongU and acrossV the Reykjanes Ridge are determined by rotating the velocities clokwise with
10deg. After the rotation the determined pro les are resampled to daily intervals.

A similar technique is used to calculate the temperatureT and salinity S proles. Here the T and S
pro les are extended to the surface with the help of nearby Argo oats and by measurements of weekly sea
surface temperatures.

The mooring data is nally interpolated to a fully Cartesian grid, as shown in g. 3.5b. The top part of
the original grid from g. 3.5a remains the same; however, the bottom part isnow also a Cartesian grid. The
entire grid has the exact spacing of 2km by 10m. The fully Cartesian gridis preferred as the calculations
of the rst-surface and EOF-modes are more convenient, as each grid pdircovers the same area within the
mooring cross-section.
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Chapter 4

Results

Chapter Abstract

This chapter describes the results and corresponding discussioof the mooring data. The chapter
starts with a general data exploration of the mooring array to show the man characteristics of the
data. Further on, the mesoscale mixing is derived for each mooring sepately on seasonally, weekly
and daily basis. The mesoscale mixing on a weekly and daily basis resatl in strong intermittency. This

intermittency e ect is a new approach to how mesoscale mixing shouw be interpreted. The mesoscale
mixing is determined with three di erent methods: using the velocity measured from the moorings,
using rst-surface modes derived from the strati cation pro les of the moorings and using rst-surface
modes derived from the World Ocean Atlas data. The advantage of these rstsurface modes is that it
does not require velocity measurements from mooring data, as altimey data could be used instead.

4.1 Data Exploration

This section gives a general overview of the mooring data. Figure 4.1 sis the average values of multiple
parameters over the mooring cross-section. The average value is det@ned over the entire measuring period
from 13/07/2014 up to and including 15/07/2018. The velocity acrossU and along V the Reykjanes ridge
are respectively shown in gs. 4.1a and 4.1b. The velocityJ is signi cantly smaller in magnitude compared
to V, as the IC ows along the ridge. The velocity V shows two maxima near the surface at a distance
of roughly 85km and 200km. These two maxima represent the two cores of theurrent going in the north-
eastward direction. These two cores are also found in previous studigl8,17]. The ow does not vanish near
the bottom; therefore, indicating the presence of bottom ows. Figure 4.1c shows the cross-section of the
EKE . The value of the EKE in between the moorings is incorrect, as this interpolation ofU and V between
the moorings did not take into account the evolution of the EKE . Nevertheless, the value oEKE is correct
along the moorings, where it shows a maximum near the surface and it dags rapidly towards zero.

The cross-section of the conservative-temperaturd@ is shown in g. 4.1d. The temperature shows a strong
gradient for temperatures of 45°C and higher. This gradient is also observed in the cross-section of theeutral
density ,, as shown in g. 4.1e. The origin of this gradient comes partially from the sainity S, as shown in
g. 4.1f. The cross-section of the salinity can be used to distinguish iree di erent water masses, as shown in
a previous study [17]. The salinity shows a minimum at a depth of 1 km letween a distance of 100 to 190 km,
which represents the Labrador Sea water (LSW). The salinity maximum alove the top of the ridge is the
warmer Subpolar Mode Water (SPMW). The salinity minimum below a depth of roughly 2 km is the colder
over ow water from the Iceland-Scotland Ridge. The strati cation N2, de ned as the buoyancy frequency of
eq. (2.27) is shown in g. 4.1g. The water is strongly strati ed near the surface due to the relatively high
temperature combined with low salinity. Below a depth of roughly 1km the strati cation remains roughly
2 10 8s 1, therefore, this layer is considered more or less homogeneous.
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(@) Velocity across ridge (b) Velocity along ridge

(c) Eddy kinetic energy (d) Conservative temperature

(e) Neutral density (f) Absolute salinity S

(g) Buoyancy frequency

Figure 4.1: Average water properties of the mooring cross-section across the Irmger Current. The average
is taken over the entire measuring period from 13/07/2014 up to andmcluding 15/07/2018. Black dotted lines
indicate the mooring lines. The moorings from west to east are 10 up to IC4 and M1.
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4.2 Mixing on seasonally time scales

The MM is determined for the mooring IC3 on a seasonal basis. This moang is positioned near the centre of
the mooring array, and therefore it is easier to compare to the other morings. Within this section, the MM
is only analysed for the year 2017, as the mooring data during this year did notontain any data gaps.

