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Abstract 

The upper ocean dynamics in the Gulf of Mexico are dominated by the Loop Current and the eddies which it periodically sheds.  [First mention the oil spill and its timing]  During May and June 2010, satellite observations of the Gulf of Mexico (GOM) surface velocity field indicated a potential for connectivity between the northern GOM and the Florida Straits via the Loop Current (LC) system.  Numerical model simulations and limited in situ measurements during this period also supported this scenario.  Such a pathway could entrain particles, including Deepwater Horizon oil spill related contaminants present in the northern GOM at that time, carrying them directly and/or indirectly towards downstream coastal ecosystems in south Florida and northern Cuba, and into the Gulf Stream.  A shipboard hydrographic survey of the southern GOM eddy field, conducted in July 2010, confirmed concurrent remotely-sensed observations which indicated that by that time, a direct transport mechanism was no longer in place, and that a large LC anticyclone (named "Eddy Franklin") had become separated from the main LC by a cyclonic eddy feature.  Additionally, during the survey no evidence of oil was observed within the survey region (from the surface to a depth of 2000 m), suggesting that any oil entrained in the months prior had weathered or been dispersed to undetectable levels.

1. Introduction

Following the explosion and sinking of the Deepwater Horizon MC252 drilling platform on April 20, 2010, the Gulf of Mexico (GOM) was subjected to the largest anthropogenic crude oil spill ever recorded.  Oil flowed continuously from the damaged MC252 wellhead until it was capped on July 15, 2010.  This oil spill event differed from previous spills in that it continued for 87 days, and that it occurred in the open ocean at a depth of 1500 m, in a region strongly affected by surface and subsurface currents.  These conditions were appropriate for the potential transport of oil and dispersants to remote areas beyond the Mississippi Canyon where the spill occured.  Therefore, concerns quickly mounted regarding the extent to which oil was spreading in the surface and subsurface into the rest of the GOM aided by the Loop Current (LC) and eddies, the predominant circulation features of the GOM.  Throughout the spill, the emergency response and scientific communities primarily utilized blended remotely-sensed observations with very limited available in situ measurements to monitor the GOM conditions beyond the immediate spill site.  The surface circulation was monitored using a suite of satellite observations, such as satellite altimetry (for sea surface height), sea surface temperature, and ocean color imagery, to identify the pathways by which oil and dispersants could translate from the spill site into other regions of the GOM and beyond.  Additionally, multiple numerical models were employed to simulate the GOM circulation at the surface and subsurface. Where possible, these models were initialized and/or validated with in situ data. 

In late April 2010, at the time of the Deepwater Horizon platform explosion, circulation in the GOM was dominated by a mature LC (the LC had not shed a ring in the previous months), which extended well into the northern Gulf to approximately 28oN (Figure 1a).  The possibility for entrainment and delivery of north GOM waters, including discharge from the Mississippi River, to downstream regions such as the Florida Straits via the LC in such a configuration is well documented (Hu et al., 2005; Ortner et al., 1993).  During May, the LC began shedding a large anti-cyclonic ring, designated Eddy Franklin (EF).  While this LC ring separation may have inhibited direct connectivity between northern Gulf regions and downstream areas, satellite and Lagrangian drifter observations, and numerical model results suggested that EF remained partially attached to the LC throughout the majority of May and June 2010 (Figure 1).  During this time, it was hypothesized that cyclonic eddies situated between the MC252 wellhead and EF could aid in the dispersion of surface oil into the rest of the GOM.  In fact, tar balls sourced to MC252 were observed along this front on June 8, 2010 as far south and east as 26°45.85’N, 086°03.65’W (Wood et al., 2010).
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Figure 1a – 1f.  Altimetry-derived surface geostrophic currents (arrows), frontal anticyclonic (cyclonic) boundaries in red (blue) lines, and 15 day-drifter trajectories (green lines) between May 1, 2010 (top left) and August 1, 2010 (bottom right).

Due to the lack of in situ surface and subsurface observations in the LC and EF, the extent to which direct and/or indirect pathways between the oil spill site and the rest of the GOM existed during May and June 2010 was largely assessed by analysis of satellite observations and numerical modeling results.  This manuscript examines the surface and subsurface conditions in the GOM during July 2010, using data from a research cruise carried out with the main objective of assessing the connectivity between the oil spill site and the rest of the GOM and the Florida Straits, in support of the operational and scientific community efforts. 

