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Abstract

Time series of wind and surface pressure for 1986-87 have been used to evaluate Atmospheric Effective
Angular Momentum (called hereafter AEAM) functions. Also the implied polar motion of the solid Earth
has been calculated as well as the length-of-day using initialized analyses and 3, 5 and 10 day

forecasts, from the ECMWEF archives.

It is found that both the variations of the AEAM functions as computed from the initialized analyses
and the (3, 5 and 10 day) forecasts follow the familiar annual pattern. An analysis of wind and
pressure terms of the global equatorial components shows that the largest error arises from the
Southern Hemispheric wind contributions. Globally, the wind terms of the equatorial components on
average compensate the yearly variations induced by the pressure terms. A comparison of analysed
AEAM functions with the prognostic ones enables us to detect model systematic errors, for both axial
and equatorial AEAM functions. Looking at the radii of circles traced out by the implied movement of
the rotation pole and forced by wind terms of the equatorial components, we found that for 1986 in
the Northern Hemisphere the prognostic radius is systematically smaller than that of the initialized
analyses, showing that there is not sufficient torque to move the rotation pole to the right

position. The model’s torque has been increased for 1987 but from the comparison of the radius it
can be seen that the torque is slightly higher than the optimum one. In conirast to the Northern
Hemisphere there is too much torque in the Southern Hemisphere.

A study of axial AEAM functions in comparison with length-of-day variations reveals that there is an
exchange of angular momentum between Earth and atmosphere. A systematic error in the prognostic
axial AEAM functions has been found in the Northern Hemisphere since the introduction of the
parametrization of gravity-wave drag, suggesting that either the gravity-wave drag is higher than the
optimum one, or its introduction has revealed the presence of a compensating error.
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1. INTRODUCTION

Tiny fluctuations in the length of the day and slight movements of the earth’s pole of rotation
(called polar motion or 'wobble’) have been observed since the clocks and the positional astronomy
have become more accurate. The fluctuations in the length of the day can be measured by the time
intervals between successive passes of a given start across a meridian, while the wobble can be
measured by variations in astronomical latitude at a given station.

The length of day exhibits variations of a few milliseconds on timescales from days to years. The
rotation pole performs a circular motion with a variable radius of a few metres with a period of
about 14 months. Reviews of the variation in the earth’s rotation (magnitude and direction) have
been given by Munk and MacDonald (1960), and Lambeck (1980).

This paper is concerned with the contribution of the atmosphere to the variable rotation of the solid
earth. The magnitude of the atmospheric angular momentum is about 10'6 of that of the whole earth,
and the fluctations are related to the changes in the strength of the zonal circulation and in the

surface pressure distribution. All the components of the atmospheric angular momentum as mentioned
before exhibit variations of time scales from a few days to years, and these are related to the

changes in the distribution of mass in the atmosphere and in the wind pattern.

In studying the effects of the atmosphere on the rotation of the earth, the forcing functions (called
excitation functions) containing all possible effects on the motion of the earth should be evaluated.

This can be done by two approaches. In the torque approach, due to the presence and motion of the
atmosphere, torques are exerted on the earth’s surface and these torques are related to the earth’s

rate of change of angular momentum. In the angular momentum approach, the rate of change of the
earth’s angular momentum is considered to be equal and opposite to the rate of change of the
atmosphere’s angular momentum. The equivalence of these approaches has been described by Munk and
MacDonald (1960) and Lambeck (1980). The excitation functions, however, are complex and cannot be
evaluated from routine meteorological data, since stresses cannot be estimated accurately from these
data. Therefore, Barnes et al. (1983) proposed a new treatment of the excitation functions, by
introducing simpler, undifferentiated forcing functions, named Atmospheric Effective Angular Momentum
functions which can be evaluated from routine meteorological data.

In this study such AEAM functions have been calculated for ECMWF analyses and forecasts. The
separate contributions from the Northern and Southern Hemispheres have been evaluated for 1986 and
1987. The primary purpose of this paper is to give more insight into the fluctuations of the AEAM
functions of the analysis and forecast and to find (systematic) errors in the ECMWF global model. A
detailed discussion of the adiabatic formulation of the model can be found in Simmons et al. (1988),
of the parametrizations in Tiedtke et al. (1979), Miller and Palmer (1986), and Tiedtke et al.

(1988) and the analysis scheme in Shaw et al. (1987).



The outline of this paper is as follows. In section 2 the dynamics of the earih’s rotation leading
to the formulation of AEAM functions are presented. In section 3 the results are discussed and
finally in section 4 the conclusions are presented.

2. DYNAMICS OF THE EARTH’S ROTATION
2.1 Fundamental equations

The Eulerian equations of motion (earth and atmosphere) in a coordinate system X (i=1,2,3),
coinciding for the moment with the principal axes of the solid earth and rotating with angular
velocity ;s about its centre of mass, are:

dH,

Tt O =1y @.1)
where:
- = ,
Li= 1, X F, are the components of externally applied torque,

€ is the alternating tensor, zero if any two subscripts are equal, +1 if subscripts are in
even order, -1 if they are in odd order,

H, is the absolute angular momentum, which is given by:
Hi = Iij ® mj + hi 2.2)

where i = {/ p(xk Xy 5ij - X xj) dV is the variable inertia tensor for matter contained in

the volume V,
p is the density,
8. is the Kronecker delta, and finally

i
hi = '[V p Eijk xj u dV is the relative momentum due to motion U relative to

the x; - system.

