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ABSTRACT

A hypothesis byMaul [1977], stating the rate of change of Loop Current (LC) volume is
related to deep Yucatan Channel (YC) transport, is examined and validated entinaaus
54-year simulation of the regional 1/05*X Ol Rl OH[LFR *RO0 +\EULG &RRUGLQL
(HYCOM). The hypothesis states that the imbalance of transport between the upper YC and the
Florida Straits controlthe rate of change of the LC voluraed that the imbalance is
compensated by transport through the deep YC. Previous studies have invesiggated t
relationship between deep YC transport and LC area (used as a proxy for the) valamérst
attempt byMaul et al.[1985] using a single mooring was unsuccessful in finding a relationship.
However,Bunge et al[2002] using data from the Canek observing program, which deployed 8
moorings across the YC, found a strong relationship between the deep YC transpori&hd the
area. The data usedBunge et al[2002] was for a period of 7.5 months, which is relatively
short compared to the time scald @f variability. A multrdecadal (54 years) HYCOM
simulation of the Gulf of Mexico provides lotgrmdata to study LC variability and allows one
to validate theMaul [1977] theory. Time evolution of the LC between two shedding events can
be viewed as aombination of relatively higfrequency ¢n the order of about 40 days
fluctuations superimposed on a low-frequency trend. The high frequency portions of thednode
variability are shown to be relatechen the LCarea time derivative and the deep YQG@ort
are comparedThe low frequency variability is examined by comparing theadt€a time series
with integrated transport in the deep YC, and statistically similar trendsesmtéfietl The

resultssupportthe Maul [1977] theory.

Vil



CHAPTER ONE

INTRODUCTION

The Loop Current (LC) is a part of the Gulf Stream that enters the Gulf oEMEXDM)
through the Yucatan Channel (YC), loops in a clockwise manner, and exits through idtee Flor
Straits (FLS). The location and growth rate of the LC are highly variable on an amaua
scale. The LC goes through several phases during its life cycle. Duetgeted phase, the LC
does not extend far into the GoM and it is stable. When extended far north, the LC sheds loop
current eddies (LCESs), which are large artiowic rings that break off from the L@ferred to
as a shedding everand propagate westward through the GoM. As shown in previous studies
[Hurlburt and Thompsarl980;Sturges et al.1994] the LC needs to evolve into an “unstable
configuration” to fed an LCE.Shedding events, like the LC, are variable in time and difficult
to predict. Understanding the mechanisms that govern the LC and LCEs is imfawrtant
predicting their variability.

Knowledge of the LC and LCEs has several practical impliegatiarhe strong currents
associated with the LCEs affect oil production in the GoM. Oil rigs are lig<loating
structures that connect to the ocean floor through long pipes. The strong dvorargddies,
which can get as high as 3 m/s, can move the oil rigs and require oil production to be suspended.
If an oil rig was scheduled to drill and an eddy shuts down the rig, the cost is about $300,000 per
day. Also, LCEs and the LC can generate very strong deep currents in tmes ieffgpil and gas
development@ukhovskoy et al[2009],Morey and Dukhovskdg2013]). Accurate predictions
of the LC and LCEs are necessary for planning oil operations in the GoM.

In addition, he deep, warm water associated with LCEs and the LC can cause a hurricane

to intensify as its track passes over these features. For example, in 2005 dufatama
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intensified from category 3 to category 5 as it moved over the LC. After ighétss LC, the
hurricane weakened to a category 3 storm before making landfall. Siyh#icant hurricanes
that strengthened while passing over the LC include Hurricane Opal in 1995 arghhiiivan
in 2004.

Whether the LC evolution can be predicted is an open question. From altimeter data,
Leben et al.[2005] found an almost perfelnear relationship between the northern retreat
latitude after the LC sheds an eddy and consequent eddy shedding pegoel-ernandez
[2007] suggested that the LC could be viewed asamamwtic dynamical system with limited
predictability. Nevertheless, LC behavior is irregular and its predidistill challenging
especially in practical applications. A better knowledge of the mechanistnsliog the LC
behavior may provide additional insight into limitations and possibilities of LAigrens.

This study investigates the relationship between deep YC transport and LC volume
changes.Maul [1977] first suggested that the LC grows because of a mass imbalaneeretw
the transport into the GoM through the upper YC and the transport out threughSh The LC
grows when the mass entering the upper YC exceeds the mass exiting tharfeleShesrate of
change of the GoM’s volume is negligible, the mass imbalance created must besaiethér
somewhere elseMaul [1977] suggested that the imbalance is compensated for with deep flows
in thelower YC. Thus, the deep YC transport should be highly related to the rate of change of
the LC volume. This is possible because the depth of the YC is about twice that o6the FL
Maul et al, [1985]examined this idea using a current meter placed at the bottom center of the
YC. They collected three years of data and found no significant relationsivgpelnedeep flows

in the YC and the rate of change of kiZeinferred from the ai@obtained via satellite



measurementsMaul and Vukovici1993] examined volume transport through the FLS and also
did not find a significant relation to the LC area rate of change.

Bunge et al.[2002] used a simple box model to illustrafiaul’s [1977] theory. They
investigated data from the Canek observing program, which deployed eighhgsowriih
acoustic doppler current profilers and current meters across the YC frome@n8eptl999 to 17
June 2000. They then obtained a m&ath recordof deepYC transport to be compared to the
LC area determined from@ay averagedatellite thermal (dvancedvery High-Resolution
Radiometer- AVHRR) images.Bunge et al.[2002] found a very strong relationship between
LC area and deep YC flows for their tiframe. They attributed the lack of a relationship found
by Maul et al.,[1985]andMaul and Vukovici1993]to insufficientsampling in the YC. The
authors suggested that a longer data set was required to further test andMalidiatf1977]
theory.

