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Theroleof themassAAM (M) in therelationship

[11) Diurnal
Surface Pressuretides and axisymetric (s=0) modes of oscillation

Dynamical interpretation with a shallow water set of Egs.

V) Summary



Threeindependent datasets are used.:

| ntr aseasonal:

*The NCEP reanalysis (1958-2004) which is keyed to observations but
does closevery well the AAM budget

*A 30-year climatic integration with the LM Dz-GCM which does close
perfectly the AAM budget

*The cycles of the AAM during variations of the Antarctic Oscillation are
also discussed (to contrast with the AO)

Diurnal:
*A 1-year integration donewith the LMDz-GCM (storage every 30 mns)
Some ECMWF forecasts and operational analysis products

Theresultsare also dynamically intepreted with an
axisymmetric shallow water model



|) Atmospheric Angular Momentum (AAM) Budget:
d
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Boundary layer Torque:
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Mountain Torque:
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S: Surface 3 a)\
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Budget well closed with the NCEP Data (1958-2003): r (dM/dt,T)=0.87
Almost perfectly with the LM Dz model (1970-2000): r(dM/dt,T)=0.97



|) Atmospheric Angular Momentum (AAM) Budget:

Composite of Barotropic Winds keyed to M ..
NCEP data, DJF months.
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|) Atmospheric Angular Momentum (AAM) Budget:
Composite of Sea Level Pressure (SLP) keyed to M _:

M,=[p Qr’cos’® dV
NCEP data, DJF months. 7

Winter mean of the SLP

180 GO

Regression of the SLP variationson
the massAAM (M) variations
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|) Atmospheric Angular Momentum (AAM) Budget:

Composite of Sea Level Pressure (SLP) keyedto T,

NCEP data, DJF months.
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Winter mean of the SLP

Regression of the SLP variations on
the mountain torque (T, ) variations



|) Atmospheric Angular Momentum (AAM) Budget:
Spectral analysis of NCEP data
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> At periodicities below 30 days
=,
e the Massand Wind AAM
fluctuations have
compar able amplitude

| I T T T T T T[TTTIT
| At periodicities below 30 days

g 3 the mountain Torque
— Ty 2 & fluctuations
T
B arefar larger than the

boundary layer torque

I (s S Y R fluctuations

0,1
Cy/day



|) Atmospheric Angular Momentum (AAM) Budget:

Why it has been looked at over thelast 30-years?

Length of day and AAM from reanalysise M is a global quantity whose
(NASA dataset)

Microseconds

Lorrelation of RAM and VLEI LOD
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changes are related to observable
changes of the Earth Rotation
Parameters (EOP)

At periodicities below few years,
it follows the large scade
oscillations of the Climatic system

In our case, it also permits to
evaluate the sdSignificance of
mountains forcing on the global
climate variability.



|) Atmospheric Angular Momentum (AAM) Budget:

AAM and large scale oscillations

Regression of NOA OLR on M,

EL-Nino: Wolf and Smith (1987)

MJO Tropica oscillations, Madden
(1987), Hendon (1995), essentialy via
M, forced by T, (but some role of T,

Weickman et al. 1997)

Mid-latitude oscillations and weather
regimes (Lott et a. 2004a D).
Essentidly viaT,,, with M _~M |

Synoptic disturbances (Iskenderian and
Sastein, 1998) essentially via T,



|) Atmospheric Angular Momentum (AAM) Budget:
AAM and large scale oscillations

*We will argue that the AAM budget studies can also be used to
guantify the dynamical influence of mountains on atmospheric
dynamics.
*To which extent the Charney de Vore (1979) model of mid-
latitude low-frequency variability is relevant to the redl
atmosphere
*In Charney de Vore (1979) and following studies, the interaction
between mountains and Rossby waves induce a mountain Torque
which triggers Blocked regimes (the so-called topographic
Instabilities Ghil 1987)
For T, M, and Rossby Waves, see also Legenas and Madden

(2000)



I1.a) Intraseasonal: relationship between T, _and the AO:

AO and AAO inthe NCEP data and in the LMDz model

VIS, NCEP ANA Wetakefor the AO and the AAO thefirst
< b | EOF of SLP daily variability for the NH and
the SH respectively
*The model AO resembles that in the reanalysis
athough more dominated by the Atlantic

Variability.
°The model AAO resembles that in the
reanalysis although less zonally symmetric.