Figure 4.2 shows the seasonally averaged parameters for IC3 in 2017. The seas@vrinter, spring, summer
and autumn correspond to the months (J,F,M),(A,M,J),(J,A,S) and (O, N,D). U and V are respectively shown
in gs. 4.2a and 4.2b. The magnitude ofV is in general larger than U, similar to g. 4.1. The maximum
velocity for each season is observed near the surface, with the autumimaving the highest maximum of all
seasons. The mooring IC3 is positioned in the Eastern core of the IC; #refore, the core is relatively strong
during the autumn and the spring. Figure 4.2c shows the root-mean-sgare velocity ums , Which strongly
re ects the behaviour of V.

Figure 4.2d shows the conservative temperaturel for the di erent seasons. The surface temperature is
highest during the summer and autumn, while the lowest surface émperature is observed during the winter.
The salinity pro les are shown in g. 4.2e, here the salinity appears to have a maximum at a depth of 500 m
and minimum at 1000 m, these maximum and minimum respectively belongd the SPMW and LSW. During
the summer and autumn, a relatively low salinity is observed, whit is caused due to the strong strati cation
that keeps the low salinity water near the surface, while in winter the vertical mixing distributes the low
salinity water over deeper layers. The pro les of the neutral dengy are visualised in g. 4.2f, which show the
strong strati cation near the surface during the summer and autumn. This strong strati cation is also seen in
the N2 pro les of g. 4.2g and is caused by the relatively high T and low S near the surface. The strati cation
of g. 4.2g is, however, not the actual strati cation, as the pro le shows | ocal minima at the positions whereS
and T are measured. The deviatingN ? pro les originate from the vertical interpolation of the mooring data,
which did not fully succeed in determining the strati cation due to the low values of N2. Nevertheless, the
strati cation pro les are accurate enough to be used within this study.

The MM is estimated for IC3 on a seasonal basis using the root-mean-squarvelocity u;ns as described in
sections 2.1 to 2.3 and is shown in g. 4.3. The eddy deformation radiu& 4 is estimated using the rst-surface
modes of section 2.4. This radiud 4 during the winter, spring, summer and autumn is respectively egal to

1G4, 102, 110 and 113 km. These magnitudes ofL4 match with previous studies [19, 33], which estimatel 4

between 10 to 20 km at the IS. The mixing e ciency and eddy decorrelation timescale ! are both assumed
to be constant and equal to respectively B5 and 166d * [19]. The non-suppressed mixing y.t is shown
in g. 4.3a. The value of Kyt depends on bothu,,s and Ly, however, the variation in u;ms is lager than

the variation in Ly, therefore, the pro le of Ky .t shows a strong correlation with Uy .

The suppression factorS, of g. 4.3b is derived with eq. (2.22), using u of eq. (2.25). The suppression
factor S, uses the velocitiesU and V in respectively north and eastward direction instead of the velocites
along and across the Reykjanes Ridge. The suppression is strong for valuef S, close to 0, while the
suppression is weak for values 08, close to 1. The water column is especially suppressed near the suréac
due to a large velocity di erence in u, meaning that the velocity of the current U strongly deviates from the
Doppler-shifted Rossby wave speed,,. S, shows multiple maxima, which indicate areas of low suppression
where u is close to zero, thereforec,, ey is approximately equal to jjUjj. At these maxima the suppressed
mixing K- roughly equals the unsuppressed mixind y.t -

The suppressed cross-current mixind» is shown in g. 4.3c. There is a signi cant di erence betweenkK
and Kyt due to the suppression factor. ForK .t the strongest mixing is estimated during the autumn,
while, for K, , the autumn is strongly suppressed near the surface and the strongeshixing is estimated
during the winter. Due to the suppression, the mixing K, is on average 29 % of the magnitude of the non-
suppressed mixingK vt , which is a stronger suppression compared to previous studies [19].his di erence
in suppression strength might be caused by two reasons: rst, the MMis derived on shorter timescales, and
second, the suppression factor is approached as a two-dimensional mecksan instead of a one-dimensional
mechanism. Further on, gs. 4.3a and 4.3c show that the MM is de nitely not constant in time, as it is
strongly varying throughout the seasons.

