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CONTEXT - GEOGRAPHY
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CONTEXT - OUTFLOW PROPERTIES

- Persian Gulf Outflow (warm and salty waters) through the
Strait of Hormuz (~ 40-100 m).

- Neutral buoyancy at ~ 200-300 m.
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[climatologies derived from ARGO floats (2006-2010), figures from Carton et al. 2012]



CONTEXT - DYNAMICAL ENVIRONMENT

5oy Fersian Gulf Outflow (200 m) Med. Outflow (1000 m)
37°N|
24°N| E] 35Nl
56°E 58°E 60°E 10°W W W
Denmark Strait Outflow (600 m) Faroe Bank Ch. Outflow (800 m)
el
Q
<
W 10°W
0 200 400 600 800 1000
EAPE [cm® 577%)

[Eddy Available Potential Energy derived from ARGO floats, Roullet et al. 2014]
- Shallow equilibrium depth (~ 200-300 m)
- Western Boundary : high level of mesoscale turbulence (remotely
forced)



CONTEXT - DYNAMICAL ENVIRONMENT
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- Shallow equilibrium depth (~ 200-300 m)

- Western Boundary : high level of mesoscale turbulence (remotely
forced)

- Confined environment : westward drifting eddies are trapped and

interact with the topography (continental slope)

Similarity with the Red Sea Outflow — Eddy-outflow interactions are to
be expected [iicak et al. 2011, Bower & Furey 2012]
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REALISTIC SIMULATION (4 YEARS)

- ROMS one-way nested
configuration (black rectangle)
from an Arabian Sea solution at
Az = 6.6 km.

- Az = 2 km, submesoscale
permitting (Ry = 41 km).

- Monthly climatological forcing :

QuikSCOW wind stress and
ICOADS heating and freshwater
40E 50E 60E 70E fluxes.
UL JU——————— - Semi-analytical western boundary

in the shallow Strait of Hormuz
from moored ADCPs and T-S
measurements (Johns et al. 2003]
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AN INTERMITTENT SLOPE CURRENT CONTAINING PGW
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- The slope current is discontinuous and intermittent along the
southern boundary (expected from Coriolis force).

- Salt is rapidly diluted from the Strait to the end of the Gulf.
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ROLE OF MESOSCALE EDDIES
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- The fate of the outflow is
tightly linked with
surface intensified
mesoscale eddies, at a
seasonal time scale.

— Cyclones steer PGW
southward.

— Anticyclones steer
PGW northward.
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SUBMESOSCALE COHERENT VORTICES (SCVS) CONTAIN PGW

- Mesoscale eddies,
remotely formed
and propagating
into the Gulf, detach
fragments of PGW
from the slope.

- PGW is trapped into,
above or beneath

1050 1100 1150 1200 1250 1050 1100 1150 1200 1250 1050 1100 1150 1200 1250 SCVS
Distance [km]

-2 -1 o 1 2 23 24 25 26 27 28 355 36.0 36.5 37.0
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- SCV properties: ||/f ~ 1, L < Ry, core located at depth
~100-300 m

polarity : opposed to the neighbouring mesoscale eddy,
trajectory : advection along the edges of mesoscale eddies.
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SCV LIFE CYCLE

- Short life cycle :
< 10 days

- Strong surrounding
deformation field :
—div. 0 = ug + vy ~ f
—shear s = v, +uy ~ f

o = g ; — straino = v, — vy ~ f
, o Thus competing with .
loguo JPDE(C) - Limit of resolution of the
Joint Probability Density Function of model ?

¢ = vy — uy and

o= [(vz + “y)2 + (ug — Uy)z} 1/2'
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PASSIVE ROLE OF THE OUTFLOW ?

0.010

= ... - Non Co-localization

= S | of the salt
(hydrological) and
relative vorticity
(dynamical) cores.

- PGW is embedded
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- How SCVs are formed ?
- |s the outflow passive in the formation of SCVs ?
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IDEALIZED EXPERIMENT - SET UP
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- |dealized Gulf of Oman : extents, Ry, Az, ...