North Hem.

*The AO and the AAO first correspond here to
reinforcement of the mid-latitude jet-stream

=outh Hem.

L ott Goudard, and Martin (JGR 2005)
see also: Lott, Robertson, and Ghil (GRL 2001, JAS 2004)




I1.a) Intraseasonal: relationship between T . and the AO:

Mountain Torgue, the AO and the AAO, Co-Spectral Analysis

(NCEP Reanalysisand LMDz GCM data)
Cross Spectra: T,, and AO
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Inthe LMDz GCM and in thereanalysis,
the mountain torqueisin significant

|ead-lag quadrature with the AO

The coherency values are rather small:

T It is important to confirm those found in the

o reanalysiswith those fromthe LMDz-GCM

_z It is aso important to contrast the Southern
Hemisphere (AAO) and the Northern
Hemisphere (AO), and because there are much
less mountains in the SH

FHE . The case of the AAO can beviewed asa

natural null hypothesis of our resultsfor
the AO




I1.a) Intraseasonal: relationship between T, and the AO:

Composite analysis
All datas are filtered to retain the 10-150 day band (1S), 80 maps per composites.
SLP MAPS from the LMDz-GCM, keyed to minimainthelST,,

Himalayas corresponding to a negative mountain torque

At negative lag the circulation over the NH is predominantly anticyclonic. It is
predominantly cyclonic at positive lag: The negative mountain torque has decelerated
the flow significantly.

Themaps at -5 day lag and +5 day lag project somehow onto the AO.




I1.a) Intraseasonal: relationship between T, _and the AO:

Composite analysis
AAM budget, keyed to minimain the AO:

Composite AAM budget during the AO During AO cycles the AAM (M)

Intraseasonnal (10-150 day) band | | o |
LMDz GCM varies, and its variations are in

1.;(;_||||||||||||||||||||||||||||| goodpartdrlvenbythemountaln

)
g 10} torque (T,,).
&3 Sk
53 sf Thevariationsin M are essentially
b -ig: due to the mass AAM (M _) (the
< o L AECEE AN relative AAM M . varieslittle).
15 -10 -5 0 5 I|—T,;
NCEP Reanalysis it I

The model behaviour confirms the
results from thereanalysis data.

This provides a quantitative
evidence that the mountain
torque can drive back and forth
the AO

Torques &
AAMs tendencies (H)




Torques &

Torques &
AAMSs tendencies (H)

I1.a) Intraseasonal: relationship between T, and the AO:

Composite analysis
AAM budget, keyed to minimain the AAO:
Composite AAM budget during the AAO
Intraseasonnal (10-150 day) band

” LMDz GCM During cycles in AAO the
ey _I L=l | | L | 1 | I=El ok ok | | S | 111 ] ]
= N __ AAM (M) varieslittle.
& sl 1% 3 pemee
A P D L__ The mass AAM (1) varies near as
% :‘; - e ' — am,sa | much as during the AO. In this case,
_20_| L1 | I | I | | I | por g Im— {Mfdt the Changes |n ma$ AAM are
=15 -10 4 0 5 1 T,
N NCEP Reanalysis ~ |[——T equilibrated by changes of opposite
15| | | | | | -] signinwind AAM

The mountain torque (T,,) does not

play a substantial role.




I1.b) Theroleof M in therelationship between T, and the AO?
Mass AAM (M) and the Arctic Oscillation (AO)

Mass AAM Arctic Oscillation

DJF Regression ofsea level pressure onto
M, (left) and the AO (right).

The good correlation between the two maps is at the origin of the
relationships between the mountain torque (T,,) and the AO

L ott and d'Andrea (QJ 2005)




I1.b) Theroleof M in therelationship between T, and the AO?