[image: image2.png]&WVWQ
B R

\ @ f% ‘ : "‘/// -

AUG 15
7

30°N A

28°N

26°N

24°N - v

V" 7 =
w7 //// V41 - LR
/ ‘ \ / & H
22°N 1 A
N

[

)
)

\ B

KL
N \ \‘ o2 iz
(! .
Shegere (0T

/ e e % _ ’ | : g
” o i i Y \ N
4 / é@\ A% \ jj o / @w e
Al 22 | W {1 - NON AW 7= n AT

86'W  B4W  82W  BOW  78'W

= f i 7 ‘
g - = =N A ‘ “ i/ ] :
4

20°N





[image: image3.png]A S

f Sl ‘\

N\

il \
! 0

SNA \
7= =
VX~ / 2~
_ = > S ‘
P L7\ < 7 ‘
=\ N b
O @SN "o
A Y, =
\, S \ S~

7~ ,,,,,\'\ N
=3

/ N\
=\ / ~ X N/ |
S a /
\ % 1 2 <=5

0 \ ”
N\ N Rt ¢
WA \\ i [ -
") XN
=.%
2

I 72 2NN \
i SSSo 7 =

—x =7, =
S SN g 7 N/ A

@\ \ B 7 4
NN\ — S
2 W\ (e 4/
N\ . > 2 /
N - 3 Lk »"' 7,
N \\ % s= = NN — - & 4
RN 7 / A S — Z
NN A NN\SS e /7, %
\N NN I /
NN )\ /1 /
Y / = H ’\“ [ ///’ 4/
S 7 i // -
/“ :r/// \ V...
i S
‘ / oy
) / 5,
"/ 74 I SN
Iy / P
M .
4 i J :
1117 )
, \
/ Mgz

9O0°W 88°'W 86°'W 84°W 82°W 80°W 78°W




2. Observations.

Between June 30 and July 18, 2010, interdisciplinary oceanographic observations were conducted jointly by NOAA’s Atlantic Oceanographic and Meteorological Laboratory (AOML) and Southeast Fisheries Science Center (SEFSC) aboard the NOAA Ship Nancy Foster (Figure 2).  A primary objective of this cruise was to assess the complex eddy field, formed by the LC, EF, and other associated frontal eddies, to determine the extent of connectivity between the predominant circulation features, and to document and sample any oil observed in the region.  

Shipboard sampling included conductivity-temperature-depth (CTD) casts conducted from the surface to 2000 m, expendable bathythermograph (XBT) deployments (temperature profiles from the surface to 850 m), surface net tows (505 µm mesh bongo and 947 µm mesh neuston), and profiling net tows to 100 m (505 µm mesh multiple opening and closing net environmental sampling system, MOCNESS).  The Sea-Bird Electronics (SBE) 9plus CTD was augmented with dual temperature (SBE 3), conductivity (SBE 4), and oxygen sensors (SBE 43); chlorophyll a (chl_a) and Colored Dissolved Organic Matter (CDOM) fluorometers (WET Labs ECO FL), a 24-Niskin bottle water sampler, and dual (upward and downward-looking) lowered Teledyne RD Instruments 300 kHz acoustic Doppler current profilers (LADCP).  Additionally, continuous underway measurements of the sea surface temperature, salinity, chl_a, and CDOM were collected using the ship flow-through seawater system, which was equipped with an SBE 21 thermosalinograph and Sea-Point chlorophyll and ultraviolet fluorometers.  Continuous measurements of upper ocean current velocity were recorded using the hull-mounted Teledyne RD Instruments 150 kHz acoustic Doppler current profiler (SADCP).  Satellite-tracked Lagrangian drifting buoys were also deployed during the survey.  Biological and chemical samples were collected from the lowered and towed equipment, as well as the flow-through seawater system.

Methods for observing surface oil and tar balls over the survey region included visual observations of the sea surface during daylight hours, surface net tows, and the flow-through CDOM system (comment here on why CDOM signal is a proxy for oil).  The search for oil and hydrocarbon contaminants within the water column primarily relied upon the CTD dissolved oxygen sensors and CTD CDOM fluorometer.  

The track of the cruise included 15 transects (labeled A-O, Figure 2).  The location for XBT deployments and CTD casts were selected based upon the daily fields of satellite-altimetry derived surface currents.  The cruise was divided in two sections: a) Miami to St. Petersburg, FL from June 30 through July 12, and b) St. Petersburg to Pascagoula, MS from July 13 through July 18.  The section coverage totaled approximately xxxx km.