- Free decay of mesoscale eddies with a realistic energy level.
- With/without bottom friction (linear drag, Cp =310~* ms™1)
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BOUNDARY LAYER DYNAMICS

—~ Mesoscale eddies have a strong

imprint on ¢ at depth [carton et al. 2012,
L'Hégaret et al. 2013].
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BOUNDARY LAYER DYNAMICS

- Mesoscale eddies have a strong
imprint on ¢ at depth [cartonetal. 2012,
L'Hégaret et al. 2013].

- Intense vorticity strips are

200 . generated in boundary layers

[C|/f > 1. They roll up in the

interior into SCVs, being unstable

~600 ‘ for the centrifugal instability

(¢ < 0) or barotropic (shear)
|nStab|l|ty (C > 0) [D'Asaro 1988, Molemaker

A XA/
100915220 225 230 235 240 245 250 255 et al. 2014, Gula et al. 2015].
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BOUNDARY LAYER DYNAMICS
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—~ Mesoscale eddies have a strong

imprint on ¢ at depth [carton et al. 2012,
L'Hégaret et al. 2013].

Intense vorticity strips are
generated in boundary layers
[C|/f > 1. They roll up in the
interior into SCVs, being unstable
for the centrifugal instability

(¢ < 0) or barotropic (shear)
|nstablllty (< > O) [D'Asaro 1988, Molemaker
et al. 2014, Gula et al. 2015].

Friction acts on mesoscale eddy
velocity and neither topographic
irregularity nor density current is
required for detachment of SCVs.
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ENSTROPHY SOURCE ON THE CONTINENTAL SLOPE

- The enstrophy ¢2/2 source is
. localized on the continental slope
T e where mesoscale eddies drag.
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ENSTROPHY SOURCE ON THE CONTINENTAL SLOPE
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ENSTROPHY SOURCE ON THE CONTINENTAL SLOPE
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0* - The enstrophy ¢?/2 source is
1007 localized on the continental slope
where mesoscale eddies drag.
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- Experiments with/without bottom
stress highlight that the enstrophy
source is due to friction.

- The ROMS model (o-coordinates)
vertical boundary layer implies a
horizontal shear layer

[Molemaker et al. 2014, Gula et al. GRL 2015].
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LAGRANGIAN PERSPECTIVE

- Continuous release of

= synthetic particles in the

s Strait at the outflow depth
o [code described in Gula et al. JPO 2014]
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LAGRANGIAN PERSPECTIVE

= - Continuous release of
synthetic particles in the
Strait at the outflow depth

[code described in Gula et al. JPO 2014]

- Diffusion-like dispersion of
particles : linear in time,

wE  wE  0E typical of a random-walk

EEETy S process.

' < d?(t) >=4Dt

- Eddy diffusivity
D ~ 2000 m?s~!, similar to
highly diffusive regimes
(ACC, D ~ 3000 m? s~}

%0 o5 10 15 20 25 [Abernathey et al. 2010])
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CONCLUSION

How mesoscale eddies interact with the Persian Gulf Out-

flow ? How is PGW spread in the Gulf of Oman ?

- Eddy-topography interactions produce high vorticity strips
that roll up into Submesoscale Coherent Vortices. Friction is
responsible for the generation of enstrophy in boundary
layers, especially on the continental slope.

- These SCVs trap Persian Gulf Water and participate actively
to its spreading in the Gulf of Oman.

- Small-scale eddy-topography interactions lead to turbulent
diffusion processes that have a large-scale effect on the salt
distribution.
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SENSITIVITY TO THE BOTTOM STRESS [1/2]

How is the boundary layer sensitive to the bottom stress
parameterization?

Same experiments with :

1

2.
3.

