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The barotropic vorticity budget of the Weddell Gyre
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Gyres are basin scale circulations in the
world ocean

Features

e Significant meridional transport (~10 Sv)

* Closed by intense western boundary
currents

e Often driven by a wind stress curl
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Error in HAadGEM3-GC3.1

In the North Atlantic (Subtropical)

e Systematic error off Western coast

e ~7°Cerrorinl degree HADGEM3 model

* Error is reduced in higher resolution
models

* Becomes highly sensitive to bathymetry -
‘bathymetric steering’

Scaife et al. 2011
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Error in HAadGEM3-GC3.1

In the Southern Ocean (Subpolar)

® Poor representat|on Of ACC transport at | | | A | | . Jonéthan etAaI., 202-0 EGU C?eneralAssemb?vZOZO‘
h|gher reSO|ut|OnS Donohue et al. 2016
. T “Jgh 1° — acceptable
. O T e O eredith et al. 2011
* ACC transport is weakest at 1/4° g0
B oo | ot ' 1/12° — poor T
* Attributed to slumping of isopycnals Wi ik ok 1/4° — bad
near southern boundary Al
2 . ch ‘," l i 4.
* Consequently related to strengthening .~ & & & & & ¢ & & & & 7 & 7 &
Of the WEddE" Gyre (WG) Evolution of ACC transport for R1, R4 and R12 HadGEM3-GC3.1 models
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Error in HAadGEM3-GC3.1

Figure from D. Storkey

In the Southern Ocean (Subpolar)

* WG strengthening occurs in the
uncoupled global model also.

* WG transport increases with resolution

Resolution:
Transport ~17 Sv

WG extent increases with resolution

: o ,,;090 ,L%'QQ ,L'»‘QQ ,\090 :\-QQ & AT \?90 ,1};00 ,ﬁ,.& ’,;,}_00
* WG expands into Drake passage at 1/4 S AN i
an d 1 / 120 FESO| utio ] Stream function of Weddell Gyre in uncoupled model (10 yr average)

White contours show bathymetry (every 700 m)
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Error in HAadGEM3-GC3.1

Figure from D. Storkey

In the Southern Ocean (Subpolar)

* WG strengthening occurs in the
uncoupled global model also.

* WG transport increases with resolution

Resolutions’1/4°
Transport ~ 31 Sv

WG extent increases with resolution

. o o ,13:90 ,,;;QQ 3 &8 \y-& ,\;,96 ,3:00 73
* WG expands into Drake passage at 1/4 oo N
and 1 / 12° resolution Stream function of Weddell Gyre in uncoupled model (10 yr average)

White contours show bathymetry (every 700 m)
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Error in HAadGEM3-GC3.1

Figure from D. Storkey

In the Southern Ocean (Subpolar)

* WG strengthening occurs in the
uncoupled global model also.

* WG transport increases with resolution |
Resolution:1/12°
Transport ~ 28 Sv

WG extent increases with resolution
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* WG expands into Drake passage at 1/4 v
an d 1 / 120 resol utio N Stream function of Weddell Gyre in uncoupled model (10 yr average)

White contours show bathymetry (every 700 m)
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Error in HAadGEM3-GC3.1

Figure from D. Storkey

Additional model behaviours

* Adding partial slip boundary condition
helps to reduce WG transport

Resolutions’1/4°
Transport ~ 31 Sv

* Using Gent-McWilliams reduces the
transport but reduces eddy energies

' B >
* Adjusting the scheme for the Coriolis T S R S S S o
force affects the WG transport
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Project Aims

Project aims

 Study the vorticity budget of the Weddell
Gyre Main focus of this

‘ presentation

e Compare results with a simple box model
(GYRE PISCES)