Equation (2.1) describes the response of the whole earth to an externally applied torque. The terms

Li’ Hi and Iij include the contribution of the earth and the atmosphere. Substitution of (2.2) into
(2.1) leads to
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This equation was derived by Liouville in 1858 (Routh, 1905).

2.2 Solutions to the Liouville equations
The Liouville equations can be simplified by a perturbation scheme (Munk and MacDonald (1960)),
assuming the departure from rigidity to be small.

Defining;:

Atay a2y g
I = 8y Aty Ay 24)
313 3 C+agg

where a;; are the moments and products of perturbations in the inertia tensor, A is the equatorial
moment of inertia, and C=7.04 x 10+37kg m? is the polar moment of inertia of the solid earth.

The relation between A and C is given by (C-A)/C = 0.00333. Since the rotation of the earth departs
only slightly from steady rotation about the polar axis, the angular velocity vector can be written

as:
(col, ®5, co3) = (ml, m,, 1+ m3) Q 2.5)
where € is the mean angular velocity of the earth, and m,, m, and mg are the direction cosines of the

rotation axes relative to the reference axes. Because the quantities aij/C’ m, and h,/(QC) are
small, and ignoring products and squares of them, the Liouville equations (2.3) can be reduced to:

my

T =Y
m
Er -my = -Y1 (2.6)
my =Yy

where:
_C-A

O.=~x Q

is the Eulerian or rotation frequency. The corresponding observed Chandler’s period is 14 months.



The Yl’ Y2 and Y3 are defined by the following equations:

Q?(CA)Y, =0Q%;+Qh,+0h +h,-L,

QP (CAY, =Q%,-Qh,+Qhy-hy +1, @.7)
2

t
2 _
Q°CY, =Q a33~52h3+QIOL3dt

where the (°) stands for g? .

The dimensionless forcing term Y; is known as the "excitation function’. By defining m and vy in the
complex plane as: m=m1+im2, q;:Y1 + iY2, the equations (2.6) can be written

m-ic m=-icy

2.8)
my =¥,

If at t=0 m=m(0) then the solution of (2.8) is given by:
@ =c " (@) -i o, {)t w(T) R S 2.9)
my =Yg+c ' (2.10)

In the absence of external forces equation (2.10) expresses the conservation of angular momentum

about the x3-axis, that is
QC (1+m3) + 9333 + h3 = constant
The length of the day A can be evaluated from

= 2%
A= 0y 2.11)



where 0y = (1+m3) Q and mg = Y3+c.

If Y3 can be evaluated from meteorological data, then the length-of-day can be estimated from
(2.11).

In order to investigate the excitation of polar motion (wobble) from equation (2.9), the excitation
function y=Y, + iy, should be evaluated from meteorological data. In case of a free wobble of a
rigid earth y=0. The solution to equation (2.9) is m(t) = exp (icrt) m(0) with a ten month

period (21t/or). The effect of the earth’s deformation is to increase this period by about 40

percent, while Chandler (1891, 1892) discovered a 14 month period. The excitation function yf is
related to the equatorial components of the total torque between the earth and the atmdsphere. In
the absence of external torques V is related to the equatorial components of the rate of change of

the atmosphere’s angular momentum, which is equal to the total torque acting on the atmosphere. In
the absence of external forces this is the total frictional and pressure torque acting at the surface

of the earth.

2.3 Atmospheric angular momentum functions

Since the excitation functions are complicated and stresses cannot be evaluated with any precision
from routine meteorological data, Barnes et al. (1983) proposed a new treatment of the wobble
excitation problem. They introduced the following undifferentiated forcing function:

v .:v _Qa+ h "
X-X1+1).(2—————Q (C-3) 2.12)
wherea=a13+i323andh=h1+ih2.

Therefore equation (2.8) can be written as
i i e
m+ < m—X-Q X (2.13)
Integrating eq. (2.13) and transforming to spherical polar coordinates resuits in:

Q(C-A);(l =- {, pr (Qr sing cosq cosA+using cosA-vsinA)dV
SZ(C-A)i2 =-] pr(Qr sing cos@ sinA+using sinA+vcosA)dV (2.15)
A% ,



The functions Xl and X2 are called the equatorial angular momentum functions of 'the atmosphere. The
component X3 = - Y3 is called the axial angular momentum function of the atmosphere. The angular
momentum functions of the aimosphere are dimensionless. The non-dimensionalizing factor for X3

(1/QC) is different in magnitude from 1/Q(C-A) used for X1 X2 The vector (X1 X2 X3) is therefore
not parallel to the aimospheric angular momentum vector.

All components of the angular momentum functions consist of two terms. In the first term the wind is
involved, and this is called the wind or motion term, while in the second term the surface pressure

is involved and this is called the matter or pressure term. The new functions defined by Bames et

al. (1983) are simpler undifferentiated forcing functions, and ihey can be evaluated from
meteorological data. Following Barnes et al. (1983), assuming that the atmosphere can be treated as
a thin spherical annulus of radius R, and that the vertical pressure gradient is given by the

hydrostatic relation, the following final form of the atmospheric angular momentum functions is
obtained.