Linear bottom stress: 7, = —po Cﬁ"u, constant Cp

Quadratic bottom stress : 7, = —po C4““?||u||u, constant Cp
Quadratic bottom stress with a variable Cp :

CVonKa'rman _ K 2
D — \log(Azy/z) ) !

x = 0.41 : Von Karman constant,
2. roughness parameter O(1072 — 1073 m)



SENSITIVITY TO THE BOTTOM

STRESS [2/2]

Type Cp <=l > std(upottom)
[x10"3Nm~?] [ems™!]
Linear 3.010 Tms— ! 12.4 47
Linear 6.010 *ms—?! 17.1 (+38%) 3.3 (-30%)
Quadratic 2510 ° 87 51
Quadratic 5.01073 12.2 (+28%) 4.2 (-18%)
Quadratic with varying 79 51

Von Karman Cp

0.06 T T

0.05 -

=)
=}
=

0.03 Ft

— O =310"ms"'
- Cpr=610"ms"

— cp =25 1070

- ot =510

cfremen =

Bottom stress [N m 2]

. .
60 80 100 120
Time [days]

24



	Context & Issues
	Phenomenology - Realistic Simulation
	Processes - Idealized Simulation
	Turbulent Diffusion
	Conclusions

	0: 
	0: 
	1: 
	2: 
	3: 
	4: 
	5: 
	6: 
	7: 
	8: 
	9: 
	10: 
	11: 
	12: 
	13: 
	14: 
	15: 
	16: 
	17: 
	18: 
	19: 
	20: 
	21: 
	22: 
	23: 
	24: 
	25: 
	26: 
	27: 
	28: 
	29: 
	30: 
	31: 
	32: 
	33: 
	34: 
	35: 
	36: 
	37: 
	38: 
	39: 
	40: 
	41: 
	42: 
	43: 
	44: 
	45: 
	46: 
	47: 
	48: 
	49: 
	50: 
	51: 
	52: 
	53: 
	54: 
	55: 
	56: 
	57: 
	58: 
	59: 
	60: 
	61: 
	62: 
	63: 
	64: 
	65: 
	66: 
	67: 
	68: 
	69: 
	70: 
	71: 
	72: 
	73: 
	74: 
	75: 
	76: 
	77: 
	78: 
	79: 
	80: 
	81: 
	82: 
	83: 
	84: 
	85: 
	86: 
	87: 
	88: 
	89: 
	90: 
	91: 
	92: 
	93: 
	94: 
	95: 
	96: 
	97: 
	98: 
	99: 
	100: 
	101: 
	102: 
	103: 
	104: 
	105: 
	106: 
	107: 
	108: 
	109: 
	110: 
	111: 
	112: 
	113: 
	114: 
	115: 
	116: 
	117: 
	118: 
	119: 
	120: 
	121: 
	122: 
	123: 
	124: 
	125: 
	126: 
	127: 
	128: 
	129: 
	130: 
	131: 
	132: 
	133: 
	134: 
	135: 
	136: 
	137: 
	138: 
	139: 
	140: 
	141: 
	142: 
	143: 
	144: 
	145: 
	146: 
	147: 
	148: 
	149: 
	150: 
	151: 
	152: 
	153: 
	154: 
	155: 
	156: 
	157: 
	158: 
	159: 
	160: 
	161: 
	162: 
	163: 
	164: 
	165: 
	166: 
	167: 
	168: 
	169: 
	170: 
	171: 
	172: 
	173: 
	174: 
	175: 
	176: 
	177: 
	178: 
	179: 
	180: 
	181: 
	182: 
	183: 
	184: 
	185: 
	186: 
	187: 
	188: 
	189: 
	190: 
	191: 
	192: 
	193: 
	194: 
	195: 
	196: 
	197: 
	198: 
	199: 
	200: 
	201: 
	202: 
	203: 
	204: 
	205: 
	206: 
	207: 
	208: 
	209: 
	210: 
	211: 
	212: 
	213: 
	214: 
	215: 
	216: 
	217: 
	218: 
	219: 
	220: 
	221: 
	222: 
	223: 
	224: 
	225: 
	226: 
	227: 
	228: 
	229: 
	230: 
	231: 
	232: 
	233: 
	234: 
	235: 
	236: 
	237: 
	238: 
	239: 
	240: 
	241: 
	242: 
	243: 
	244: 
	245: 
	246: 
	247: 
	248: 
	249: 
	250: 
	251: 
	252: 
	253: 
	254: 
	255: 
	256: 
	257: 
	258: 
	259: 
	260: 
	261: 
	262: 
	263: 
	264: 
	265: 
	266: 
	267: 
	268: 
	269: 
	270: 
	271: 
	272: 
	273: 
	274: 
	275: 
	276: 
	277: 
	278: 
	279: 
	280: 
	281: 
	282: 
	283: 
	284: 
	285: 
	286: 
	287: 
	288: 
	289: 
	290: 
	291: 
	292: 
	293: 
	294: 
	295: 
	296: 
	297: 
	298: 
	299: 
	300: 
	301: 
	302: 
	303: 
	304: 
	305: 
	306: 
	307: 
	308: 
	309: 
	310: 
	311: 
	312: 
	313: 
	314: 
	315: 
	316: 
	317: 
	318: 
	319: 
	320: 
	321: 
	322: 
	323: 
	324: 
	325: 
	326: 
	327: 
	328: 
	329: 
	330: 
	331: 
	332: 
	333: 
	334: 
	335: 
	336: 
	337: 
	338: 
	339: 
	340: 
	341: 
	342: 
	343: 
	344: 
	345: 
	346: 
	347: 
	348: 
	349: 
	350: 
	351: 
	352: 
	353: 
	354: 
	355: 
	356: 
	357: 
	358: 
	359: 
	360: 
	361: 
	362: 
	363: 
	364: 
	365: 
	366: 
	367: 
	368: 
	369: 
	370: 
	371: 
	372: 
	373: 
	374: 
	375: 
	376: 
	377: 
	378: 
	379: 
	380: 
	381: 
	382: 
	383: 
	384: 
	385: 
	386: 
	387: 
	388: 
	389: 
	390: 
	391: 
	392: 
	393: 
	394: 
	395: 
	396: 
	397: 
	398: 
	399: 
	400: 
	401: 
	402: 
	403: 
	404: 
	405: 
	406: 
	407: 
	408: 
	409: 
	410: 
	411: 
	412: 
	413: 
	414: 
	415: 
	416: 
	417: 
	418: 
	419: 
	420: 
	421: 
	422: 
	423: 
	424: 
	425: 
	426: 
	427: 
	428: 
	429: 
	430: 
	431: 
	432: 
	433: 
	434: 
	435: 
	436: 
	437: 
	438: 
	439: 
	440: 