* |dentify any increased forcing or reduced
dissipation at higher resolutions

RESEARCH d %’ OXFORD
Met Office




Vorticity and Gyres

Introducing the barotropic vorticity equation

% - (fU) = V- QU 4V x (5 V2{ + VP x VH
E—_h'(f)_ pe(CU) +V X oH ) —1r{tkK ("‘E X

Obtained by taking the curl of the barotropic momentum equation

U is the depth-integrated velocity
¢ is the depth-integrated relative vorticity
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Vorticity and Gyres

Introducing the barotropic vorticity equation

d¢ T 1
S P
EZ—Vh'(fU)—Vh'((U)‘FVX _H 'k—T(+KV2(+—VPXVH
P Po
\ | \ |
- -— — ' Y |
Time Coriolis forcing Advection Wind stress curl  Bottom Lateral Bottom
evolution = [V of relative drag diffusion pressure
of for vorticity (linear) torque
relative  incompressible Corresponding
vorticity flow codes for model
vorticity trends
TOT PVO ADV WND FRC LDF HPG

s, 12,
RESEARCH d = OXFORD

Met Office




Vorticity and Gyres

Different balances characterise different types of Gyres

¢ Ts 1
%F\_ —vh.(fU)—N+Vx(pH> k —r{ +K +EM

For example a steady, linear flow in the absence of bathymetry and diffusion

This is the vorticity balance of the Stommel (1948) gyre.
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Local balances

We can identify the leading order balances in local areas

(we will come back to this plot later)
Two largest

350 contributions
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Contour integrations

Local balances are useful but it can be difficult to determine how the gyre transport
is affected.

Instead then, we choose to integrate over the area enclosed by the streamlines.

1(1p)=ffA¢ ngM)-E.dA=36¢ M - dl

Y —
Vorticity diagnostic associated Work done per unit mass on a
with momentum diagnostic fluid column circulating the
(force per unit mass) M gyre once
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Contour integrations

Before we get to results, let’s summarise the full procedure

1. Depth integrate momentum trend m

mu MU
20 + 50 -
45 A 45
Depth
40 A

integrate 407

35 - _ 35 1
30 - 30 -
25 - 25 - \
20 - 20 -

-85 -80 =75 =70 -65 -60 -55 -85 -80 =75 =70 -65 —60 -55
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Contour integrations

Before we get to results, let’s summarise the full procedure

2. Take the curl of M using M,, and M,,

50 A 50 A+
97 “ 45 1
40 A 40 4
Curl
30 1 30 1
25 1 25 1
20 20 4
-85 —-80 =75 =70 —65 —-60 =55 -85 —-80 =75 =70 —65 -

RESEARCH

60 -55
/ UNIVERSITY OF
ENVIRONMENTAL ' {
Met Office

GYRE box model is used for illustrative purposes s ’e




Contour integrations

Before we get to results, let’s summarise the full procedure

3. Interpolate VX M - k to a fine grid to minimise edge effects when integrating

VXM-n VXxM-n
50 4 50
45 +
Interpolate
10 to 1/12° 40
30 + 30
25 1 25 1
20 - 20 -
S 0 s T s o e e =

UNIVERSITY OF
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GYRE box model is used for illustrative purposes e @




Contour integrations

Before we get to results, let’s summarise the full procedure

4. Mask values outside of a given streamline Y (using Scikit-image)

VxM-RA VxM-RA

501 Mask 297

45 outside of 45 a—
streamline )

40 ) 40 PR

35 1 > _ 35 1 :

30 30 G

25 - 95

20 - - 20 - —

85 -80 -75 -70  —65  —60  —55 85 -80 -75 -70  —65  —60  —55

GYRE box model is used for illustrative purposes
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Contour integrations

Before we get to results, let’s summarise the full procedure

5. Integrate over enclosed area

VXM-n

50 -
45 .
107 Integrate
30 1
25
20 —

85  -80 -75  -70  —-65  —-60  —55

UNIVERSITY OF
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GYRE box model is used for illustrative purposes e @