- pu— -~ 4 : ]
X=XP+x%=- 'g(%‘;g [P sing cos2p el d) do
R3 s iA
TEO(C-A) ] (using+iv) cosp e~ dA do dp .17

Xy = XE3?+X§”=R—C [P cos (pdkd(p+gcQ {11 ucos®p di do dp

Where:
I
2 IZTC
¢ ydhde= | ( )dAdeand
- 0
2
T
Ps 2 J2
¢ Ydrdedp= Io | ( )drdedp
-
2
2.4 Love number corrections and atmospheric effective angular momentum functions

So far the equations have been derived by assuming that the solid earth is perfectly rigid. For a
deformable earth the equations are still valid, but the deformation of the earth under prescribed



stresses should be considered. So it is necessary to consider changes in the inertia tensor Ii(_‘ia) of
the solid earth which may arise from tidal, centrifugal or frictional forces. The surface stresses
can be due to atmospheric pressure or wind drag.

The torque on the earth leads to rotational and surface loading deformation and their effects are
allowed by using Love numbers (Munk and Mcdonald, 1960; Lambeck, 1980).

Taking into account the Love numbers and both rotational and surface loading deformation the
equatorial functions and the wobble are defined (Barnes et al., 1983) by:

X=1.00XP+143%x% (2.18)

: t
m(t) = ¢'%o’ [m(0) io (1+ %°) IO X(1) e %% dr] - ° [X(®) - €% X(0)]

(2.19)
where: G, =0, (ko - k2)/ko, kz = 0.285 from the observations of the body tide
and: (1+2k2(C-A)A(0C) =1.002,
and: X3 =(0.70Q g3+ h3)/QC (2.20)

The equatorial (Xl, XZ) and the axial (X3) components are called the equatorial and axial atmospheric
effective angular momentum (AEAM) functions of the atmosphere. The complete form, which is suitable
for evaluation of AEAM functions is given by:

w_-1. OOR

n
X, =XP +X] =Che Izpssm(pcos @ cosA dA do -

0

N _N[;:l

}2(‘(123A§{gf Iz J (using cosg cosh-ucos sinA)drdedp



4 2 2m
- -1.00 R . .
Xy = Ag + x‘z?’ ={C Az .i (f) Ps sing cosz(p sinAdAde -
"2
i1
143 g3 Fs2 on
(C-A) g {) fn | (using cosg sinA+ucosg cosh)dAded
2
4 3 - Py 5
0.70 R* " s ‘
Xy=X54+X] = e J;zt Jf) P cos” 3pdrde + R Cﬂg [ i ] ucos \pd?udcpdp |
"2 "2

In order to evaluate the AEAM functions for the ECMWF model, the expressions for Xl’, X2 and X3 have
been formulated as follows.

12n > »
Xy=(100 R4)/((C-A)g) [ . fz psp.\/ l-uz cosAdAdp -

(221)
(1L43RIQC-A)g) Io I o ((upcosA-vsinA)NI-p )dmug% dn
4 1 J,Zn 3 .
Xy =CLORYC-A] ] pypV1-4s? sinhdAdp -
(222)
11 2n
143 R¥Q(c-A)) R Ion (nsinh+veosy1-wDihdn 82 dn
X3=(0.70 R4)/(Cg)I IZ p(1-p )d?\.du,+(R3/CQg)Gf Il {) udxdugfi dn
2.23)

where sing=| and ucos®,vcos¢ have been replaced by u and v respectively.

The final form which is suitable for calculation of AEAM functions for values defined at Gaussian
latitudes and hybrid levels is given by:



NGL NLON 1 NGL NLONNLEV 1w
X,= Y w.2e/NLON) ¥ &P+ Y wQuNLON) & X & Ap;
1i=11 i=1 ij ;271 i=1 =z ij k~rijk
(2.24)
N(Z}L (27/NLON) NEON 2 NgL NIZ..:ON N]iEV oW
= W (2T g+ w; (2n/NLON) & Ap..
05 v j=1 Uoi=rd jS1 k=1 13 kCPik
(2.25)
NGL NLON 3p NGL NLONNLEV Iw

(2.26)

where:
Wi are the Gaussian integration weights,
NGL is the number of Gaussian latitudes,
NLON is the number of points along a Gaussian latitude,
NLEYV is the number of vertical levels
efP =100 RD/(C-A)) pg V1K cos h
Eil}Nk = -((1.43 R3)/(Q(C-A)g V1-12) (upicosh-vsinh)
P =-((LOORN(C-A)E) py V17 sinh
siz}”k = (143 R3Y(Q(C-A)g V1-p %)) (upsind+veosh)
&P =(I0RYC-+)p

&, =®Cag)uad

R is the radius of the Earth.

3. RESULTS
The equatorial component of the AEAM functions (Xl, X2) and the axial component (X3) have been
calculated by equations (2.24), (2.25) and (2.26). The contribution from the globe and the Northern
and Southern Hemisphere have been calculated for both the wind (XW, Xgl, X‘gﬂ) and the pressure (XII’ Xg,
Xg) terms. In the presentation of the time series the data have been smoothed by an eleven-day
running mean which has been chosen arbitrary to cut out the high frequency noisy raw data. In all
plots the analysis is presented by a continuous heavy curve and the ten, five and three day forecasts
by thin continuous, dotted and dashed curves respectively. The scale factor for each component is
shown on the vertical coordinate axes. For comparison with the paper of Barnes et al. (1983) the
scale factor for the axial component has been multiplied by q=C€2=5.133568. 1023, For polar movements
the units of the ordinate are seconds of arc. One second of arc is 4.848.10'6 rad, which
corresponds to a displacement of about 31m at the earth’s surface.
9



3.1 Equatorial components of atmosphere effective angular momenium functions

The equatoriai components of the AEAM functions (X, XZ‘) have been examined separately for the Globe
and the Northemn and Southern Hemisphere,

3.1.1 Contribution to X, X, from the Northern Hemisphere

The componeris Z‘i} . }iz for this hemisphere for 1986 and 1987 are shown in Fig. 12,b,c and Fig. 2a,b,c.