	anm0: 
	1: 
	0: 
	1: 
	2: 
	3: 
	4: 
	5: 
	6: 
	7: 
	8: 
	9: 
	10: 
	11: 
	12: 
	13: 
	14: 
	15: 
	16: 
	17: 
	18: 
	19: 
	20: 
	21: 
	22: 
	23: 
	24: 
	25: 
	26: 
	27: 
	28: 
	29: 
	30: 
	31: 
	32: 
	33: 
	34: 
	35: 
	36: 
	37: 
	38: 
	39: 
	40: 
	41: 
	42: 
	43: 
	44: 
	45: 
	46: 
	47: 
	48: 
	49: 
	50: 
	51: 
	52: 
	53: 
	54: 
	55: 
	56: 
	57: 
	58: 
	59: 
	60: 
	61: 
	62: 
	63: 
	64: 
	65: 
	66: 
	67: 
	68: 
	69: 
	70: 
	71: 
	72: 
	73: 
	74: 
	75: 
	76: 
	77: 
	78: 
	79: 
	80: 
	81: 
	82: 
	83: 
	84: 
	85: 
	86: 
	87: 
	88: 
	89: 
	90: 
	91: 
	92: 
	93: 
	94: 
	95: 
	96: 
	97: 
	98: 
	99: 
	100: 
	101: 
	102: 
	103: 
	104: 
	105: 
	106: 
	107: 
	108: 
	109: 
	110: 
	111: 
	112: 
	113: 
	114: 
	115: 
	116: 
	117: 
	118: 
	119: 
	120: 
	121: 
	122: 
	123: 
	124: 
	125: 
	126: 
	127: 
	128: 
	129: 
	130: 
	131: 
	132: 
	133: 
	134: 
	135: 
	136: 
	137: 
	138: 
	139: 
	140: 
	141: 
	142: 
	143: 
	144: 
	145: 
	146: 
	147: 
	148: 
	149: 
	150: 
	151: 
	152: 
	153: 
	154: 
	155: 
	156: 
	157: 
	158: 
	159: 
	160: 