Contour integrations

Before we get to results, let’s summarise the full procedure

Depth integrate momentum trend m
Take the curl of M using M,, and M,
Interpolate VX M - k to a fine grid to minimise edge effects when integrating

Mask values outside of a given streamline (using Scikit-image)

A S

Integrate over enclosed area
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Weddell Gyre results

Integrating area

=== Num. j3
I PVO
=— 1000 - A8 i @ BPT
| s LDF
m; e WND
Discontinuity — Weddell Gyre [ NLA
is due to x.% 500 - i Spinning down 1 FRC
M
enforced 3 \ he Weddell
contour %,;D N T e e RS s As t e'WeI ell
. . Q) ]
criteria < 0 e Gyre C|rc.u ates in
i= . . a clockwise
§ direction
S =500 -  Spioning up § dlisin the
ks | | | opposite
£ : direction to the
o i ! ! ;
Valueof = _ 190 i i i i . flow
streamline 0 10 20 30 40) 50 60

integrated === Barotropic stream function ¥ [Sv]
inside of Tl D W i v o
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Weddell Gyre results

Integrating area

===+ Num.
1 PVO
. m BPT
This is a <~ 1000 ~
e . s LDF
stlac e z;\]rea ME BN WND
ot so this =’
P Weddell Gyre T NLA
arrow | Spinning down | FRC

indicates the
value for HPG

: High 1 contours
o are smaller and
i Spinning up

lie in the Gyre
interior

—500 A

Vorticity area integral ()

Low 3 contours .

are large and lie 0 10 20 30 40 50 60

close to the ACC Barotronic st function 1 [S }
. arotroplic strealrn 1runccliorn Vv
and Antarctic P
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Weddell Gyre results

Bottom pressure 5
torqueisa
significant drag

orticity area integral I(v)[mfs™

Wind stress
curl spins the
Gyre up

1000 1

500 -

—500 A

Integrating area

Weddell Gyre

| Spinning down

Nl

| Spinning up

—1000

0
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40 50

Barotropic stream function ¢ [Sv]
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Num. g3
PVO
BPT
LDF

WND
NLA

FRC

is the
dominant
opposing force?
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Why is PVO so big?

Analytically we would expect the Coriolis contribution to be zero

IPVO(l/J)=ffA Vx(—fExU)-Ez—ffA v, - (fU) dA
Y Y

Using the divergence theorem we would expect As the flow is parallel
to the streamlines

Ivo () = — fwfu Ads =0

RESEARCH d %’ OXFORD
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Why is PVO so big?

On the model (C) grid would we expect the same? N\ X N\

Data points lie on a staggered grid > L ¢ > ® >

* Scalar values (e.g. SSH) on T points X Vil FX N X

* Velocities on U and V points > T ¢ 5: ? >
X A

* Vorticities and stream functions (e.g. f and iy ) on F points

RESEARCH d %’ OXFORD
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Why is PVO so big?

Calculating the Coriolis force is not trivial N\ X N\
The exact method depends on which Coriolis > ) ¢ > b ¢ >
scheme is used.

A X

An example of a
North-East F triad

In this case the EEN (energy and enstrophy
conserving scheme) is used.

>

EEN relies on thickness weighted triads of F
points.

ENVIRONMENTAL ’e‘ g ‘
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Why is PVO so big?

The curl of the depth-integrated Coriolis force is not simple ...