Mass AAM (M) and the Arctic Oscillation (AO)

1 I I it

1T | L 11t

0,01 M (cycle/day) 0.1
Coherency betweenthe AO and M .

Only Significant for periodicities below 30 days



v and M

I1.b) Theroleof M in therelationship between T, and the AO?
Composites of the AAM budget, All datafiltered to keep the 1-25 days band

Importance of the geostrophy to explain the partition between M and M
Composites according to T, evaluated over 6 different latitude bands

Az chﬁc a) and f): T duetomountainsin

60N-90N
(80 cases)

thepolar regions:. M _>M

 (Hd), T, (H)

Mid NH
" (70 cases)
b), c),and €): T,, dueto mountains
| v in the mid-latitudes: M _ ~M
(63 cases) @) R
here, geostrophy makes that a change
Equator . ) . -
‘ (%%sé;ggs) Inwind is equilibrated by a change
- IN Mass

Mid & Sub SH

60S-15S
(77 cases)

f). T, duetomountainsin the

Antartica
60S-90S

Ll tropics. M, <M,




I1.b) Theroleof M in therelationship between T, and the AO?
|nterpretation with a shallow water model

"Dynamically Forced” Shallow Water Equations:
North Pole (0 v 0)

u
AT R T Gl
t@t—l_'raé’}u (Q—I_’rms ]meg X

(0, v0) g 9on

L@t—l_r@ﬂ)v—l_(ZQ—l_rcos ]u&,mﬂ rof’

8h+ 1 Shvcusé’_o
ot rcosf  0H N

Equator AAM Budget:

% (Mp+ Mp) = Ty ,
Wind AAM:
Mp = 2mr [*7)3 hucos” 08,
Mass AAM:
/2

Mo = 2xr'Q [ /3 (h — Hy) cos> 0do |

South Pole

Torque:
Ty =2mr° 173 cos® 0hXdb



X (m/s/day)

I1.b) Theroleof M in therelationship between T, and the AO?
Interpretation with a shallow water model

&)

. ' = Wr== o G days)[ T~ '~ [ '~ [ = ' 3
Temporal evolution of the Force X: = - h-Ho (6 days) B
g/ %] Na— u(gddays) i
! > 10|=— vy =
/;} 5l—= v(6 days) E
! . = -5; ~
R Time (days) — E E E
S -15 ?— \ =
5 - T 0k T R P A
ol -90 —60 -30 0 30 60 90
[ Latitude (degree)
3
i Flow fields (u,v, and h) :
| Theforce X (>0) isequilibrated by a meridional
I ageostrophic velocity v (<0) viathe Coriolistorque.

ol vl R
-10 O 10 20 30 40 50 60 70 80 90
Latitude (degree)

u isin geostrophic balance with h



I1.b) Theroleof M in therelationship between T, and the AO?

M_ and M asafunction of the
latitude of the Force (X):

b2 9%
o =
I

Mass and Wind AAM (Hd)
=
|

e

Asin the Observations:

| I
-
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R

T, duetopolar regions. M >

T,, dueto mid-latitudes: M | ~

T,, duetotropics:

10 20 30 40 50 60 70 80 90
Central latitude of X (degree)

M, <

|nterpretation with a shallow water model

Asthe AO isa mode of variability confined
to the mid and high latitudes, itsrelationships
with T, isprimarily due

to mountainslocated at mid and high latitudes.

Those mountains produce a stress distributed
to the atmosphere (our forcing X) at mid and
high latitudes (to be tested though!).

Those mountains produce a torque which
modify the AAM, and a good fraction of it is
in the massAAM.

The AO, by itsstructureisassociated to
lar ge changesin mass AAM.