To further investigate the resultsBfinge et al.[2002], this study uses data comprising a
uniquely long 54-year run of the 1/28egree GoM Hybrid Coordinate Ocean Model (HYCOM
Chassignet et al[2003, Dukhovskoy et al[2013 in prep). The model is continuously run for
three cycles of 1§ears forced with NCEP/CFSR atmospheric fields from 1992 to 2009, and
forced at the boundaries biimatological fields derived frorthe 1/13" degreeNorth Atlantic
HYCOM. This model run provides a lortgrm data set that is useful to investigate the
relationship between changes in LC area and deep YC transport.

The remainder of this paper is organized as follmhapter2 explaingviaul’'s [1977]
theory using the simple box model fr@ange et al.[2002],chapter3 describes the model and

data, chapte# describes the YC flow structure in HYCOubthapter5 presents the results from



the study on the relationship between deep YC transport and LC area in HY COdMaphel6

summarizes the conclusions.



CHAPTER TWO

CONCEPTUAL MODEL OF THE GoM MASS BALANCE

The GoM mass balance can be illustrated with a simple box model. Assuming
incompressibility in the mass conservation law, the equation for the rate giecbiawvolume in

the GoM is

CRLE Gt 64 4+ (2F) W

where 8, 5 4iS the total volume of the GoMyis the transport through the YC aridis the
transport through the FLS5( is typically out of the GoM and thefore negative)R s river
runoff, P is precipitation, and is evaporation Etter et al.,[1983] showed thaR, P, andE are
negligible compared t&yand 6,. Also, the rate of change of the GoM’s volume is negligible
compared to the transports through the YC and FLS. This implies that the volume of the GoM is
approximately constant. Therefore, the two transigoms, being the two significant terms,
balance outi.e.
o+ 6, NO. (2)

Since the deepest connection to the Atlantic Ocean through the FLS is appriyxiidate
(Bunge et al, [2002]) and the depth of the YC is approximately 2100 m, it is appropriate to use
two layers for therC. Thus, equation (2) becomes

65+ &5+ 6, NO, (3)
where 6§ is the transport through the upper YC, affis the transport through the lower YC.

Although the GoM volume remains mostly constant, the LC volume varies. The LC is

generally confined to the depths of the FLS and of the upper YC and therefore tlamoalia



mass flux between these two regimes should govern the rate of change of LC. vohuragit

can be said that

@8Ba
@P

One of the caveats associated with this box model is that it does not consider thedhanef

N g+ 6, ()

from the LC to the GoM that would occur during a shedding event. During the periodeghaly
by Bunge et al.[2002] there were no shedding events. However, during the 54 years of model
data used in this study, shedding events do occur. To account for the shedding events only dat
for deep YC transport and LC area between shedding events are analyzed ¢éahestrihand
previous results.

The relation between the LC area and the deep YC transport is readily obtained by

combining equations (3) and (4)

@Bas
ap" Fé ©)

Thus, the rate of change of the LC volume should be approximately equal to the negpted d

YC transport, which is the theory presentedvaul [1977] andBunge et al [2002].

The schematic in Figurk shows the direction of deep YC transpainien (a) the LC is
growing and (b) the LC is retracting. When the LC is growing deep YC falirected out of
the GoM as the LC’s deep warm water pushes isopycnals downimatte schematic there are
two layers divided by a single isopycnal for simplicity. This isopycnarsed downward when
the LC grows, which forces deep water out of the GoM. The opposite occurs whéhithe L

retracting.



Maul's [1977] theory is effectively saying that a larger LC’s ispoycnallspush down
the lower ispoycnals and basically squeeze water out of the GoM. In thaysvesystem

presented in the box model the only exit for the deep water is the lower YC.

LC growing LC retracting

Deep YC Transport Deep YC transport

GoM YC GoM YC

Figure 1. A diagram showing deep water leaving the GoM through the YC whdrCtlyggows
and entering the GoM during LC retraction. This is a lmye@r systenwith the upper and lower
OD\HU VHSDUDWHG E\ DQ LVRS\FQDO !

In previous studies, the deep YC trarm$peas compared to the LC area because the only
available observational data of the LC were satellite imagery. Theyefalume would have to

be inferred. Since the LC area is proportional to the volume, this approximatiordis wathis

study the LC area is the variable used to maintain consistency with preidies s



CHAPTER THREE

MODEL AND DATA DESCR IPTION

Data from a 54year run of the 1/25° resolution regional GoM HYCOM model
(Dukhovskoy et al[2013 in prep]lare used to analyze the relationship between the deep YC
transport and the LC area. The domain of the model isl18.9W R U1 bDQG U: WR
Vertically, the model contains 20 hybrid layers. A hybrid coordiegséemcombines three
vertical coordinates; it is isopycnal in the open, stratified ocean and smaotbiysrto a terrain
following coordinate in the shallow coastal regions andl&vel coordinates in the mixed layer
or unstratified seasChassignet et al2003]. The densities are chosen such that the layers are
compressed in the upper oce@ihe model is forced at the surface with Climate Foreggstem
ReanalysigCFSR atmospheric fields from 1992 to 200®aha et al.[2010]). Since there are
only 18 years of atmospheric forcing data, HYCOM is run for 3 cycles of 18, yemlthe ends
of the surface forcing time series are blended for a smooth transitioedmetycles. The 54
consecutive years provides a uniquely long data set of oceanographic field&SoMhe

The regional GoM HYCOM is nested in the 1/12° North Atlantic HY C@Mich covers
the domain fron27.9°S to 70°N and from 98°W to 36.2°Hhe North Atlantic HYCOM has
open boundary conditions derived from angekly climatology produced by dio years (2000
2003] of a free running simulation of the 1/12° Atlantic HYCOM. Even though trassgdtie
boundariesof the GoM HYCOM areprescribed the test of the box model theory is sélld
since the conceptual box model is in the interior ofGb&1 regional HYCOM.