Y,
- 12(elfe
FL+1}R(U€ elv)Hlj 1EUR F1+1j+1k(u€3u 2u)1+1j+1kelilijk F"‘lj-’f(uegu 2M)1+1JI kgffuk
Fij+1k(uegu 2 “)i- 1}+1keuk+ (uezu Eujz 1,j, REL?}E + (ve®ve 1v)1+1}k( i+1,], keuk FE+1}+1RELB;H+1R
+ (ve?;l? lv)uk( L{;Ff L?::Ii T L}+1Relj+1k)+ (HEBH Eu)1j+1k(Fij+1keljk F+1j+1k€1+ljk

3
+ (uezu zu)uk( ijk ut;c 1+1j kel+1j'k)]

gf) [ F; j+1k(p€3velv):j+1 E"u+1k Fl+1 J+1, R(UE Elﬂ)wl J+1 ‘EL j+1k + F]‘,j k(UEBvelv)” 1 E"U k

Look at two simple cases to interpret this
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Simple case 1: Flat topography

With flat topography (no partial cells)

* Integrated over a “rectangular”

stream function

* Velocity equals U everywhere on all
sides except western boundary

* Simple intensification on western

boundary, U + A

Y = 1o

® * = > e é

A X X

®_.- ! .—@I O No flow

: : A V point
Al X . X |a P> u point

E ‘U—I—A e O VWU =& ® T point

: ® . % F point

A x % A poin

x : -’- Boundary flow
@ ' '_@ ==== Streamline
A X “ )t

@ ) 4 P> > e 6.)

A PR | g - i e = 0
i1=0 i=1

Met Office
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Simple case 1: Flat topography

In this case

IPVO ) [(fz0+1,]0+M 1 0+1,]0+2) + (fzo+1 Jo+tM—-1 0+110+2)]A
P =1p
""®'"--® R SR S PR
oy . . o Q b Loy P @
Additional § effect on intensified current M d XE < & )
@ ’ S é O No flow
: ; AV point
| > P> U point
. o o . E AUJF‘A E o YU . @® T point
An example of a significant non-zero integral o l ol L S
@ ‘ > oece @ wmeem Streamli
3 _2 [X] X X x X JA
("' 10 m°>s ) =B N ‘ f : ) =
¢ U - ?
0.@. Q== .....@.......@....j;()
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Simple case 1: Flat topography

Verified in the GYRE box model
Dashed line is
S my estimate of
40 —— NBT / PVO integral

————— DFU+NBT

— m PVO o

;cn \ Orange curve is

g o ity v model output

~20

—40 =20 0 lp 20 40 60

Decomposition of PVO contour integral in flat GYRE model. Derived form of PVO

matches model output exactly
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Simple case 1: Flat topography

This breaks down when topography is introduced

Dashed line is

P —F my e§t|mate of
40 7N — NBT | PVO integral
;’/\Q‘"‘g ---- DFU+NBT
20 / wh\: 1 PVO -
T, P/ ~
| .
o ol / \ Orange curve is
S

model output
I_'—Eﬂ w p

Estimate is missing L
a feature for the —_

subtropical gyre -10 0 1?/) 20 30 40

Decomposition of PVO contour integral in sloped GYRE model. Derived form of PVO
deviates severely
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Simple case 2: F plane with topography

F plane (f = 0) with varying topography (partial cells)

Cell thicknesses at lowest level
e3(1—a) e3 e3(1+a)

F 11

Assuming a gentle slope (a «< 1)

In this case the PVO vorticity trend is

= fOTa [(Wi+1,j,0 + Wi+1,j+1,0) - (Wij,() + Wi,j+1,0)] ~ 10_10 mS_z

A numerical vortex stretching on down-slope
gradients inw
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Why is PVO so big?

The PVO integral has two contributions:

e Numerical beta effect on intensified currents
Can calculate explicitly

* Numerical vortex stretching of down-slope gradients in w
Currently unable to calculate accurately

Which of these dominates in the Weddell Gyre?