Torque (H) & AAM (H d)

Torque (H) & AAM (H d)

[11) Diurnal variationsin massand wind AAM

Preliminary: Shallow water model response when the forcing varies rapidly

X lasts 5 days : .
— >|/ —_— When theforcing varies dowly, the
- Ny responseto theforceisadjusted to global
n Gravity Waves with s=0 (preceding cases)
....... ===
M 4 . . .
_ - - }qz | When the forcing variesrapidly the M |
) C g g =1 : :
105 - T and responses present near inertial
days oscillations associated with global scales
it X lasts 12hrs gravity \\/vaves
1 | 1 | 1 | I i ' ’ , ; : I I I j | \ e
g _ | ST x | (A | E
6 . 0SE MF |
4 _ = 0 Al _
2 ﬁijfﬁ«%rﬁi OO S osF g
OF= m! - -
Sy ] = -l o
“0 I 2 3 4 5 1 5E- o
days “E 1
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I11.a) Diurnal in M, and M _: Surface pressuretides and s=0 modes
Diurnal and semi diurnal Surface Pressuretidesin LMDz

Diurnal 0600 UTC Diurnal 1200 UTC

i & &% = E B

# & § = ¥ E § # & ® g E E

The diurnal tide is dominated by a non-propagating signal that is pronounced over
land and deserts.

The semi diurnal tide is dominated by a propagating signal with wavenumber s=2.

Thosetidal signals produce adaily cyclein the zonal mean barotropic
dynamical forcings of the zonal flow (for instance through interaction with
mountains)




I11.a) Diurnal in M, and M _: Surface pressure tides and s=0 modes

AAM budget in LMDz.

AAM Budget:
d(Mgp+ Mp)
dt
Mass and Wind AAM:

Mo = 2mr*Q [T, cos® & M do

=Ty +1pg

Mp = 2mr” .ff;/g cos” ¢ U do.
Mountain and Friction torques

Ty = 27r fr/“ cos> ¢ T dop

Tg = 2mr” _fj"?;/z cos® ¢ Bdg.
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Note the daily fluctuations in M,and M,

100

Hadleys
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Note the large daily flll)jétuati onsin M and

35

M., tendency (almost 100H) compared to

the rather small daily cyclesin the Torques



I11.a) Diurnal in M, and M _: Surface pressure tides and s=0 modes

50
40
3o}
20
o}
0
1o}
20}

AAM in the ECMWF modd, of
2004 oper ational version:
10 days for ecasts and Note the daily fluctuationsin M _ and M,
o : : (10 day Forecast and reanalysis),
perational analysis 120 i]

Hadleys day

100

L ;f
gg% ! \ '9% !‘ -l n

40
20
oF UL |
20 1 ] Vi A [y R =
40 = i\ p - . : -: it | ) i
wob! \ 'RY; ARAY 1
80} g Ay A/ ]
s YW ’ E
-120 L L ] | s AN AL I I | I I 1

1 2

3 3
Note the large daily fluctliationsin M and

Hadleys

5

M., tendency (almost 100H) compared to
the rather small daily cyclesin the M tendency



I11.a) Diurnal in M, and M _:

AAM in the ECMWF model,
2004 oper ational version:
12 10 daysforecasts.

Note the robustness of the daily oscillations:

tidal signal rather than initial adjustment.

The drift of M during the first 5-7 days

The drift of the mean M is above 50Hd, it is

1% significant out of the 12 cases here.

The associated torque dM/dt ~10H, compares
with the magnitude of athe frictional torque

(see also Huang et al. For the NCEP/NCAR model)

Hadleys day

AAM (Hd)

12 ECMWEF forecasts in 2004
(one for each month)

Sum of AAM evolutions

Days
AAMs tor each forecasts

Pl .
— M
El —— Sum of Ms
§|||||||||||||||||||||||||||||||||||

0 1 2 > 4 5 6 7 8 9 10

Days



I11.a) Diurnal in M, and M _: Surface pressure tides and s=0 modes

Diurnal and Y2 diurnal massAAM budget

14 Diur nal

Splitted AAM budget:
dMp dMp
20 o A
dt S dt

Coriolis Conversion term

Hadleys

-13-" i ]
=

——C+T

Torques & AAMs tendencies

=
(Aep skarpel u BIA) WVV SSeIN

) 0 6 12 18 2
9, . . H
C' = —JL?TTBQJI’ ;’7’ cos“ ¢sing Vdo S
B Dlurnal 5
. g 4[} = I I [P T T o] FF T = 4 &
Vertical and zonal mean of puv: = wf _ b4
| = - T~ E
Y dp 22 10 g !;%‘ N y et [
V__[(} b Tj_d}' 13 ORI T 0
<F 1o o, Z -
] 5 el P ] p g
5 20F I - (-
2 30f =
E _40 o I T S | L Lo = _4 ‘fm_
0 6 12 18 24 =
Hours

Note the very large Coriolis conversion term (compared to the Torque).