	anm1: 
	2: 
	0: 
	1: 
	2: 
	3: 
	4: 
	5: 
	6: 
	7: 
	8: 
	9: 
	10: 
	11: 
	12: 
	13: 
	14: 
	15: 
	16: 
	17: 
	18: 
	19: 
	20: 
	21: 
	22: 
	23: 
	24: 
	25: 
	26: 
	27: 
	28: 
	29: 
	30: 
	31: 
	32: 
	33: 
	34: 
	35: 
	36: 
	37: 
	38: 
	39: 
	40: 
	41: 
	42: 
	43: 
	44: 
	45: 
	46: 
	47: 
	48: 
	49: 
	50: 
	51: 
	52: 
	53: 
	54: 
	55: 
	56: 
	57: 
	58: 
	59: 
	60: 
	61: 
	62: 
	63: 
	64: 
	65: 
	66: 
	67: 
	68: 
	69: 
	70: 
	71: 
	72: 
	73: 
	74: 
	75: 
	76: 
	77: 
	78: 
	79: 
	80: 
	81: 
	82: 
	83: 
	84: 
	85: 
	86: 
	87: 
	88: 
	89: 
	90: 
	91: 
	92: 
	93: 
	94: 
	95: 
	96: 
	97: 
	98: 
	99: 
	100: 
	101: 
	102: 
	103: 
	104: 
	105: 
	106: 
	107: 
	108: 
	109: 
	110: 
	111: 
	112: 
	113: 
	114: 
	115: 
	116: 
	117: 
	118: 
	119: 
	120: 
	121: 
	122: 
	123: 
	124: 
	125: 
	126: 
	127: 
	128: 
	129: 
	130: 
	131: 
	132: 
	133: 
	134: 
	135: 
	136: 
	137: 
	138: 
	139: 
	140: 
	141: 
	142: 
	143: 
	144: 
	145: 
	146: 
	147: 
	148: 
	149: 
	150: 
	151: 
	152: 
	153: 
	154: 
	155: 
	156: 
	157: 
	158: 
	159: 
	160: 
	161: 
	162: 
	163: 
	164: 
	165: 
	166: 
	167: 
	168: 
	169: 
	170: 
	171: 
	172: 
	173: 
	174: 
	175: 
	176: 
	177: 
	178: 
	179: 
	180: 
	181: 
	182: 
	183: 
	184: 
	185: 
	186: 
	187: 
	188: 
	189: 
	190: 
	191: 
	192: 
	193: 
	194: 
	195: 
	196: 
	197: 
	198: 
	199: 
	200: 
	201: 
	202: 
	203: 
	204: 
	205: 
	206: 
	207: 
	208: 
	209: 
	210: 
	211: 
	212: 
	213: 
	214: 
	215: 
	216: 
	217: 
	218: 
	219: 
	220: 
	221: 
	222: 
	223: 
	224: 
	225: 
	226: 
	227: 
	228: 
	229: 
	230: 
	231: 
	232: 
	233: 
	234: 
	235: 
	236: 
	237: 
	238: 
	239: 
	240: 
	241: 
	242: 
	243: 
	244: 
	245: 
	246: 
	247: 
	248: 
	249: 
	250: 
	251: 
	252: 
	253: 
	254: 
	255: 
	256: 
	257: 
	258: 
	259: 
	260: 
	261: 
	262: 
	263: 
	264: 
	265: 
	266: 
	267: 
	268: 
	269: 
	270: 
	271: 
	272: 
	273: 
	274: 
	275: 
	276: 
	277: 
	278: 
	279: 
	280: 
	281: 
	282: 
	283: 
	284: 
	285: 
	286: 
	287: 
	288: 
	289: 
	290: 
	291: 
	292: 
	293: 
	294: 
	295: 
	296: 
	297: 
	298: 
	299: 
	300: 
	301: 
	302: 