As in previous studies {for examplie Bames et al., 1983) the Xg (Fig. 2¢) exhibit a marked yearly

sinuscidal variation with a period close to that of the Chandler wobble, with rapid variations

superimposed. In the yearly variation of Xg the main maximum occurs during the Northern Hemispheric
summer. The X;';] term (Fig. 2b) exhibits a similar but opposiie variation, with smaller amplitude,

having a mm&m;m during the Northem Hemispheric summer. Therefore the ‘3{? term (Fig. 2a) compensates
the Xg term. For both years the terms X%’ (Fig. ic) and 1‘;’ (Fig. 1b) suggest a yearly variation of

small amplituds. As for the X, term, the variations in Xf:; and X‘f’ are of opposite direction. A

systematic error in X‘;’ and XIf terms (Fig. 1b,c) has been found, with 2 tendency for the model to
overestimate Xli" and “{f, mainly during the Northern Hemispheric summer.,

312 Contribution to Xy, X, from the Southem Hemisphere

The terms X‘I’V (Fig. 3b) and le (Fig. 3c¢) exhibit fairly constant values throughout the year, A
systematic error is seen in the X‘{V term, with a iendency of the model to overestimate this component

during the Southern Hemispheric winter.

The curves of terms Xg (Fig. 4¢) and XZV (Fig. 4b) for the analysis exhibit a fairly level yearly

values with more rapid variations superimposed. There is a considerable systematic error in the
prognostic X}ZN terms during the Southem Hemispheric winter. The prognostic 3-day X‘ZN term (Fig. 4b)
has the largest bias compared with the initialized analysis, indicating a "spin-up" problem, which

may be relaied to the known spin-up problem in tropical precipitation (Illari, 1987). An analysis of
integrated wind error (figures are not shown) for July 86 and 87, shows that the largest errors are

well related to the X, wind term efrors, indicating that the wind error is mainly responsible for

this large biases in X, wind term (Fig. 4D).
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Fig. 1

a) Total term of X1 for the northern hemisphere
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Equatorial components X of AEAM functions for the Northern Hemisphere for 1986-1987. ‘The analysis is

presented by a continuous heavy curve, the ten-day forecast by a thin continuous curve, the five-day
forecast by a dotted curve and finally the three-day forecast by a dashed curve. The scale factor is
shown on the vertical coordinate axes.
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Fig.2 As in Fig. 1 but for the equatorial components Xo.
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Fig.3 As in Fig. 1 but for the Southern Hemisphere.
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3.1.3 Global contribution to Xl, X2 terms

For both years the terms Xfl’ (Fig. 5¢) and X123 (Fig. 6¢) suggest a sinusoidal variation with a period
close to that of the Chandler wobble and with rapid variations superimposed. The amplitude of Xg is
larger than XII’. The terms X‘{V(Fig. 5b) and X‘ZN (Fig. 6b) exhibit a similar but opposite yearly
variation to XII’ and Xg respectively. Since the wind and pressure terms have on average an opposite
sign, the amplitude of the total (XI,XZ) is smaller than the amplitude of (Xfl’ ’XIZ’). Generally, in the
total component (X, X,) the characteristics of the Northern Hemisphere variations are present. This
is due to the fact that the equatorial components of pressure and friction torques are more

pronounced in the Northern Hemisphere due to the presence of more orography and land sea contrasts.
There are systematic errors in the X‘IN and X%V terms, and there is evidence of the spin-up problem in
the prognostic 3-day wind term (X;V). The model’s tendency is to overestimate X‘l’v and underestimate

Xg', mainly during the Northern Hemispheric summer.

3.2 Amplitude and phase error of X=X1+iX2

The phase error of the forecast X=X, +iX,, has been defined by:
- cos 1 X/ | XD - cos 1,/ X ), for Kp)p>0, (Xp)5 <0

- cos™! (X2/|X|)F+ cos™! (X2/|X|)A for X)p>0, X, >0

phase error =

cos”! (/| X ) - cos™ (K| X[ For (K< 0, (), <0

cos”! (K,/|X ) + cos”T (/| X ), for (Kp)p <0, (Xp)5 >0

where F stands for forecast and A for the analysis. In case of the analysis the phase error is zero.
Obviously the phase error is in the interval [-x,+7].

The amplitude has been defined by:

Amplitude of X = [X| = VX2 + X3

3.2.1 Global contribution o X=X1+iX2

The yearly variations of the amplitude of X (Fig. 7) are dominated by the annual variations of X2,

since X2 is of higher amplitude. The prognostic amplitude of the pressure term of the 3 and 5 day
forecast of X (Fig. 7c) follows the analysis quite reasonably. This term shows a yearly variation

with maxima during the Northern Hemispheric summer. In the wind term of the amplitude of X (Fig. 7b)

15



x1e10°

X1210°

X1%10°

a) Total tarm of X1 for the globe

~0.8

-0.8

121

T T 1 0 O i il
a0t 381 a2 481 641 801 861

Day number in 1886-87

1 ‘
181 241

b) Wind term of X1 for the globe

721

-0.24

-0.34

~0.4 5

i
1 81

1 L v T 3 I T
301 3s1 421 481 641 801 661

Day number in 1886-87

T T
121 181 241

c) Pressure term of X1 for the giobe

+
721

-0.14

-0.2-41

-0.34

0.4

1 N v ] H
30t 361 421 481 541

Day number in 1886-87
As in Fig. 1 but for the Globe.