Only patterns for /antisymetric with respect to the Equator can yield to alarge

Coriolis conversion term.



I11.a) Diurnal in M, and M _: Surface pressure tides and s=0 modes

Axisymetric (s=0) and bar otropic semi dlurnal tldes

Zonal mean and barotropic Eqgs: 1(; T I I I | a) o
b9, ]
3—25 —20singV =X
oM 1 0

— )Y = 0.
ot H r cos Ao cos ¢

Surface Pressure (Pa)

Zional mean mass:

P

1 or P
M=_—[f"=d\ | |
Qm q Latitude
O N O Il I L
Vertical and zonal mean of pu: _ A b)
V. \ t=7.3h — ]
Pg d — = clos| \
U=_- “{Jjﬁ o uLd) X
o g ‘U

X': Friction stress+mountain stress + div AAM flux

Zonal Bar. Mom. (B = 'l'

When the mass AAM is >0 (t=4.5hr) there is an
excess of mass M in thetropics

T atitnde

A I N W I I L
‘g 200F 2 "] m— 14 5h

The wind AAM is < 0 at the same time and the

t=7.5h
— = =105h

bar otropic and zonal wind U is ever ywher e<0

In quadrature before (t=1.5hr) Vis positive in the

SH and negative in the NH bringing mass from

the Midlat. toward the Eq. band 0w w g, WOW W




I11.a) Diurnal in M, and M _: Surface pressure tides and s=0 modes
n=1 n=2

Eigensolutions of the s=0
L aplacetidal Egs.
(Figuresand resultshere arefrom
L onguet Higgins 1969).

Note the resemblance of the %2 diurnal signal
with the second gravest (n=2) Eigensolution

11 Z suonounjuaBiy *;, s¥norg

71 \\\\Z[‘;’T of theLaplace Tidals Egs. with s=0
\\} — j (axisymmetric)
£ ]
-:x £=10 correspondsto an
L (barotropic tidal signal)
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I11.a) Diurnal in M, and M _: Surface pressure tides and s=0 modes
Axisymetric (s=0) and barotropic diurnal tidesin LMDz

Pattern for S\ antisymetric with respect to the Equator Pattern for M symetric with respect to the Equator
and for //symetric with respect to the Equator and for 1/ antisymetric with respect to the Equator
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= lg 1=170 a) ] [2fs & & 230 l : l l
e-'_, 6.... s - lo—t..rh a) o
py ] ] 8 1=13h
£ 4 £ & g™ = 1200
g0 | g 4
M < 3F - 7 2k
3 -4 - = 2 0 u
= = B = 2F-
I : M 5 3
= 3F i 2 4|
“ o = = 'g -
12E _ “a0F
: 12
14
90

vV

Meridional Bar. Mom. (kg m s

Meridional Bar. Mom. (kg m’ ]
83

150f- N . 150f
"2(}0_ L L | L L | L I\L‘I L | L L | L L ] _200_
=90 -60 =30 0 30 60 90 _250_ L L ] L L L L | L L | L L ] [
Latitude =90 -60 -30 " 'Od 30 60 90
aNo signal on the mass AAM M _: an excess of e .
J © @When the mass AAM M >0 (t=7hr) there is

mass M in one hemisphere is compensated by an excess of mass /in the tropics
a deficit in the other. aln quadrature before (t=1hr) >0 in the SH

/s of uniform sign and max at the Equator and 7<0in the NH

@ ookslike an n=1, s=0tidal Eigensolution SLikean n=2, s=0 tidal Eigensolution



I11.a) Diurnal in M, and M _: Surface pressure tides and s=0 modes

Note the resemblance of the
Equatorial Symetric

Note theresemblance of the
Equatorial Antisymetric

diurnal signal in M with

thefirst (n=2) Eigensolution
of the s=0tidalsEgs.

diurnal signal in M with

thefirst (n=1) Eigensolution i
of the s=0tidals Eqs.