The algorithm for detecting the LC front and calculating the area can be fouaddn
[2005]. The algorithm uses the 17-cm contolithe demeaned sea surface height field to

approximate the core of th&. Then, the LC area is calculated inside theci’contour LCE
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shedding events can be detected from sudden drops in the LC area time seri@salyidis of
the timing and frequency of these area drops show that HYCOM realispoaligys LCE
shedding events.

During the 54 years of daily output data the LC sheds 64 eddies. The separation periods,
the amount of time between two shedding events, help show the robustness of the model. The
model is compared to 27 years of observational data from altilmaesed SSH gridded fis.

This analysis of the observational data yields a mean separation period of 8 mormtisraah

6.4 months, and a mode of 6 months. The HYCOM mean separation period is 10 months, the
median is 6.3 months, and the mode is 4 months. Observations have shown a range of separation
periods from less than a month to 20 montlebén et al[2005], Vukovich[2007]), whereas

HYCOM ranges from 1 to 48 months. The 48-month separation period occurs once, and there
areseveral separation periods over 19 months, indicating that the model can simulate long
separation periods that have not observed. However, the mean, median and mode are robust
estimators and they are reasonable in the simulation. The histogram in filusg&es the

range of separation periods occurring in the model simulation and their frequetcyoknce.

Eddy Separation Period Histogram

0.12F

Frequency

0.04+

1216 20 24 28 32 36

40 44 48

0 4 8

Months

Figure 2. Normalized histogram of the LCE separation period from thgea4-HYCOM
simulation.The separation periods on thexis arein units of months.
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Figure 3. The GoM red lines indicate locations where the transport was calculated in HYCOM.

According toMaul [1977] andBunge et al.[2002], theLC freely flows from the upper
YC to the FLS. Flow that enters the GoM through the deep YC must also exit througlethe
YC and therefore the mean flow though the deep YC must be zero, which is seen in the model.
To accurately test the box model theory it is necessary to determine whichrteleup the
deep YC. These are the vertical layers that have no interaction between the Goil Attaitic
Ocean through the FLS. Using layer thicknesses, depicféidune4 for the 18' isopycnal it is
seen that the 1Bisopycnal does not connect thel to the Atlantic, implying that the 18
isopycnal and below make up the deep YC. The average transport through the YC f8r the 18
layer and below is 0 Sv for the long term.

In this study, time series of the daily deep YC and the LC area derivadteo54year
HYCOM run are analyzed. Additionally, the HYCOM transport time setiescomputedbr the

entire YC, the upper YC, and the FLS (shown in Figure 3).

10



Layer 18 Thicknesses (m)

1160

1100

Figure 4. The layer thicknesses for the"8ertical layer (target density of 1027.64 kd)im
HYCOM. There is no connection along this isopycnal between the GoM and the Atlantic
through the FLS.
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CHAPTER FOUR

FLOW STRUCTURES AND LC RECIRCULATION

4.1YC Flow Structure

Before analyzing the transport time series, it is necessary to determifenWH¥COM
portrays the YC and FLS accurately. Then, to fully understand the mass imlzaidrite
causes it is important to understand the variability of the flow structure in thed ELS.

The time series of the total HYCOM transports through the YC and B4&1(d 6,) are
examined. The two time series are highly related, with a correlationcteetffof .98, and they
both have a long-term average of approximately 29.5 Bws is larger than estimates obtained
from the Canek observing prograB®hginbaum et a[2002]) which yielded a mean transport of
23.1 Sv. However, recent observational deden Rousset and Be§2010] yielded a mean
transport of 30.3 Sv over the period of 2001 to 2005. Thus, the mean transportYCOM is
within the rangeof recentobservatioal data The close relationship between the YC and FLS
flows is expected because of equation (2) and the relatiomspls that equation (3) orrect.

A 54-year mean vertical structure of the northward velocity through the Yi@ygrsin
figure 5a. From this imagenultiple features are evidenEor examplethe Yucatan Current,
which consists of strong inflow into the GoM, is mainly located in the upper west portion of the
YC. Also, there is consistent flow out of the GoM in the upper east portion of the YC. This
return flow is referreda as the Cuban Countercurrent (the return flow associated with the Cuban
Countercurrent is not part of the mass balance analysis, discussed further below)

The YC should be divided into a western portion of inflow and an eastern portion of
return flow. These features vary in time with the size of the LC. The me&tusér is consistent

with observational data from the Canek observing program preseng&teimpaum et al
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[2002]. Figuressb-c show the maximumna minimum northward velocities through the YAC.
strong Yucatan current and a weak Cuban Countercufeattires of the maximum YC flow
structureare characteristics of the YC flow structure when the LC is large. When tlse LC

small the YC flow structure resembles the minimuonthward velocity YC flow structure.