TTTTTTTTTTTTTTTTTTTTTTTTTTT
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Num. Vortex stretching in the Weddell Sea

Integrating area

===+ Num.
1 PVO
< 1000 A @ BPT
| B LDF
m; = WND
Only ~ 20% of — Weddell Gyre E NLA
X = 500 A | Spinning down | FRC
PVO is accounted — |
for by Tsf
intensification éﬂ 1 e e | Sl Bottom pressure
R= torgues are
<
. 8 , strongly
e ! ..
-ir:slﬁy i —500 - | Spinning up correlated with
piie £ PVO (r2 = 0.9)
remainder of ©
-+
PVO is due to 5 | ; |
numerical = —1000 .' .' i .' .
vortex 0 10 20 | 30 | 40) 50 60
stretching. Barotropic stream function ¢ [Sv]
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Num. Vortex stretching in the Weddell Sea

350 T SR — — — _— — Two largest
" . +HPG | PVO. HPG-PVO | HPG-PVO | HPG-PVO [ ADV: contributions
300 o | ol
- G-l ;\'-_'"1 PVO-WND
250 ?} "‘ "\’f/:‘;f"__‘ 0.79
| PVO-WND| PVO-WND} PVO-WND| PVO-WND| PVO-WND} PVO-WND HPG _ PVO
0.79 0.88 0.86 0.89 0.7 0.7
-HPG-PVO | HPG-WND /RG- ) | PVO-WND -PVO. - (6] 3 HPG- PVQ :
|08 . |oas1 | ; : . /
150 ‘
100 Fraction of the
vorticity budget
50 occupied by the
two largest terms

0O 50 100 150 200 250 300 350 400 450 500 550 600
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Summary

The Weddell Gyre has a strong dependence on model resolution

Studying the barotropic vorticity balance at 1/4° identifies Wind
stress curl and PVO as the leading order balance.

The PVO contribution has at least two numerical contributions due
to

Intensification of the current
Numerical vortex stretching

In the 1/4° model it appears numerical vortex stretching dominates
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* Analyse vorticity balances of Weddell Gyre at 1° and 1/12°

e Attempt to recreate the numerical vortex stretching contribution

* Look at similar data sets with roughened/smoothed bathymetry

|”

* Determine if these numerical factors are “real” and affecting the

circulation.

TTTTTTTTTTTTTTTTTTTTTTTTTTT
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Weddell Results (R4)
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LDF

ADV

k-curl of depth-integrated lateral diffusion trend [m/s2]

-72 —-54 —-36 —18 0 18 36 o4 72
k-curl of depth-integrated total advection trend [m/s2]
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k-curl of depth-integrated vertical diffusion trend [m/s2]

10-6
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10—10
-72 —-54 —-36 -18 0 18 360 54 72
k-curl of depth-integrated wind stress (partial ZDF) trend [m/s2] 106
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GYRE results
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Gyre results

45 A
Flat GYRE configuration R4 7 40
< 35 -
* Rectangular double gyre configuration E 20 - ’
=
* Rotated grid
20 -
.
* ENE Coriolis scheme ~80 —70 —60
Longitude (degrees)
. , s
-70 -35 0 35 70

Time averaged streamfunction (Sv)
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Gyre results

Flat GYRE configuration R4 300

200

* Rectangular double gyre configuration

100

* Rotated grid

—100 ~

e ENE Coriolis scheme 200

—300
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Gyre results

Time-averaged fPVO [ms—?] le—8
Flat GYRE configuration R4
15 0.75
0.50
« Rectangular double gyre configuration 7 / 025
399 g. 0.00
* Rotated grid 3“‘( —0-25
”s -0.50
—0.75
* ENE Coriolis scheme 20 < oo
f — 1.

—85 —80 =75 -70 —65 —60 —a35
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Gyre results

Sloped GYRE configuration R4

Modified with simple slope (partial cells)

Rectangular double gyre configuration

* Rotated grid —80 —70 —60
e ENE Coriolis scheme 1.8 2.1 2.4 2.7 3.0 3.3 36 3.9 42 4.5

Basin depth [km]
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Gyre results

45 A
Sloped GYRE configuration R4 2 40
b
f ( ) g
* Modified with simple slope (partial cells < / :
E 30 /
= 25 -
* Rectangular double gyre configuration — 20 -
T 'I !
* Rotated grid —80 70 —00