€=100 correspondsto an €=100 correspondsto an

equivalent depth H ~1km equivalent depth H ~1km

(baroclinic tidal signal) (baroclinic tidal signal)

€8¢ SNOILVNOT TVALL SADVIAVT 10 SNOLTONMINTOIT THT j



|11.b) Dynamical interpretation with a shallow water set of Egs.

Hypothesis. the dynamical forcings of the barotropic Zonal wind inducetidal signals

Zonal mean and barotropic Eqgs:

%—2Q-Si11¢V=X:T+F+Bﬂ

Divergence of the AAM flux:

L 0 cos” ¢ on Pg dp
rcos? b 2m o 7 uv p

Surface stress due to friction:

. 1 2w
B—Qﬂ_,{] TRAA

Surface stress due to mountains:
N v
0" Fs7g)

2T rCcos ¢

dA

Linear Eqgs. for an axisymmetric atmosphere:

ou .
P(la_? — 20sin ¢ pgr = X,
ov . qOh

PO T sin ¢ pou 00
17, (3E E\ K
TN =)+ pyw =0
A ) R

If X is of the form:
X=X (t,0)exp(—z/2H — 3z),
A particular solution is of the form:
(pott, pov, pow, ) = (i1, @, 1, b (¢, §) exp (=2 /2H — §2)

Yielding to the linearized shallow water Eqs:

%—m&w@:)ﬁ,
il .. gOh
T4 20singu=—>—),
gy THIImOU==00
oh  Hy 0

—cospv =0,

ot * T cos ¢ 0P

Hj is the equivalent depth: Hjy = m—igfgﬁz
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|11.b) Dynamical interpretation with a shallow water set of Egs.

Hypothesis: the dynamical forcings of the barotropic Zonal wind induce tidal signals
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Summary (Intraseasonal):

*The NCEP reanalysis and a 30-year integration done with the LMDz GCM have been
used to evaluate the relationships between the mountain Torque T, and the Arctic

Oscillation (AO).

sWe find that T,, affects the AO via the mass Angular momentum M, and because the
AQ redistributes mass from the polar regions toward the mid-latitudes and subtropics.

oThe role of M in the relationships between T, and the AO are explained by the fact

that Mountain Forces applied in the mid and high latitudes induce changes in mass AAM
that compare or that are larger than the corresponding changesin wind AAM M ..

2As the Antarctic Oscillation (AAOQO) is also associated with such a redistribution of the
alr masses, we show that the changes in M, during variations of the AAO are in good

part equilibrated by changes of opposite signin M (which is not the case for the AO,
wherethe M | changesaredrivenby T, ).

Theinterest of these resultsisthat the mountain torque drivesthe changesin AAM,
so it can actively participate to changes of the AO.




Summary (Diurnal):

M, and M, in atmospheric models present large diurnal and semi-diurnal compensating

oscillations associated with the n=2 axisymmetric (s=0) component of the atmospheric
surface pressure tides.

@The axisymmetric diurnal tidal signal also present a substantial n=1 patterns that do not
affect M _ and M.

@A small error in the evaluation of those terms can lead to a poor estimation of the
diurnal cycle of the AAM budget: see the problems in conciliating the AAM budget
approach and the torque approach to evaluate the diurnal forcings of the axial AAM by
mixing forecasts and analysis products (deViron et al. 2005).

aStill in geodesy, the axisymmetric n=2 component can affect the Earth ellipcity, and the
n=1 component the geocenter position.

®A shallow water model driven by zonal mean forces which vertical integral equal the
zonal mean stresses issued from the LMDz-GCM reproduces a good part of this tidal
signals. This suggests that the axisymmetric surface pressure tides can in good part be due
to adynamical forcing of the zonal mean flow.

L ott, de Viron, Vial and Viterbo (JAS 2008)