Figure 4.4 shows the mixing properties of IC3 for the entire measurig period from 13/07/2014 up to and
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() Velocity across ridge (b) Velocity along ridge (c) Root mean square veloc-
ity

(d) Temperature (e) Salinity (f) Neutral density (g) Strati cation

Figure 4.2: Seasonal averaged water properties for IC3 during the year 2017. Ehseasonal properties are
plotted as function of depth. Each season is presented with a di erdrcolor: winter (blue), spring (red), yellow
(summer), purple (autumn)

(&) Non-suppressed mixing  (b) Suppression factor (c) Suppressed cross-current
mixing

Figure 4.3: Similar to g. 4.2, showing the seasonal mixing properties.
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(@) Deformation radius (b) Non-suppressed mixing

(c) Suppression factor (d) Suppressed cross-current mixing

Figure 4.4: Seasonal mixing determined for IC3 during the full measurementeariod from 13/07/2014 up to
and including 15/07/2018. (a) The di erence of the deformation r adius to its average value as a function over
time. Red dots indicate the deformation radius per season. The &tk dotted line is the spline interpolation
using the red dots. The average deformation radius of IC3 on a seasal basis equals 10.3 km. (b),(c) and (d)
respectively indicate the mixing without suppression, the suppssion factor and the suppressed cross-current
mixing.

including 15/07/2018. Figure 4.4a shows the deformation radius as function of timgwith an average defor-
mation radius hLg4i of 163km. L4 shows a clear variation over time: during the springL 4 is smallest, while
the autumn and winter show the highestLy. The maximum deviation of HL4i is observed during the spring
of 2016, with a deviation of 15:6%. L4 shows a strong yearly variation; therefore,L4 can not be assumed to
be constant.

Figure 4.4b showsK .1 as function of both time and depth for IC3. Within this gure, the white dotted
line indicates the position of the ADCP, above this line the velocity measurements are performed by the
ADCP, while below the line the velocity is determined by interpolation of the single-point measurements. The
mixing Kyt shows a slight deviation between these areas, which might be causedia to the di erence in
measurement instruments and data processing. Further onKy t shows strong non-suppressed mixing near
the surface during the autumn and winter.

Figure 4.4c showsS, as a function of time and depth for IC3. The suppression remains strong ear the
surface, however, the suppression weakens below the depth of tRdOCP. The suppressionS, appears to be
time-dependent without a clear seasonal cycle. The evolution oK, as a function of time and depth for IC3
is shown in g. 4.4d. Near the surface the mixing is strongly suppress® however, during the autumn of 2014
and summer of 2015, there remains some suppressed mixing. The strongesixing is in general estimated
during the winters, which compares with the results of g. 4.3c.
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(@) Deformation radius (b) Non-suppressed mixing

(c) Suppression factor (d) Suppressed cross-current mixing

Figure 4.5: Similar to g. 4.4, but on a weekly basis. (a) Black dotted line is tfe running average over the
deformation radius. The width of the running average is60 days. The average deformation radius of IC3 on
a weekly basis equals 10.3 km. (b),(c) and (d) show two white gaps, waiare the data gaps due to servicing
of the moorings.

4.3 Mixing on weekly time scales

This section discusses the results of MM on a weekly basis. An ovaew of the weekly MM for IC3 is shown
in g. 4.5. The deformation radius Lq4 is shown in g. 4.5a, whereLy4 shows large variations similar to the
seasonal averaged data of section 4.2. However, the yearly cyclelof is less clear compared to the seasonally
averagedLy. On the weekly basisLy equals on average 13 km. L4 contains noisy data as seen from the
variations in g. 4.5a, this noise is Itered out by using a 60 days running average. The maximum deviation
of L4 from its average is observed during the spring of 2016, with a deviation of 17 %.