Longitude (degrees)

-70 -35 0 35 70
Time averaged streamfunction (Sv)

Tl D W i, v o
RESEARCH ‘ = OXFORD

ENE Coriolis scheme
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Gyre results

"
Sloped GYRE configuration R4 300 % %Ew
* Modified with simple slope (partial cells) j:: % %
* Rectangular double gyre configuration )
* Rotated grid ~200
* ENE Coriolis scheme _m“ >l Bmo® 30 3
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Gyre results

SlOpEd GYRE configuration R4 Time-averaged fPVO [ms—?] le—0
45 7.0
* Modified with simple slope (partial cells) . y 5.0
/* 2.0
35 - / '
* Rectangular double gyre configuration . 0.0
—-2.5
25 1
* Rotated grid : 5.0
20 +
“’ —=7.5

ENE Coriolis scheme
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Gyre results

Sloped GYRE configuration R4 fWpot

. 0.0e-09

45 4.0e-09

* Modified with simple slope (partial cells) 44 2.0e-09
35 - / 0.0e+00

* Rectangular double gyre configuration 30 ';ﬁ‘} 2.0e-09
= 4.0e-09

: I 6.0e-00

* Rotated grid 20 4 % o000

I I I I I I
-85 —-80 -75 -—-70 -6 —-60 -55

ENE Coriolis scheme
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Gyre results

Sloped GYRE configuration R4 —fAw Down slope differences
45 ) 0.0e-09
* Modified with simple slope (partial cells) 40 - 4.0e-09
2.0e-09
39
. . 0.0e+00
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Gyre results

Sloped GYRE configuration R4 diff: -V, - (feeny U) + Numerical 8 - fPVQ._q
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* Modified with simple slope (partial cells) 10 )
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Contour integrations under 4 different Coriolis
schemes

EEN_O — Energy and enstrophy conserving scheme
Used in the Global model

Calculates f cell thickness via
Y (e3t * tmask) /4

EEN_1 - Energy and enstrophy conserving scheme

Calculates f cell thickness via
Y. (e3t * tmask) /Y. (tmask)

ENE — Energy conserving scheme
Default for the GYRE model

ENS — Enstrophy conserving scheme
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Flat Gyre

Contour integrations under 4 different Coriolis
schemes

EEN_O — Energy and enstrophy conserving scheme

Calculates f cell thickness via
Y. (e3t * tmask) /4

EEN_1 - Energy and enstrophy conserving scheme

Calculates f cell thickness via
Y. (e3t * tmask) /Y. (tmask)

ENE — Energy conserving scheme

ENS — Enstrophy conserving scheme
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Contour integrations under 4 different Coriolis
schemes

EEN_O — Energy and enstrophy conserving scheme
Used in the Global model

Calculates f cell thickness via
Y (e3t * tmask) /4

EEN_1 - Energy and enstrophy conserving scheme

Calculates f cell thickness via
Y. (e3t * tmask) /Y. (tmask)

ENE — Energy conserving scheme
Default for the GYRE model

ENS — Enstrophy conserving scheme
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Sloped Gyre

Contour integrations under 4 different Coriolis
schemes

EEN_O — Energy and enstrophy conserving scheme

Calculates f cell thickness via
Y. (e3t * tmask) /4

EEN_1 - Energy and enstrophy conserving scheme

Calculates f cell thickness via
Y. (e3t * tmask) /Y. (tmask)

ENE — Energy conserving scheme

ENS — Enstrophy conserving scheme

.5 ENE
)
g 40 -
§ 35 - -
< 30
B
= 254
—
20 A
‘-
-80 -70 —-60
Longitude (degrees)
45 | ENS
«n
g 40 A
2 35 A
< 30 T
=
= 25
]
20
-80 =70 —-60
Longitude (degrees)
-70 -35 0 35 70

Time averaged streamfunction (Sv)