(a)  Avg.N. Velocity

0 s
' =
=
500 | m !
-
o
1000 | 0.5
-
|
T -
1500 | 0
] o
-
e
2000 T M o5

-86.5 -86 -855 -85

Max. N. Velocity (c) Min. N. Velocity

- 07 -
%ﬂ' - -
. - -
500 - m 500 m
- -
- : =
1000 . 0.5  1000. 0.5
|| ™
- |
- 1 -
1500 . 0 1500 0
i il
= =
20001 NI M 05 20001 MNJ M 05
-86.5 -86 -85.5 -85 -86.5 -86 -85.5 -85

Figure 5. (a) Mean, (b) maximum and (c) minimum northward velocity structures in the YC.
The units of the color bar are m/s. Thexis is longitude and theaxis is depth (m).
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Figure6a shows the normalized LC area histogram with tifeapsl 74" percentiles
marked.Figure6b shows the transport profiles of the upper YC (upper 17 vertical layers) for the
LC area greater than the”*iﬁercentile and lower than thet’Zﬁercentile, as well as the mean
transport profile. Here, transport into the GoM is considered positive. When the Li€ area
below the 28 percentile (red line), the YC current shifts east and broadens, the maximum
transport decreases, and the retunw/fis weak. When the LC area is larger titar75"
percentile greenline), the YC current shifts weshe maximum transport increasasd the
return flow out of the GoM increases. This behavior is indicative of a redicrutzccurring
when the LCs large. When the LC is largad the Yucatan Current is shifted west, there is
room for part of the LC to recirtate out through the eastern YC, which yields a strong

relationship between the LC and the return flow of the Cuban Countercurrent.

(a) Normalized LC Area Histogram (b) YC Transport Profiles
05 2 ¢
Z
> .04 hd
= p=
Q
S 03} al |
o
3 g
=02 =
017 or
Yucatan | : ; _Cuba,
0.5 1.0 15 2.0 2.5 3 -86.5 -86 -85.5 -85 -845 -84
LC Area (km? x 10%) Longitude

Figure 6. (a) Normalized LC area histogram with red lines representing theg8 7'
percentiles(b) Mean transport (Sv) profiles of the YC when the LC area is larger tharl'its 75

percentile (green) and less than itd percentile (red). The mean fitre entire simulation is
shown in black.

The importance of the recirculation lies in the fiaeixplains whythe relationship

between the LC and ti@uban Countercurrent is not enough to explain the rate of change of LC
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area. Based on the strong relationship between the Cuban Countercurrent and tlae G are

may think the return flow of the Cuban Countercurrent explains the LC growth rateveiow

since the Cuban Countercurrent is confined to the uppee¥i@ulation it is not enough to

expain the mass balance required to keep the GoM volume constant. The reason the mass must
be balanced by the deep Ydige to the fact thatsthe LC grows isopycnal layesse forced

deeper in the GoM , and deep water must exit the GoM through the deep YC.

SSH contoursKigure7) to a first approximation are a good representation of stream
functions. Figure7bshows SSH contours when the LC area is large (i.e., greater tharthe 75
percentile). Here, some of the contours on the eastern side of the LC show flomgetur
through the YC, which would enhance the Cuban CountercurreqnireFa shows the SSH
contours when the LC area is small (i.e., less than th@&&entile) and the return flow is much

weaker(seenin figure 6b by the transport profile for the 9ercentile and lower LC area)

) (m)

(m

10.2 0.2

10.0 0.0

1-0.2 -0.2

04 | 0.4

Figure 7. Contoured mean SSH in meters when the LC area is (a) smaller thah psr2éntile
(b) larger than its 75percentile. In both cases recirculation flow appears in the eastern YC due
to an anticyclonic pattern west of Cuba.

To further examine the recirculation, the time series of the west YC traasybthe LC

area are compared. The west YC here is defined as everything west of 90l@be@nter of

15



the Yucatan Current’s mean transport profile peak. When the LC area is largarém shifts
west of this point and narrows, and the maximum transport strengthens; when tlea li<C a
small, the current shifts east of this longitude and broadens, and the maximum transpor
decreases. The correlation coefficient for the two time series, the LC are@ avekthy C
transport, is .70. The correlation for the negated east YC transport and the i<atsea70.

Thus, results from the simulation suggest an apparent relatidrestwpen the.C and
the intensitie®f the YC current and the Cuban Countercurrent. Therefore, one may think that
the return flow seen in the Cuban countercurrent explains the mass balance of the GoM and
therefore the LC growth ratélowever this strong correlationdiween the LC area and Cuban
Coutnercurrent is caused by the recirculationusThome fraction of the mass influx does not
contribute to LC growthand quickly leaves the GoM as part of the Cuban Countercurrent. This
helps explain why this recirculati@annot be used as an indicator of the LC growth rate.

It is useful to think of the upper YC transport in terms of equation (6).

6°= 6°7+ §°” (6)

¢ ~is the flow into the GoM, mainly to the west, through the upper YCggids the outflow.
6°>and F 6° "are well correlated, with a correlation coefficient of .73, as suggestée by t
recirculation.

Thus, mass leaves the GoM through both the ¥€?(and 6, Fa the LC to grow the
6° needs to exceeBs’+ 6; So, even though the Yucatan Currenainly 6°) may be
strong, the LC might not be growing(if¢’+ &) is also large. The LC should grow only if
there is a mass imbalance, accordinilsul’s [1977] theory. Even though¢ consists of a
recirculation, §° > and ¢ ?, the conceptual model still worksg®still balances the difference

between theg® and & as seen in equation (7).
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k¢>F 67or &N 6° (7)

4.2 FLS Flow Structure
The mean FLS transport profile is directed entirely out of the GoM anddheiefs

much simpler than the YC profile. The HYCOM $darmean FLS transport piie can be
seen irfigure 8. There is no evident flow back into the GoM, and the structure of the FLS
transport profile is consistent in time. The FLS transport profiles when theelbGsaabove the

75" percentile and below the‘?@ercentile both shw profiles similar to the mean.