i ¥
181 241

Fig.5

16

721



*2#10°

a) Total term of X2 for the globe

X2%10°

2.7
2.8
4
e 2
:, A L8
b}
¥
L
Y ‘ 3
1.8+ %
l‘ﬂ v T I v v 1] L r v I v
1 81 121 181 241 301 381 421 481 541 801 881 721
Day number in 1986-87
b) Wind term of X2 for the globe
9.8
0.6
0.4

x2%10°

~0.44 i\

TR Y
'0.5‘
-0.8 —— ™ ’ T T 7 Y T T ™ T T
1 81 121 181 241 301 381 421 a1 541 801 881 721
Day number in 1886-87
c) Pressure term of X2 for the globe
2.8
2.5+
2.4+ 4
2.3 .~ e (B A ‘
2w B oh: v\ A I :
2.2 } * A £ & Q VY
2.14 ' ‘ £} " _‘:‘ S b d II
¥ v ( 1 N N
21 , N - A X A .
1.9 2 Y A b E f ¥ ¥, 4
Y / il /e A ‘f‘ !
E N E YWY A
1a oy LAY AR I
YR y . e Y7 ’
1.7 i AR Ry Y
. | \J 1
1.6 '
1.8
1.4 - v ‘ ; ; ; ; g ; ;
1 81 121 181 241 301 381 421 481 541 601 861 721

Day number in 1986-87

Fig. 6 As in Fig. 5 but for the component Xs.

17



Ampl. of X210°

Ampl. of X*10°

Ampl. of X*10°

Fig. 7

2.7

a) Amplitude of total term of X for globe

2.8+

2.6

1.4+

: . : :
30t 381 421 481 641

Day number in 1986-87

¥ 1] t
181 801 881

b) Amplitude of wind term of X for giobe

0.8+

0.8

0.74

«0.14
-0.2 T ] T T T T T T T ] T T
1 81 21 181 P23 301 381 421 481 541 801 881 721
Day number in 18988-87 '
c) Amplitude of pressure term of X for globe ]
2.7
2.6
2.5
2.4
2.3 - A AR
‘& Ao v < 'v
2.2 AL o I
. AL AL I\
2.14 R SA T b
) D ?
24 [% ‘ . ! A A
I < [ WA I ¥
ropdsin g T ‘A;ﬁl‘ '
¥ ) - g ¥y I /
1.5'A'/' '__'.', v t 1
1.7 ! ’ ¥ ’
g (L
7
1.6
1.5 - . 7 T T T T ? ™ Y i
1 81 121 181 241 30t 381 421 481 541 801 881 721
Day numbar in 1988-87
Amplitude of X=X;+iX, for the Globe for 1986-1987. The convention for the type of curves is the same

as in Fig. 1.

18



ihe large wind term error of X2 of the Southern Hemisphere is dominant, since the biases of the 3-day
forecast are the largest, mainly during the Northern Hemispheric summer. In the total term (Fig. 7a)
the prognostic amplitude is systematically smaller than the analysis and mainly during the Northern
Hemispheric summer. Large phase errors (Fig. 8) have been found in the wind term (Fig. 8b) in
comparison with the pressure (Fig. 8c¢) and total (Fig. 8a) terms.

3.3 Polar motion (wobble)

The displacement of the pole of rotation around the geographical reference pole, has been calculated
according to equation (2.19). Before the discussion of the resulis, let us consider the first effect
of a simple excitation function \|1(Y1, Y2) to the wobble equaiion as defined by Barnes et al. (1983).

m+ (i/co)ﬁn =y (3.1)

If w(Y,Y,)is constant, then the solution is an anticlockwise motion of the pole of rotation

around the excitation pole, with an angular velocity G, and radius of (m(0)-y). When v is a function
of time, the pole of rotation follows a non-circular path. The component (Yl' Y2) are related to

(Xl’ Xz) by the expression

Y =X+ x2 /Q
(3.2)

Global components Y, Y, have been calculated (figures are not shown). The Y, Y, follow the
fluctuations of Xl’ X2 suggesting that the terms }'(1/9 and 5(2/52 are of smaller magnitude. Since

Iﬁn/o l ~ l m] (Bames et al., 1983) the following relation has been adopted (derived from (2.19)) for
calculating initial values of X, X,

X

178 -1y
(3.3)

Xy ~my+my
If the initial coordinates (mcl’, mg) of the pole are known, then from (3.3) the initial values (X‘IJ,
Xz) can be esumated The initial location of the geographical pole (m1—0 1952, m2—0 178 for 1986

and m1—9 6510 m2—0 385 for 1987) has been chosen to have the position given by Bureau
International de L’Heure (BIH) for the first of January 1986 and 1987 respectively.

The pole displacement calculated by equation (2.19) is strongly dependent on the position of the
initial geographical pole. Below, an attempt will be made to investigate the pole movements, bearing
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the large wind term error of X, of the Southern Hemisphere is dominant, since the biases of the 3-day
forecast are the largest, mainly during the Northern Hemispheric summer. In the total term (Fig. 7a)
the prognostic amplitude is systematically smaller than the analysis and mainly during the Northern
Hemispheric summer. Large phase errors (Fig. 8) have been found in the wind term (Fig. 8b) in
comparison with the pressure (Fig. 8c) and total (Fig. 8a) terms.