Figure 4.5b shows the non-suppressed mixin& y .t for IC3. Near the surface, the mixing is appearing
in bursts, a short period of mixing is followed by a period of lowerto none mixing. These bursts are referred
to as intermittent behaviour. This derived intermittency of Kyt is a new approach to MM, as it shows the
time dependency of MM on short time scales. Further onKy .t shows that strong mixing near the surface
correlates to deeper penetration of the mixing. However, there is agaima clear di erence betweenK 1t in
the region above and below the ADCP.

Figure 4.5c¢ shows the suppression factoB, for IC3. The average S, equals 0242, therefore strongly
suppressingK» . S, shows strong intermittency, which is especially caused due tohte variability of u. The
intermittency of Kyt and S, is also observed inK, , as shown in g. 4.5d. Further on, the prole of K,
remains in uenced by the ADCP depth. Here, K, below the ADCP does show smoother transitions between
periods of mixing.

The MM on a weekly basis is derived for each mooring separately, as siva in appendix A. Figure A.1 shows
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the deformation radius L4 for each mooring as function of time. The averagelLy4 ranges from 103km to
12:3km, respectively of IC3 and IC1. All the moorings show a deformation radus L4 which varies over time.
The value of Ly depends on the strati cation, as L4 is determined using rst-surface modes. Therefore, the
small variations of IC1 and IC2 might be caused due to the relatively lover strati ed pro les, as shown in

g. 4.1g. The moorings IC4 and M1 show a clear seasonal cycle, which mightdbcaused due to the stronger
strati ed SPMW. This clear seasonal cycle is a novel result of this tudy, as such a seasonal cycle has not been
found in previous studies at the IS [17].

Figure A.2 shows the evolution ofK 1+ for each mooring separately, with all moorings showing a similar
intermittency behaviour. The non-suppressed mixingK .t is mostly strongest near the surface and goes
gradually to O near the bottom for IC1, IC2 and IC3. However, for IC4 and espeially for M1 the value of
Kwmur often increases near the bottom. The increase df .+ might be caused due to the strong velocities
near the bottom, as shown in gs. 4.1a and 4.1b. These strong velocities ae the bottom could be explained
by topographic waves [33]. The non-suppressed mixini{ .+ appears to be in general the strongest near the
surface for all moorings. It also appears to be that stronger at the surfacesimore likely to penetrate greater
depths. Overall, IC1 observes the most mixing near the surface, wibh could be caused due to the higrEKE
below the surface, as shown in g. 4.1c.

Figure A.3 showsS, for each mooring separately, hereS, remains to show strong intermittency for all
moorings. Regions of weak suppression occur at di erent depths, for exnple, at IC1, the region of weak
suppression is between 1500 and 2500 m, while for M1 this region is betwe&30 and 1200 m. Figure A.4
showsK , for each mooring, hereK, remains to show the strong intermittency without a clear seasonal cgle.

4.4 Mixing on daily time scales

This section analyses the MM on a daily basis for IC3. Figure 4.6a shows théeformation radius Ly for both
the daily and weekly-based mixing. The 60 day running average of both d& and weekly L4 do overlap,
except for the o set during the beginning of the deployment.

Figures 4.6b and 4.6d showK y,.1 on respectively a weekly and daily basis for the period from 01/06/2017
up to and including 31/12/2017. This period is shorter compared to the previowsly used periods of sections 4.2
and 4.3, as the ne resolution of the daily mixing is better visualized wsing shorter periods. This particular
period is chosen as it gives a good representation of the entire measog period. The Kyt on a daily basis
overlaps with the regions of stronger mixing on a weekly basis. The irrmittency e ect is present on both
time scales; therefore, we can conclude that the intermittency taks place in the order of days to weeks. The
mixing based on the daily data appears to have more noise, which might beaused due to the occurring
instabilities in the strati cation on a daily basis. For this study, t he MM is rather approached on a weekly
basis, as on a weekly basis there is less noise compared to the daily b&saixing.

Figures 4.6¢c and 4.6e shovK , respectively on a weekly and daily basis for the period from 01/06/2017
up to and including 31/12/2017. Similar to Kyt the weekly and daily K, overlap, however, the dailyK,
shows again more noise. Further on, both the weekly and dailK .t and K-, show a clear intermittency
pattern.