YC Transport Profiles

Transport (Sv)

Cuba Florida

235 23 225 22 215 -21
Latitude

Figure 8: Mean FLS transport profile for the 54 year HYCQWNhulation (positive transport is
out of the GoM). The transport is directed entirely out of the GoM across the FLS,ingltbat
there is not a significamounterflow in the FLS, as there is in the YC. Uppét fércentile and
lower 28" percentile transport profiles are shown in green and red respectively.

This suggests that the YC transport fluctuations are balanced by countescurtaet
YC, notthe FLS Since the Cuban Countercurrent is not the balancing flux, deep YC transport

mustbalance the upper YC transpas, suggested bylaul [1977] andBunge et al.[2002].
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CHAPTER FIVE

RESULTS OF BOX MODEL THEORY VALIDATION WI TH
HYCOM

To test thenypothesis presented Maul [1977] and to expand on the resultBoihge et
al. [2002], two equations frofBunge et al[2002] are analyzed. First, after stating that the LC
area is proportional to its volume, equation (5) can be rewritten as

. Q@ias
@P

whereH is a constanscaledepth approximating the bottom of the LC afgl; 5is the LC

N F@& (8)

surface areal'he scale depth H was chosen to be 200m. This choice of H yields a nearly one to
oneratio between the left and right hand sides of equatiorS@)sequent sections will

demonstrate the accuracy of this approximation. This ratio is proportionathe EHme rate of
change of the LC areaahld be related to deep YC transport. If the left hand side of the
equation is negative, the LC is retracting. Equation (8) is a relationship oftdesvand

therefore represents a hifyiequency comparison between the-afea time derivative and the

deep YC transport. Low-frequency variability, examined through integration ofi@u (@)

1
#aaax #aF7 = GYP@P 9
G

where #,1s the initial LC area at the initial timB, Ris the final time, andlis time.

Bunge et al[2002] showed that both equations (8) and (9) held true for a period of
observational data from the Canek observing program. The time range was 7.5 months, which i
too short compared the time scales of LC variability to thorougistghe box model theory.

The data from a 58ear run of HYCOM present an opportunity to investigate the theory for a
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much longer periodBunge et al[2002]investigated the balances givendnyuations (8) and (9)
using correlations; therefore, correlations are used in this study as disalgealysis tool.

There was no shedding event in the period analyz&libge et al[2002]. Also, the
box model theory does not account for shedding evenepdainedpreviously in chapter 2.

For the theory to hold throughout time, and include shedding events, another term needs to be
included in the equations to account for extreme losses of volume from the LC aiteldang

event. Otherwise, this volume would have to be accounted for by very fast transport ouit throug
the deep YC, which would be unrealistic. Instead, to test the box model theory, #ed tine
series for HYCOM is segmented into separation periods. A separation perios! thegiay

after a shedding event occurs and ends a day before the next shedding event.

There are 64 shedding events in the HYCOM simulation and therefore 63 separation
periods. The distribution of the separation events was discussed in chapter 3 anih $igowma
2. For this study, only separation periods of 300 days (the mean separation period) @rnger
considered to give a better indication of the validity of the hypothesis sisioegtthe theory
over longer periods yields a more robust result.

There are 22 separation periods longer than 300 days for analysis. Each time segment
begins 30 days after the previous shedding event and ends 30 days before the next shedding
event to allow for an adjustment period. The total of the 22 separation periods is 11,722 days,
about 32 years of model data for analysis. This amount of time still provides thestood) p
desired to validate thdaul [1977] theory.

5.1High-Frequency Variability Comparison
The high frequency variability between the bea time derivative and the deep YC

transport can be compared using equation (8). For theffeghency variability time series the
correlation coefficients are negligible without filterinBunge et al[2002] discovered that
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filtering with a 2Gday running mean revealed a significant relationship. Thus, for the model
data, a 2@ay running mean is applied to the la@a time derivative and the deep YC transport.
With the application of the low pass filiehe time series still have high frequencies compared to
the time scales of LC variability.

The LGarea time derivative with the filter is calculated using equation (10)

Z\8>'”J6#§F AY ,u6 #8

@ #aap P S P

This equation applies a centered difference of the 20-day averages dxaficafter a given day

where "t is the change in time between the center points of the averagegdaaetass the

corresponding number of time stephe variablex%uig compared to the 2@ay running

mean of the deep YC transport from Eq. (9) and calculated using equation (11)
6t EN Hi?ﬁ%aﬁ I/ ¢ P (11)
u?uU6

After the low pass filter is applied, a relationship becomes evident in HYCCiM dae
correld@ion coefficient for the20-day smoothed time series is .39. This correlation is not strong,
however, as seen figures9a-c, which show examples of these time series plotted together, the
two series appedo be more closely relatebdan indicated by solely by that correlation.

Analyzing each separation period individually, we generally see that ritedation is
quite strag (>.50), however there are some segments where the correlation is weak. Three of
the correlations fall below .10. The main reason for the weak correlations f&caigni
variability in the LC area derivative on short time scales. Variability is ataitbe to
reattachments and quick, small changes in LC area. When a reattachmentleti@srea

time derivative first captures the sudden drop, and then captures a sudden peak bdwause o

21



instant increase in area that follows shortly after. Tfezeon correlations for a given time

series depends on the length of time the eddy is detached, the size of theatdetatihes, the
length of the separation pericahd the length of the time serielSor example, if, in one of the
shorter segments, an eddy detaches from the LC and remains detacheuifide afcweeks, the
20-day, smoothed L@rea derivative time series will have a long, steep drop and long, steep rise
as seen ifrigurel0. If the separation period were quite long, a single reattachment would not

have as significardn effect on the correlation.