3.3 Polar motion (wobble)
The displacement of the pole of rotation around the geographical reference pole, has been calculated

according to equation (2.19). Before the discussion of the results, let us consider the first effect
of a simple excitation function W(Yl’ Yz) to the wobble equation as defined by Bames et al. (1983).

m+ (i/Go)ﬁn =y (3.1)

If \y(Yl, Yz) is constant, then the solution is an anticlockwise motion of the pole of rotation
around the excitation pole, with an angular velocity G, and radius of (m(0)-y). When y is a function
of time, the pole of rotation follows a non-circular path. The component (Yl’ Y?_) are related to
(X1-X5) by the expression
Y, =X, +X, /Q
(3.2)

Global components Yl’ Y2 have been calculated (figures are not shown). The Yl, Y‘2 follow the

fluctuations of Xl’ X2 suggesting that the terms illﬂ and }.(2/9 are of smaller magnitude. Since

Iﬁxlcs ] ~ | ml (Barmes et al., 1983) the following relation has been adopted (derived from (2.19)) for
calculating initial values of Xl’ X2

Xq~my-my
(3.3)
Xy ~my +1m,
If the initial coordinates (m, m9) of the pole are known, then from (3.3) the initial values X3,
Xg) can be estimated. The intial location of the geographical pole (m}=0.1952, m9=0.178 for 1986

and m‘{=9.65 10’2, mg=0.385 for 1987) has been chosen to have the position given by Bureau
International de L’Heure (BIH) for the first of January 1986 and 1987 respectively.

The pole displacement calculated by equation (2.19) is strongly dependent on the position of the
initial geographical pole. Below, an attempt will be made to investigate the pole movements, bearing

19



a) Phase error of total term of X globe

2.8+
1.8 i
x
% 0.8
& o e e e
E o2l WO s ML, SR A k) hNM&‘\'j‘W N - JMW&\JM = = ]
[ ]
w
@
£= .
e  .1.24
-2.24
-3.2 T " 7 ; j ; ; ; ; ; ;
1 81 121 181 241 301 381 421 481 641 801 881 721
Day number in 1886-87
b) Phase errar of wind term of X globe
|
t3
" ;
]
- L'l Vg
o M‘ !
- 13
) 1§
= 2 i
© vD
o x
W -
a :
=
o £
-2.24
-3.2 T T I T - T T T ] T ] i 1
1 61 21 181 241 301 a1 421 481 641 801 8481 721
Day number in 1986-87 ’
¢) Phase error of pressure term of X for the globse
2.8
1.8
x
‘5 0.2
5 .
- A L . FanN N S s o
® 0.2+ el S O i o Bt ca o (o ey ST
-]
w
-]
£
o .12
-2.21
‘3-2 v Il T v " T ) 0 T v O 1
1 61 121 181 241 301 361 421 481 641 801 881 721
Day number in 1988-87
Fig.8  AsinFig. 7 but for the prognostic phase error, which has been defined in Section 3.2. The phase

error of the analysis is zero.

20



in mind that different results may be obtained if another position is chosen. The observed pole
displacemenis can be considered as a result of surface loading, resulting from pressure and

frictional stresses acting on the surface of the earth. Fluctuations in the equatorial components of
AEAM functions play an important rcle in moving the earth’s rotation pole (Barnes et al.,, 1983), and
can even account for many of the detailed features of the observed polar motion. As was mentioned
before, the pole’s displacement around the geographical pole has been calcuiated from equation
(2.19), using time series of the equatorial component of the AEAM functions Xl' X2 for 1986 and
1987.

3.3.1 Northern Hemispheric contribution to the wobble

A comparison of Figs. 9 and 10e with 9a and 10a respectively reveals that the radius of the circle
produced by the pressure term (XI; ,Xg) is slightly larger than that produced by the total (XI,XZ),
suggesting that for both years, on average, the surface loading due to the wind ierm (X{',X3) is
partly compensating the surface loading due io the pressure termn (X%,Xg}. The wind term plays a
minor role in pole displacement, since the radius of the circle forced by this term (Figs. 9¢, 10c)

is the smallest. The pole is moved anticlockwise by both terms, but the wind term moves the pole in

an opposite direction to the pressure term, resulting in a smaller total (wind + pressure) radius.

For 1986 the radius of the circle forced by the wind term (Fig. 9¢) is systematically smaller when
calculated using forecast fields from the analyses. This means that the loading effects on the

surface produced by changes in the prognostic wind term are lower than computed using analyses, and
therefore there is a need for this torque to be increased. This torque appears to have been

increased in the right direction by the introduction of gravity-wave drag in 1987 (Fig. 10c) but it
seems that this increase was too much. For 1987 the 3-day radius of the prognostic cycle forced by
the pressure term is systematically smaller than the analysed one. Therefore the pressure field has
been slightly affected by gravity-wave drag as well, assuming natural interannual variability not to

be the cause.

3.3.2 Southern Hemispheric contribution to the wobble

For the Scuthern Hemisphere the radius of the cycle produced by the total component (Xl’ X’Z) (Figs.
9b, 10b) is slightly greater than the one produced by pressure term (Figs. 51, 10f). This suggests

that, on average, the wind contribution to the wobble is of the same sign as the pressure

contribution. The pole is moving anticlockwise by both contributions. Since the prognostic radius
due to the wind term (Figs. 9d, 104) is larger than the analysis and since by both terms the pole is
moving in the same direction, the circle forced by the total term is of larger radius than the

analyses values (Figs. 9b, 10b).
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There is a systematic error in the wind term in the Southern Hemisphere (Figs. 9d, 10d) and the

radius of the prognostic circles are larger than those of the analyses. Therefore the torque

produced by the wind term in the Southemn Hemisphere is larger than the one produced by the analysis,
and there is a need for this torque to be decreased.