The second research question RQ2 of section 1.4 can now be answered, las tharacteristics of a MM time
series of a single water column are described as following: on a timeseadf seasons the MM shows a yearly
cycle, with the strongest e ective mixing occurring in the winter. On shorter timescales, in the order of weeks
to days, the MM occurs in bursts: periods of intense mixing folbwed by periods of rests. The strongest
unsuppressed mixing occurs at the surface, with the strength oftte mixing related to the penetration depth
of the mixing itself.
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(@) Deformation radius

(b) Weekly non-suppressed mixing (c) Weekly suppressed cross-current mixing

(d) Daily non-suppressed mixing (e) Daily suppressed cross-current mixing

Figure 4.6: Weekly and daily mixing for IC3. (a) Di erence of the deformation ra dius to its average value
as a function of time. The average deformation radius of IC3 on a weeklyblack) and daily (red) basis are
respectively equal to 10.3 km and 10.2 km. The deformation radius is daimined for the full measurement
period from 13/07/2014 up to and including 15/07/2018. The continuous lines are the running averages over
the deformation radii with a width of 60 days. The red dotted points are the deformation radii based odaily
averages. (b,d) and (c,e) respectively indicate the non-suppressed migj and the suppressed cross-current
mixing during the period from 01/06/2017 up to and including 31/12/2017. (b,c) and (d,e) are respectively

weekly and daily based.
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4.5 Alternative methods in determining mesoscale mixing

This section describes the results of two alternative methods tadetermine the MM. Both methods rely on
rst-surface modes, as described in section 2.4. One method usesst-surface modes derived from the strati -
cation pro les of the moorings, while the other method uses rst-surface modes derived from the strati cation
pro les of the WOA [19].

The rst alternative method to be discussed is the method that uses the rst-surface modes derived from the
strati cation pro les of the moorings. Before estimating the MM the cor rect bottom boundary condition of
needs to be determined. The bottom boundary condition is either roughor at, as described in section 2.4.
The correctness of these boundary conditions is veri ed using the rst EOF mode of current meters. Within
this study, the rst three EOF modes of U, V and u,y,s are all considered, as shown in g. 4.7a. The rst
EOF modes, EOF1, all clearly overlap. However, the second and third BF modes start to deviate from each
other around a depth of 300m. Only the rst EOF mode is required to verify the boundary conditions of
, as this is the gravest EOF which should resemble the gravest suate mode [31]. Concerning the rst EOF
mode, one could use the EOF mode o),V or u;ms , which all overlap for EOF1. Often the EOFs of U and
V are used to estimate the vertical structure of ocean eddies [37], h@wver, as the mesoscale mixing is de ned
as a function of u;ns , we prefer to use the EOF1 ofuy,s . This EOF1 uyy,s is a monopole gradually decaying
to 0 at the bottom and explains a variance of 779%, while EOF2 and EOF3 respectively explain a variance
of 11:9% and 49%. The variation of EOF1 u;ns over time is shown in g. 4.7c, showing a signi cant yearly
variation.

The EOF1 uims can now be compared to the vertical structure . Figure 4.7b shows the estimated using
at and rough boundary conditions for both the WKB and RK4 solution methods. The estimated vertical
structures signi cantly overlap with the results of previous studies [33]. estimated with the at bottom
condition does not overlap with the prole of EOF1 u,ys, especially not near the bottom. However,
estimated with the rough bottom condition overlaps slightly with the p ro le of EOF1 uyys , as both structures
result in a monopole gradually decaying to 0. The rough bottom modes appeard be less surface intensi ed
compared to the EOF1uy,s . Overall, the modes from the rough bottom condition, which are the rst-surface
modes, suit best for the moorings. These rough bottom rst-surface mdes will therefore be used to estimate
the vertical structure

Further on, there needs to be decided which solution method for suits best. Figure 4.7b shows that both
WKB and RK4 solution methods overlap for the rough bottom condition. Still, the RK4 is preferred due to
its improved ability to solve for the complex strati cation pro les n umerically. In contrast, the WKB solution
method might result in more noise [33]. The vertical structure derived from the rst-surface modes using
the RK4 solution method is similar to the surface modes as found in terature [19].