Cor = .50, Total Days: 671 Cor = .50, Total Days: 829
4 4
5 5
o o
= c
o e
= =
-4 -4
2200 240 2660 11,200 11,400 11,600
Model Day Cor = .59, Total Days: 605 Model Day
B
S
o
a
o
l_
vl
14,600 14,800 15,000

Model Day

Figure 9. Thescale depthd multiplied by thel. C-area time derivativéblue) and deep YC
transport (redjor three separation periods. The correlations and temporal lengths are (a) .50, 671
days, (b) .50, 829 days, and (c) .59, 605 days.
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Figure 10. A separation period showing the la&€ea time derivativéblue) and the deep YC
transport fed). Two eddiesdetachand subsequently reattach during this peraadising two
suddenlargedrops followed by sudden large increaseisgled in greeh The correlation is
weak (0.07).

These detachments can be effectively removed by linearly interpolating taeeh@ime
series, which increases the correlations for the overall time series¥@aim .42. This is not a
substantial increase as the LC area derivative is already a highly variableeties. However,
several of the shorter separation periods that are heavily impacted by reattectimincrease
noticeably. The correlation for the exampld=igure 10 increases from .07 to .33.

The correlations are also impacted by an apparent lag in several of the separation
periods—the deep YC transport lags the &i€a time derivative. This is very noticeable in
Figure9. Bunge et al[2002] also investigated a lag and found that, for their data, the correlation
between the L&reatime derivative and the deep YC transport increased from .62 with no lag to
.83 when the deep YC transport lagged the LC-area time derivative by 8.6 days. Thisedas not

as suggestive of an internal adjustment period for the GoM, attributable to tharfaslinic

mode of a Kelvin wave. They stated that, using a simple calculation, it wamesdmyw that the
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first baroclinic mode of a Kelvin wave would take approximately eight daysuel seound the
GoM, which is close to this lag time.

For the 22 combined separation periods in HYCOM the correlation is maximized when a
lag of 11 days is applied. THesgincreases the overall correlation from .39 to .47. This
increase seems far less significant than that fourBuinge et al[2002] when a lag is applied.
This smaller increase is likely because of the length of the HYCOM series comp#rediata
from the Canek observing program. The length of the time series andfénerdiés between
the separation periods themselves make it reasonable to apply individual lags &peaatios
period, thereby providing a distribution of lags, which implies a range of plaugisle la

Figure 1. shows a histogram of the frequency of lags that maximize the correlation for a
individual separation period. Six separation periods are ignored here becausevwddkei
correlations. These six periods all have a maximum correlation without alagiistogram
shows that the majority of the separation periods have a maximum correlatiagsfoamhging
from 9 to 16 days, with 9 days being the most common lag. There are a couple of batliers t
yield best lags over 20 days. However, the most frequent best lag, 9 days, is reasonably
comparable to that found Bunge et al[2002] and consistent with an adjustment period related
to the first baroclinic mode of a Kelvin wave.

If the two series are filtered for more than the 20 days chosBuargye etl. [2002], the
correlation further increases. A spectral analysis shows there is a peakandbdity of the
deep YC transport around 40 days and thus dadCfilter is applied.Bunge et al[2002] also
noted that in their data set there was a dominant mode of variability around 40 days.

The correlation coefficient for the overall time series is .58 when the 40-tayidiused.

Therefore, over a third of thetal variance is explained. The increase in the correlation is
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largely due to the deease in variability of the transport time series. Also, the maximum
correlation found with a 48ay smoother increases to .81 from the previous maximum of .70.
When the 11 day laig applied to the time series with the-d@y running mean, the correlation

increases from .58 to .65 and the maximum correlation for an individual separation period is .89.

Figure 11. Histogram showing the frequencies at which lags (given in days) maximgize th
correlation between the l-@rea time derivative and the deep YC transport. The lags are binned
every two days. The lag that most frequently maximizes the correlation B0%days.

The relationship between changes in the LC area and the deep YC trangpthers f
analyzed using a linear regression, and is viewed easily with a scattéfpldt point on the
scatterplot shows the L&rea time derivative for a given de¥@ transport. This relationship is
not calculated daily because of the strong tdaglay autocorrelation in the L@rea time series.

Instead, the LGxrea time derivative for the scatterplot is calculated using equation (12)

@ Haaa Hraageol #Aaag
@P ¢ P

Here,i represents a day in the time seriéss the amount of time between two points for which

12)

a difference is being calculateahd 0 is the corresponding change in tisteps Thus, equation
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(12) effectively yields a forwardifference over the length of timé& . Since daily output
obscures the relationship in a scatterplot because of autocorrelation, this metbobdjieltis a
data point for every number of days is more efficient. Over the santethe deep YC
transport is approximated by the average transport.

The scatterplots for the L-@rea time derivative versus the deep YC transport initially
appear to show some relationship for a majority of the points; however, quite a fevsptitéer
result of reattachments, obscure the image. Typically, when an eddy detectiesg YC
transport does not react immediately and the LC-area derivative time geickly dips and
spikes. Thus, several points showeaessively large or small l-@rea time derivative for a
given deep YC transport. Since calculations for the scatter points are npadailytlier must
be caused when thi8 or (i + 0)" day falls orthe exact day an eddy is detached. These autlier
are removedavhen the reattachments are removed through linear interpolation.