	303: 
	304: 
	305: 
	306: 
	307: 
	308: 
	309: 
	310: 
	311: 
	312: 
	313: 
	314: 
	315: 
	316: 
	317: 
	318: 
	319: 
	320: 
	321: 
	322: 
	323: 
	324: 
	325: 
	326: 
	327: 
	328: 
	329: 
	330: 
	331: 
	332: 
	333: 
	334: 
	335: 
	336: 
	337: 
	338: 
	339: 
	340: 
	341: 
	342: 
	343: 
	344: 
	345: 
	346: 
	347: 
	348: 
	349: 
	350: 
	351: 
	352: 
	353: 
	354: 
	355: 
	356: 
	357: 
	358: 
	359: 
	360: 
	361: 
	362: 
	363: 
	364: 
	365: 
	366: 
	367: 
	368: 
	369: 
	370: 
	371: 
	372: 
	373: 
	374: 
	375: 
	376: 
	377: 
	378: 
	379: 
	380: 
	381: 
	382: 
	383: 
	384: 
	385: 
	386: 
	387: 
	388: 
	389: 
	390: 
	391: 
	392: 
	393: 
	394: 
	395: 
	396: 
	397: 
	398: 
	399: 
	400: 
	401: 
	402: 
	403: 
	404: 
	405: 
	406: 
	407: 
	408: 
	409: 
	410: 
	411: 
	412: 
	413: 
	414: 
	415: 
	416: 
	417: 
	418: 
	419: 
	420: 
	421: 
	422: 
	423: 
	424: 
	425: 
	426: 
	427: 
	428: 
	429: 
	430: 
	431: 
	432: 
	433: 
	434: 
	435: 
	436: 
	437: 
	438: 
	439: 
	440: 
	441: 
	442: 
	443: 
	444: 
	445: 
	446: 
	447: 
	448: 
	449: 
	450: 
	451: 
	452: 
	453: 
	454: 
	455: 
	456: 
	457: 
	458: 
	459: 
	460: 
	461: 
	462: 
	463: 
	464: 
	465: 
	466: 
	467: 
	468: 
	469: 
	470: 
	471: 
	472: 
	473: 
	474: 
	475: 
	476: 
	477: 
	478: 
	479: 
	480: 
	481: 
	482: 
	483: 
	484: 
	485: 
	486: 
	487: 
	488: 
	489: 
	490: 
	491: 
	492: 
	493: 
	494: 
	495: 
	496: 
	497: 
	498: 
	499: 
	500: 
	501: 
	502: 
	503: 
	504: 
	505: 
	506: 
	507: 
	508: 
	509: 
	510: 
	511: 
	512: 
	513: 
	514: 
	515: 
	516: 
	517: 
	518: 
	519: 
	520: 
	521: 
	522: 
	523: 
	524: 
	525: 
	526: 
	527: 
	528: 
	529: 
	530: 
	531: 
	532: 
	533: 
	534: 
	535: 
	536: 
	537: 
	538: 
	539: 
	540: 
	541: 
	542: 
	543: 
	544: 
	545: 
	546: 
	547: 
	548: 
	549: 
	550: 
	551: 
	552: 
	553: 
	554: 
	555: 
	556: 
	557: 
	558: 
	559: 
	560: 
	561: 
	562: 
	563: 
	564: 
	565: 
	566: 
	567: 
	568: 
	569: 
	570: 
	571: 
	572: 
	573: 
	574: 
	575: 
	576: 
	577: 
	578: 
	579: 
	580: 
	581: 
	582: 
	583: 
	584: 
	585: 
	586: 
	587: 
	588: 
	589: 
	590: 

	anm2: 