Ryan, here you need to give a detail of how many CTD casts were made and why, how many XBT deployments were made and why, etc etc….
3. Analysis
The conditions in the GOM during summer of 2010 were unremarkable, with sea surface heights and sea surface temperatures only slightly lower than average (not shown).  Horizontal gradients of sea height fields were used to estimate daily surface geostrophic currents and, from their largest values, to determine the fronts associated with the cyclonic and anticyclonic features (Figure 1).  Current fields derived from satellite altimetry represent the dynamics at the ocean surface and have the advantage of a basin-wide coverage.  Although these fields cannot provide the spatial resolution similar to some satellite-derived maps of sea surface temperature, they have the advantage of not being affected by cloud contamination.  The fields of surface currents in the GOM highlight how highly variable the mesoscale features in this region are, with the LC extending from 24N to 28N and eddies being formed aperiodically.  The surface dynamics conditions between April and June 30, 2010 indicated that the LC extended a considerable distance to the north and west.  Geostrophic currents derived from satellite altimetry observations, together with surface drifter trajectories, indicated that EF would subsequently separate twice from the LC and rejoin it in June and August.   Over May and June 2010, remotely-sensed observations documented the initial separation of the anticyclonic EF from the LC and the subsequent interaction of these features with one another (including eddy reattachment in the second half of June).  By the end of June, the cyclonic circulation on either side of the EF/LC region of attachment had increased in size.  EF appeared to be separating from the LC for a second time and translating westward (Figure 1).  Concurrently, the LC remained in essentially the same location flowing northeastward up against the west Florida shelf before retroflecting towards the southeast and entering the Florida Straits. 

These circulation features were targeted for examination during the July survey and sampled using the methods previously described.  Water property and velocity measurements collected along occupied sections (Figure 2) were analyzed to assess the vertical structure of the circulation features observed and to characterize the physical connectivity between features.  Resident GOM “Common Water” or “Gulf Common Water (GCW, Nowlin, 1972), can be distinguished by a significantly diminished Subtropical Underwater (SUW) θ-S signature when compared to saltier LC waters within the same density range (Figure 3).  As a result, the LC, the anticyclonic rings that it sheds, and the associated frontal boundaries of these features can be identified through hydrography (references).  Additionally, LC rings may develop a unique θ-S relation, differentiating them from the LC when exposed to wind-driven mixing in winter months with the development of a deep mixed layer, followed by summertime heating and the restoration of a seasonal thermocline (ref here).  The resulting θ-S profile yields a region of constant salinity with decreasing temperature above the characteristic LC SUW signature.  In the case of Eddy Franklin, the depth of this interface was observed at approximately 130 m (double check all EF stations).  The corresponding θ-S profiles are clearly distinguishable from LC profiles (Figure 3).  

ADCP measurements of GOM surface currents collected during the July survey revealed surface circulation features similar to those observed in satellite altimetry fields utilized to guide this survey.  Shown in Figure 4a, in situ ADCP surface current velocity vectors are plotted overtop geostrophic surface currents derived from altimetry.  The highlighted section (Section E) was occupied from July 6-8, 2010 and corresponds with the daily AOML altimetry product shown for July 7th (a nine-day composite centered about the date).  Along the eastern half of the section, observations confirmed a retroflecting LC impinging upon the southwest Florida Shelf break.  Mixing of these LC waters with coastal waters of the West Florida Shelf and with GCW to the west was recorded.  This GCW was associated with a large cyclonic circulation observed westward of the LC retroflection.  The westernmost CTD/LADCP station along Section E, revealed the previously described LC ring θ-S signature (example shown in Figure 3) and was markedly different from the previous stations, indicating that the section had crossed into the anticyclonic EF circulation adjacent to the cyclonic frontal eddy.  The velocity section contoured in Figure 4b shows this station location to be approximately 40 km west of the strongest flow (XX cm/s) recorded between these circulating features.  

CTD/ADCP hydrography collected along Section E and subsequent sections (F-J) helped to parameterize the cyclone separating EF and the LC at the time.  ADCP data collected during several crossings of the frontal eddy revealed a surface intensified flow (upper 100 m) of approximately XX cm/s.  The feature possessed an approximate radius of 120 km.  The depth of the main thermocline, measured from both CTD/LADCP casts and densely spaced XBT deployments over the region (Figure 2), confirmed the size and location of this cold-core circulation.  Though not evident in Section E (Figure 4b), velocity and water property sections for transects G, H, and J revealed a cyclonic circulation extending to at least 2000 m (the maximum depth of our CTD/LADCP casts).  Deep velocities of 40-50 cm/s were observed.  It is unclear if the observed deep velocities (deeper than 1000 m) were directly related to the upper-ocean, surface-intensified circulation or with some other deep GOM circulation dynamic (VET THIS STATEMENT! model runs are ambiguous).  