The scatterplot fort =20 days without reattachments is showhkigure 2. Recall that
the LC aredime derivativas multiplied by a scale depth fHi= 200m) to yield the sae units as
transport. The transport is negated here to show a positive slope. It is cldartheg &
relationship between the two. The scatterplot is effectively showinghhédrger the change in
LC area, the stronger the negative deep YGsprart. This relationship is the theory presented by
Maul [1977] and supported Bunge et al[2002]. The slope for the scatterplot whéns 20
days is9389Sv. The uncertainty (expressed as a standard deviation) in the slope is .1166 Sv.

The timeseries of the deep YC transport is found to have a peak in variability around 40
days thusa scatterplot using a 4fay time change® =40 in equation (12)) is created. Since
the time change is doubled, the number of points is then cut in half; hotvmrerare still

enough points to show a clear relationship. The slope for the 40-day scatterplot, shigurein F
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13, is 1.0246v, and the uncertainty is .155%. Thescatterplot is an excellent tool as it

summarizes all of the separation periods analyzed.

Figure 12. Scatterplot of the L@rea time derivative versus the transport averaged over the same
time frame( & = 20 days). The slope is .9389 with an uncertainty of .1166T&e LC area is
multiplied by ascaledepth H for equivalent units.

Figure 13. Scatterplot of the LC area time derivative versus the transport aveoagéd-f40 in
equation (10). The slope is 1.0246 with an uncertainty of .1577. The LC area is multiplied by a

constant depth H for equivalent units.

The relationship between the LC area time derivative and the deep YC trassport

summarized with histograms. The histograms display the frequency at whativaaeleep
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transports £TJ) occur when the L@rea time derivative is greater than itd percentile (Figure
14a), and when the L&rea time derivative is less than itéhzﬁarcentile (Figure 4b) for the
combined 22 segments. It is clear that for tH& gé&rcentile and above,ahFTJ,is usually
positive,that is,out of the GoM (blue in Fige 14). For the smallest area changes (red in Figure
14), which are actually negativésT Jis mostly negative, into the GoM. There is a very clear
separation showing that the theory proposed by Maul [1977] is supported in HYEQie b
shows the time series of the LC area time derivative with teg8 7%' percentiles marked.

This shows that the #5percentile LC derivative and below is negativeaning the LC is
retracting However, the LC is generally growing in the segments analyzede, Simedding

events are excluded, the LC area derivaswaostly positive as seen in figuit®.

Deep YC Transport, #5Percentile dA/dt

(a)
0.157
Prob.
0.05;
3 2 1 0 1 2 3
Deep YC Transport, J5Percentile dA/dt
(b)
Prob. 0.15;
0.05} H H
-3 0 1

2 2 3

Figure 14. Probability density functions showing the probipiof negated deep Y@ansports
( F 63 occurring when the LC area is (a) greater than i‘fkpﬁiscentile and (b) less than its25
percentile.
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Figure 15. Time series of the LC area derivative multiplied by a scale depth for theremit?
segments. The mean of .45 Sv is marked by a black line, theer&entile of 1.1 Sv and the
25" percentile of.2 Sv are marked by red lines.

5.2 Low+requency Variability Comparison

The time series of the LC area is compared to the time integration of the deep YC
transport (9). The time series of the LC area is relatively smooth andeshslog/ly compared
to the transport time serie$herefore, the overall slojeé each time series is investigated.

This analysis examines the relationship between the low frequenciestabtline
series. It is anticipated that when the LC area increases, the time integfatierdeep
transport over the same period shaulttease at a similar rate. This is seen in the model for the
time segments analyzed. The overall correlation coefficient between the ®vsdiii@s when
all of the segments are combined is .73. Thus, even though the integral of the deep YC transport
is much more variable in time than the-B€a time series, the correlation is still high. The
correlation between the two series is even higher if the reattachments that eouanyiof the
segments of the L-@rea time series are removed (further discussed below).

When the individual time segments are analyzed, the correlations are gftenthan

.73; also, several time segments are lower than .73. The worst correlation is .30, and the
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maximum correlation is .82. The lesser correlations occurlynagtause of reattachments. A
reattachment occurs when an eddy breaks off from the LC and reattachesnaft¢inge. Some
eddies reattach after only a day or so, resulting in a sudden drop in gred@me series,

followed shortly by a sudden jumpn some cases, an eddy may detach from the LC and remain
detached for over a week before reattaching. An example of this is shbwguia 5: there

were three reattachments; arady detached for 15 days before reattaching. This separation
period’s correlation of .43 increases to .52 if the separation periods are removed adtha L

is linearly interpolated.

Figure 16. An example of one separation period showing the LC area (blue) and the deep YC
transport {ed) with reattachments circled in green.

Using the linear interpolation technigteeremove brief detachment/reattachment events
from the entire time series increases the correlation from .73 to .77. The longegriesease
not strongly affectedy this technique since the reattachments happen very quickly in
comparison to the length of time. The shorter separation periods are more Higgtydatbut

account for less of the overall correlation.
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Matching linear regressions are easily seen in Fitjdae, which show three examples
of separation periods. The consistency of the slopes between the time integept¥€de
transport and LC area supports the conceptual model. The similaritiesceet ¢éhroughout the

overall time series as well, butetiseries is too long to show in a clear figure.

(@) (b)

(©)

Figure 17. LC area (blue) compared to the time integrated deep YC transport (redefor thr
separations periods. Trends are shown with dashed lines with respective colors. Thei
correlations and temporal lengths are (a) .82, 506 days, (b) .81, 898 days, and (c) .80, 755 days.
The units on thg-axis are square kilometers for the area and the transport.