The vertical structure is utilised to estimate the MM on a weekly basis for IC3, as shown in g.4.8a. is
normalised to 1 at the surface and gradually drops down to O at the bottom. The value of vanishes near
the bottom, as these rst-surface modes do not include topographic waes [33]. Further on, shows deep
penetration during the winters, especially during the year 2015.

Figure 4.8b showsK .+ derived using the rst-surface modes based on the strati cation as neasured by
the moorings. Kyt remains to show intermittency and deeper penetration during peiods of strong mixing
near the surface. TheK 1t based on the rst-surface modes shows signi cant overlap with theK .t based
on the velocity measurements of g. 4.5b. However, there are two main derences between the rst-surface
and velocity approaches: rstly, the Kyt based on the rst-surface modes decays always to zero at the
bottom. Secondly, the Ky .t based on the rst-surface modes does not show a clear transition neathée
ADCP in the vertical pro le.

Figure 4.8c showsK , derived with the rst-surface modes in combination with S, of g. 4.5c. The K,
from the rst-surface modes overlaps with the K, based on the velocity measurements of g. 4.5d. However,
K, derived from the rst-surface modes shows higher local maxima dué¢o the deeper penetration of .
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(a) First three EOF modes for ums , U and V. (b) FS modes with di erent boundary conditions and so-
lution methods, compared to EOF1 Uims .

(c) Temporal amplitude EOF1 uims .

Figure 4.7: Validation of rst-surface boundary condition and solution method. (a) rst three EOF modes
for ums , U and V. (b) comparison of vertical modes with EOF1lu,ys (c) temporal amplitude of EOF1 Ums .
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(a) Vertical structure (b) Non-suppressed mixing

(c) Suppressed cross-current mixing

Figure 4.8: Weekly mixing for IC3 based on rst-surface modes for the periodrbm 13/07/2014 up to and
including 31/12/2017.
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(&) Vertical structure (b) Suppressed cross-current mixing

Figure 4.9: Comparison of average mesoscale mixing pro le of IC3 based on velogimeasurements (purple),
rst-surface modes (red) and World Ocean Atlas-data (orange) [L9]. The mixing estimated from the moorings
uses weekly averaged data and the WOA estimated mixing uses yearly avyse data.

Figure 4.9 shows a comparison between the di erent strategies to dermine MM. Within this gure, there are
three strategies compared: velocity measurements from moorings, st-surface modes using the strati cation
from moorings and rst-surface modes using the strati cation from the WOA. The rst-surface modes from
the WOA are determined in a previous study [19] and are interpolated tothe position of IC3. Figure 4.9a
shows the resultingK .t , with all three strategies in the same order of magnitude. The original méhod
of using the velocity measurements deviates from the other methas] as theKy .+ of this method does not
approach 0, which might be caused due to the presence of topographic wav§kd, 38]. Further on, Kyt
estimated from the velocity measurements deviates also around halvdepth, the origin of this o set remains
yet unclear but might be related to the di erence in the gradient of the EKE compared to the gradient of
the strati cation N?2.

Figure 4.9b showsK , for the di erent strategies. The strategy using the WOA data shows alarge o set,
which might be caused due to three di erent reasons: rst, the o set can be caused due to a di erent approach
of the suppression factor, as the study of the WOA uses an alternation of ordimensional suppression instead
of the two-dimensional suppression as derived in section 2.3. Secondhe study of the WOA uses annual
based data instead of weekly based data. And third, the suppression fact of the study from the WOA
uses velocities determined by thermal wind instead of mooring mesurements. Further on, the method using
velocity measurements shows a relatively increased o set foK, compared to using rst-surface modes from
moorings. This o set appears to occur not only at IC3, but for all the moorings.

The third research question RQ3 of section 1.4 can now be answered. Ehresearch question addresses the
comparison in mixing derived from rst-surface modes and velocitymeasurements. We have seen that for
both methods the unsuppressed mixing is in the same order of magnitle; however, there is an o set near
the bottom and around half depth. These two o sets might be caused due toa di erence in the gradient of
the EKE and strati cation, and due to the lack of topographic waves in rst-surfac e modes. The relative
magnitudes of these o sets increase when suppression is includedhe rst-surface modes can therefore be
used to roughly estimate the unsuppressed mixing, however, not yehe suppressed mixing.
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Chapter 5