Another systematic error appears in the pressure term for 1987. The radius of the predicted cycle is
higher than that of the analyses, suggesting that the surface loading produced by the pressure term
should be reduced. There is evidence of the spin-up problem, since the largest radius is found in
the 3-day prognostic circle forced by the (X?,X;’).

34 Axial component of atmospheric effective angular momentum functions

While the redistribution of air mass is mainly responsible for altering the equatorial component of

the AEAM function, the strengthening or weakening of the zonal winds (as described by the second term
of the equation 2.23) is predominantly responsible for changing the axial component of the AEAM
function.

3.4.1 Northiern Hemispheric contribution to Xq

The terms Xg’ calculated from initialized analyses and forecasts for both years (Fig. 11b) show the

familiar annual pattern (see for example, Rosen and Salstein, 1983; Barnes et al., 1983). Due to
strong westerlies during the winter there is a maximum at the end of January, which begins to
decrease late in February, followed by a steady fall until it becomes negative around July. It then
rises again returning to a maximum by late January. A study of X%V (Fig. 11b) reveals that since the
middle of 1986 there has been an error in the forecast, with the prognostic values of Xg’
systematically underestimated in comparison to those of the initialized analyses. This systematic
error continues to exist during 1987 and may be related to the introduction of parametrized
gravity-wave drag, since the time of occurrence coincides with the introduction of this process in

the model. The systematic error of the model’s atmosphere is such that it loses angular momentum,
associated with a weakening and northward shift of mid-latitude westerly flow, or increase in

tropical easterlies. Either the gravity-wave drag is higher than the optimum one, or its

introduction has revealed the presence of what was formerly a compensating error. Since the pressure
ferm Xg makes a minor coniribution to fluctuations in atmospheric axial effective angular momentum
the quantity, Xg - mean (Xg) has been plotted in Fig. 11¢. The mean of Xg has been determined for
the period 1986-1987. It is not clear if there is any systematic error. There is an annual

variation with rapid variations superimposed. The total variation of X3 - mean (7(3), is shown in

Fig. 11a. The annual variation of the total is similar to that of the wind term.

3.4.2  The Southern Hemispheric contribution to X4

As in the Northern Hemisphere there is a minimum in the axial ng component (Fig. 12b) during the

Southern Hemispheric summer owing to a weakening of the zonal winds (late February); the curve then

24



a) Total term of (X3-mean) for the northern hemisp.

(X3-mean)*q*10°%°

-0.84

-0.9 ;
1 3t

A| ‘lk:-”’“l |'.l' T !r .'I i n‘ 1 1 [ v T ¥ ' ] I AL T
61 21 121 161 181 211 241 21 .’}01 331 381 391 421 461 481 b11 641 671 601 631 681 681 721
Day number in 1986-87
b) Wind term of X3 for the northern hemisphere

X3%q*107%°

-2 e
1 N

T S AU AR A A N AL T AT NSNS
©81 91 -121 161 181 211-241°271 301331381 391 421 461 481 511 641 671 801 831 8681 691 721

“Day number in 1886-87
¢) Pressure term of {(X3-mean) for the northern hem.

o o
o o
]

o o
w o »
J |

e
I
1
Y

0.1+

o
(o]
|

=

-0.14

(X3-mean)*q®10°*°
)
'T’

)

o

w
I\

-0.4
-0.51

| f r’ : ‘ v

-0.6

Day number in 1986-87

Fig. 11 As in Fig. 1 but for the axial component of X3.

25



{X3-mean)*q*10°2°

(X3-mean)*q*10°2°

X3%q*10°%°

a) Total term of (X3—mean) for the southern hemisp.

0.6
0.5
0.4
0.3
0.2
0.1
0.0-
-0.1
-6.2-
-0.3-

.04 ¢

-0.6

[BEEL ABEERE 7 7 T 7 T ! I T T T T T T Y " T e T T T
1 31 61 91 121 161 181 211 241 271 301 331 361 381 421 4561 481 511 641 571 801 831 681 891 721

Day number in 1986-87
b) Wind term of X3 for the southern hemisphere

14
13
12 4
114
10 -
g
8-
74

6
5

4 <

3

1' '3‘1 6|1 911 151 1él 1;1 '21“ ;4] 2'71;.'3‘0(1 33.31 3161 3[9{ 4|21 4I51 4I81 5|11 Etl;{ 5;1 661 Bél 6431A619'1 r7i21l
Day number in 1986-87
c) Pressure term of (X3-mean) for the southern hem.

0.8

0.7 1 £

0.6 r 2
L

0.5 , %

0.4 i

-0.64:

ot | !

-0.8

’ by
0.2 ’ ‘ AR ‘
0.1- ' i , \ \%-% '
0 ' A : A7 VY
-0.14 LAY
t/

-0.2- !

Sy o v \ ’A§ A

[}

¥

4 N
'@éz F .

-0.9

R S R R L AN L I RN ] T T T N A LA AR IS AR IS
181 81 91 121 161 181 211 241 271 301 331 361 381 421 451 481 611 641 671 601 631 661 681 721
Day number in 1986-87 ‘

Fig; 12 Asin Fig. 11 but for the Southern Hemisphere.