An analysis of each segment’s slope from the linear regression theldsatistical

significance of the relationship between the LC area and thaniegrated transport. Itis

found that the linear regressions of the time series are quite simitadorseparation period as
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seen in the stacked bar plot (figu&.1 This stacked bar plot shows that the linear regressions’
slopes for each segment a quite similar. This is a robust result consiteriragiaition of slopes
from segment to segment. The mean sfopéhe time integratedeep YC transport is 105

km ¢ day and 11%m ¥ day for the LC area. A-test shows the means to be statistically
equivalent, meaning that it is highly likely that these two time series are relateattéy plot
comparng the slopes of the LC area to the slopes of the time integrated deep YC tri@nsport

shown in figure 19 along with the linear regression.

Figure 18. A stacked bar plot of the linear regression slopethi® LC area (blue) and the time
integrated deep YC transport (green) for each separation period.

Figure 19. A scatter plot of the LC area linear regression slopes and the timeatetegnansport
slopes.
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CHAPTER SIX

CONCLUSION

Data from a 54earrun of the 1/2% degree GoM HYCOM model are used to analyze a
theory, first proposed bylaul [1977] that changes in LC volume in time should be compensated
for by deep flows in the YC. The theory suggests that the change in LC volugualiscethe
imbdance between upper YC transport and FLS transport. Since the YC depth (~ 2i{900 m)
overtwice that of the FL$~800m), the imbalance is compensated for by deep YC transport.

Bunge et al[2002] used data from the Canek observing program to show that for the 7.5-
month period of data, the deep YC transport was highly correlated to taech@ime
derivative. Only seven months of data were usdtlimge et al[2002], a very short amount of
time for testing LC variability; therefore, longer data pesiade needed to support the theory.

The 54-year run of HYCOM provides a unique data set, because of its length, to tbsiityis t

Data from the HYCOM simulation are used to calculate transport through the ¥®del
and FLS. Itis found that the mean transport through each channel is about 29.5 Sv and that the
correlation between the two B#ar transport time series is .98. Further investigation of the YC
flow structure in HYCOM vyields the presence of an inflow into the GoM through teteme
YC andoutflow through the eastern YC. In HYCOM, when the LC is large, the Yucatamturre
shifts west, the peak transport increases, and the current narrows. As this hhppéakanh
countercurrent is also strengthened. This relationship indicates thaitsthkedy a return flow
occurring when the LC is large, shown to a first approximation to be true using cooitdie
SSH in HYCOM. When the LC area is in its"4%ercentile or higher, several contours illustrate
how the LC flows back out through the YC. The return flow is found to be much weaker when

the LC area isin its fSpercentiIe or lower.
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The box model theory is tested in HYCOM after the deep YC is defined as'the 18
isopycnal(target density of 1027.64 kgfjrand below. To accuratetgst the box model theory
it is necessary to use segments between eddy shedding events. Of the 6@ aepitahtion
periods, 22 are used. The selection criterion is that the separation period has ¢adie380I
days (the mean separation periodomger.

A conceptual model of the GoM mass budget is tested using the 54-year simulation. The
first equation tested, equation (8), is used to compare the high frequency relptietaldgen the
LC area and deep YC transport. Because of the high freguanability is largejt is
necessary to use a low pass filter totbeetrend during separation events. Eeven with the low
pass filter the time series is still high frequency compared to LC arediligria After a 20day
running mean for each tinseries is applied, a relationship between the two time series becomes
evident. Though the correlations are fairly weak (for the combined 22 separation fiesiods
only .39), it is clear that when the LC is growing, more mass is leaving thet@ogh he
deep YC and hence there is an imbalance between the upper YC transport and the Fldb. Most
the separation periods have obvious relationshipsreas$ of the 22 segments have no apparent
relationship. Weak relationships are due to high variabilityeddy reattachments; the
relationships improve after linearly interpolating for reattachments. Wherdayd@nning
mean is applied, the relationship becomes even clearer, with the correlatioa ¢ontbined
separation periods rising to .58.

For both the 20-day and 40-day running means the correlations are found to increase
when a lag is applied to the deep YC transport. The correlation is found to be strongest when the
deep YC transport lags the LC area time derivative by 11 days for all eédghgents combined.

Independently, each separation period has its own best lag. Most frequently, thadagsom
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9 to 16 days, which isimilarto the 8.6-day lag found Bunge et al[2002]. The lags can be
attributed to a first baroclinic mode Kelwvave, which takes a little over a week to travel
around the GoM.

Scatterplots and histograms illustrate the relationship between the growtH_Gf dmel
the deep YC transport. Both the 20-day and 40-day scatterplots show the negated deep YC
transportmcreasing as the LC area growth rate increases. The linear regressvarbgtthe
scatterplot illustrates the statistical significance of the relationship. Therast@pows when
the LC area is large (greater than th& @Brcentile) the deep YC trgmwt is mostly out of the
GoM and vice versa when the LC area is small (less than thee2entile).

The relationship between the LC area and the time integratioe de#tp YC transport
(equation 9 are tested and used to compare theflequency variations in the data. For the 22
separation periods analyzed, there is a strong correlation between the twe@MHYThe
overall correlation for all of the periods combined is .73. mleans of thelopes from the linear
regressionof each time serieseen in this comparison are statistically equivalent. The low
frequency comparison between the LC area and the deep YC transport supportsyheytheor
Maul [1977] and the results froBunge et al[2002].

In conclusion, the theory proposedMgul [1977] and supported Bunge et al[2002],
is further supported by an investigation in the T/ﬂégree GoM HYCOM model. Future work

using long-term observational data is necessary to conclusively prove the theory
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