Conclusion and Outlook

This study aims to improve the understanding of mesoscale mixing M) time series estimated from moorings.
This MM is a combination of Mixing Length Theory, suppression theory andvertical modes. Within this study
the MM is derived from the velocity measurements of moorings deplged across the Irminger Current in the
Irminger Sea. The moorings provide a high temporal resolution and are theefore suitable to determine the MM
on short timescales up to days. On a timescale of seasons, the MM shoasigni cant variation throughout the
year, with the strongest e ective mixing occurring in the winter. However, on shorter timescales, in the order
of weeks to days, the MM shows clear intermittency. This intermittency means a series of strong mixing bursts
followed by periods of hardly any mixing. The proven intermittency has previously not been documented and
is a novel insight gained through this project. Further on, the strongest unsuppressed mixing occurs at the
surface, with the strength of the mixing related to the penetration depth of the mixing itself.

The strength of the MM depends also on the deformation radius, which rpresents the length scale over
which a uid parcel conserves its properties before mixing with ts surrounding uid. This deformation radius
is proven to be a function of time, with variations up to 20%. The average deformation radius di ers per
mooring and ranges from 1@ km to 12:3km. The moorings positioned on the eastern side in the Subpolar
Mode Water show a clear seasonal cycle of the deformation radius, which ight be caused due to locally
strati ed water. In general, the deformation radius reaches its maximum during the autumn, which induces
stronger unsuppressed mixing.

Further on, the MM is derived with alternative methods using rs t-surface modes. First-surface modes
do not take into account topographic waves; therefore, resulting in an nderestimation of the MM near the
bottom. The rst-surface modes show an additional o set at half depth compared to the MM derived from
velocity measurements, which might be caused due to the strong graent of the velocity near the surface
compared to the gradient of the strati cation. It turns out that the rst -surface modes can be used to roughly
estimate the unsuppressed mixing, however, not yet the suppregd mixing.

The conducted study tries to push the general understanding of MM astep forward. This study can be
extended by multiple challenges and strategies. One of these stragées would be to extend the analysis to
di erent moorings. This study focusses on ve moorings within the Irminger Sea, which could be extended to
any other full depth moorings with a high temporal resolution, to improve the understanding of MM globally.
Another strategy would be to extend the approach of rst-surface modes \th topographic waves. When
both rst-surface modes and topographic waves are combined, the mixig over the entire water column could
be estimated without the use of velocity measurements. It would benteresting to see how the MM based
on velocity measurements compares with the MM derived from rst-surface modes and topographic waves.
Lastly, another strategy would be an advanced time-series analysis of MM taletermine the direct triggers
of the occurring bursts of mixing. All of these strategies contribute to the general understanding of MM,
improving the implementation of eddy-resolving ocean simulations therefore, contributing to the knowledge
of ocean climates.

MM remains an open research topic. The rst steps are made, yet, ther@are many steps to follow.
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Appendix A

Mooring comparison weekly mesoscale
mixing

This section contains the results of the weekly derived mesoscaleiring for each mooring separately. Fig-
ure A.1 shows the eddy deformation lengthL4, g. A.2 the unsuppressed mesoscale mixingl .t , 9. A.3 the

suppression factorS, and g. A.4 the suppressed mesoscale mixing» . The results of the weekly mesoscale
mixing are discussed in section 4.3.
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(@) IC1, hLgi = 12.3 km (b) I1C2, hLgi = 10.8 km

(c) 1C3, hLgi = 10.3 km (d) I1C4, hLgi = 11.1 km

(e) M1, hL4i =12.1 km

Figure A.1: Deformation radius as function of time per mooring on a weekly basisThe average deformation
radius per mooring is indicated in the caption.
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(a) IC1 (b) 1C2

() IC3 (d) ICa

(e) M1

Figure A.2: Overview of unsuppressed mixing per mooring on a weekly basis.
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(a) IC1 (b) 1C2

() IC3 (d) ICa

(e) M1

Figure A.3: Overview of suppression componen®, per mooring on a weekly basis.
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(@) ICc1 (b) IC2

() IC3 (d) ICa

(e) M1

Figure A.4: Overview of the cross-current component of the suppressed mesoscaleximj per mooring on a
weekly basis.
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