Though EF core circulation was observed at the western end of Section E, subsequent transects G-J, conducted over the following four days (July 8-12, 2010), encountered no clearly definable EF θ-S signatures, confirming the westward translation and meridional flattening of the anticyclone documented in the altimetry fields for this period.  Waters circulating in the cyclonic frontal eddy separating EF from the LC primarily exhibited GCW θ-S profile characteristics; however, mixed profiles were also observed, suggesting mixing along frontal boundaries.  Although this mixing may have provided for an indirect pathway between EF and LC, no direct linkage between the two features was observed.  Additionally, using the observational methods available (see Observations), no evidence of oil was observed at the surface or within the upper 2000 m water column over this region.  Volume transport associated with the flow circulating about the axis of the cyclonic feature was calculated from merged LADCP and SADCP Transect G velocity section data (single crossing).  The upper 2000 m transport was calculated to be 73 Sverdrups (Sv, 1 Sv ≡ 106m3s-1).  Flow in the upper 800 m comprised 35 Sv of this total (Florida Straits sill depth = 800 m). 

Two radial transects were conducted across EF during the survey (Sections L and M, Figure 2).  The first section confirmed an elongated radius of approximately 250 km.  The strongest velocities associated with the anticyclonic circulation were located between the surface and 200 m (surface intensified) and reached a maximum of 108 cm/s approximately 160 km from the center of circulation.  EF θ-S signatures were observed at all CTD/LADCP stations inside of this distance.  Beyond 160 km, GCW was entrained in the EF circulation.  Section M, conducted from the approximate center of EF circulation to the MC 252 wellhead, revealed an eddy radius of approximately 200 km.  As with the preceding transect, the flow structure was surface intensified.  However, the strongest velocities observed (160 cm/s) were located 110 km from the center of the anticyclone, proportionally closer to the center of the eddy circulation.  Though CTD/LADCP stations were limited along Section M due to time constraints, continuous SADCP data collection allowed for the targeted positioning of stations on either side of this maximum velocity boundary.  Water within this boundary possessed an EF θ-S relation, while the CTD/LADCP cast external to this boundary recorded the presence of GCW.  ADCP data collected across Transect M shows circulation associated with EF appears to extend to a depth of 1120 m..

Attn Coauthors:

I have not finished this section yet and still need to add additional discussion and conclusion.  Additionally, I’m going to add more plots than we originally planned (which I will attach below).  These still need to be worked in to the text.

Regards,

Ryan

(NOTE HERE: The following should be in analysis/results) Near-field sampling suggested that subsurface (~1100 m) hydrocarbon plumes were producing irregular spikes in CDOM and dissolved oxygen sensor traces, specifically a sharp increase in CDOM fluorescence accompanied with a sharp decrease in dissolved oxygen concentration.  
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Figure 3.  The relationship of potential temperature (θ) to Salinity (S), for CTD profiles collected during the survey are shown in the above θ-S diagram over contours of constant density (kg m3). Three characteristic profiles (examples from selected stations) have been highlighted: GCW (cyan), LC (magenta), and EF (yellow).

NOTE: I still need to add a more thorough description of colors and types to the text.
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Figure 4.  Altimetry-derived geostrophic surface currents (gray arrows) are shown above in panel 4a for July 7, 2010 (a 9-day composite, centered about the date).  The survey track and in situ surface currents (green vectors) as recorded by the ship’s SADCP are also shown.  The section highlighted in orange (Section E) was occupied July 6-8, 2010.  The vertical velocity section for this transect has been plotted in 4b. 

NOTE: I will also insert similar panels for sections J and L.
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Figure 5 [IN PROGRESS] SADCP vectors and CTD/LADCP station markers are shown above for the July survey.  Station markers are color coded corresponding with θ-S profile types observed at that location: GCW (cyan), LC (magenta), EF (yellow), coastal (green), mixed (black). (NOTE: station 58 is not EF, I need to fix this.)
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Preliminary Parts: Figure 4c – 4f [IN PROGRESS]
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Figure 2.  NOAA Ship Nancy Foster southeastern GOM survey track and sampling locations conducted in July 2010.  Hydrographic sections occupied during the cruise are identified with the lettering convention shown above.
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