26



rises steadily up to end of May, remains at the same level up to the end of the winter and then
fallsuntil it again reaches a minimum by February. The maximum of X:‘_;V occurs during the Southem
Hemispheric winter, when the rotation of the atmosphere relative to the earth is at maximum, due to
stfong westerlies. The Southern Hemispheric maxima and minima are 180 degrees out of phase with
those of the Northern Hemisphere. In contrast to the Northern Hemisphere there is no significant
systematic error, which, in view of inter-hemispheric differences in the distribution of orography is
consistent with the suggesuon that the Northern Hemxsphenc systematic error is related to the
introduction of gravity-wave drag

There is an annualyvariation of Xg -mean (Xg) (Fig. 12a) similar to ng with more small variations

superimposed. The curve of total Xg- mean (X3) (Fig. 12a) follows the variation of ng as well,

3.4.3 The global contribution to X4

In the global curves (Flg 13), the characteristics of the Northem Hemisphere are dominaht, since

the amplitude of annual variations of X3 are higher in the Northern Hemisphere. There is a maximum

of ng (Figs. 13b) during the Northern Hemispheric winter and a minimum in the Norihern Hemispheric
summer. Since the angular momentum about the X,-axis in the Earth- Atmosphere system is conserved,
there should be an exchange of angular momentum ;Jetween the Earth and the atmosphere, as we will sece
later. In 1986 there is a secondary maximum in ng during September besides the main maximum in May.
The curve falls steadily and remains low during summer (up to end of August) and then rises steadily

up to its maximum value. For 1987 the secondary maximum is in January, followed by a main maximum in
March. Superimposed on the annual variation is a low frequency variability with a period of about 30

days in the pressure term.

From the middle of 1986 onwards, there is a considerable error in the 10 day forecast, and the
model’s atmosphere is losing axial angular momentum. The fluctuations in the pressure term (Figs.
11c) show major maxima of fluctuations in the 10-day forecast. Finally there is a weak minimum '
within the Northern Hemispheric summer in the total axial angular momentum (Fig. 13a).

3.5 Changes in the length-of-day ,

Using monthly mean zonal wind data, Lambeck and Cazenave (1974) concluded that all irregular
variations in the earth’s rotational frequencies between 0.3 and 0.6 cycle per year are of
meteorological origin. Hide et al. (1980) showed that even short-term changes in length-of-day are
well correlated with fluctuations in the axial angular momentum of the atmosphere. Langley et al.
(1981) have found good agreement of short time-scales changes with length-of-day. Bames et al,
(1983) showed that during most of the pericd from 1 January 1981 to 30 April 1982 there is a good
agreement between meteorologicaf and astronomical curves, suggesting that short-term changes in the
length-of-day are due to angular momentum exchange between the atmosphere and the solid earth.

27



Variation of-day-length sec*10*

Variation in day-length sec*10*

Variation of-day-length sec*10*

a) Length-of-day variat. due to total term for the globe

1 31 81 91 121 161 181 211 241 271 301 331 361 391 421 461 481 511 541 671 601 631 881 681 721
Day number in 1986-87 '
b) Length-of-day var. due to wind term of the northern h.

1 311 Br1 9|I 151 Iél 1é1 2'11. 2‘41 2.71-»36{551 3'6.1. 3191 4l21:4161 4'81 Elﬁ 5:1'1 6l71 6(‘J1 ABl.H 6|61 B|91. 7|21
Day number in 1986-87
¢) Length-of-day var. due to wind term of the southern h.

B amama B e L L i A as e ST S SRR
1 31 81 91 121 161 181 211 241 271 301 331 381 391 421 451 481 511 641 671 801 831 881 881 721
Day number in 1986-87

Fig. 13 As in Fig. 11 but for the Globe.

28



For our studies, changes in length-of-day have been estimated by equation (2.11).

where A is the length-of-day, g = (1+m3) Q and mg=Yq+C. Estimation of A requires the evaluation
of the integration constant ¢, which in this study has been chosen to produce a length-of-day exactly
equal to 27/ at the beginning of the year (1 January for 1986 and 1987).

3.5.1 Northern Hemispheric contribution to length-of-day variations

Since changes in the distribution and strength of zonal wind provide the main contribution to
fluctuations in XB’ the wind contribution to the length-of-day is shown in Fig. 14b. For both years,
there is a maximum in length-of-day during late winter (late February or beginning of March) showing
that the solid earth is rotating slowly, then the curves fall steadily until they reach their minimum

in early July (meaning that the earth is rotating faster), and they then rise steadily up to a

maximum value. There is an error which is similar to the Northern Hemispheric systematic error of
ng, and the model’s length-of-day is shorter than that of the analyses, corresponding to an increase

of angular momentum of the solid earth.

352 Southern Hemispheric contribution io length-of-day variations

The Southern Hemispheric variations in the length-of-day (Fig. 14¢) are the same as those of the
Northern Hemisphere in the sense that both maxima occur during each hemisphere’s winter and the
minima during the summers. The curve of the length-of-day for the Southern Hemisphere is 180 degrees
out of phase with the Northern one. Due to more orography and land-sea contrast in the Northern
Hemisphere the amplitude of the length-of-day curve is about 35% larger than of the Southemn
Hemisphere curve. The error apparently induced in the Northern Hemisphere by the parametrization of

the gravity-wave drag cannot be traced in the Southern Hemisphere.

3.5.3  Global contribution to length-of-day variations

Due to the fact that the length-of-day amplitude is higher in the Northern Hemisphere, the
characteristics of the Northern Hemisphere are dominant in the global length-of-day curves (Fig.
14a). For both years the maximum occurs during the Northern Hemispheric winter and the minimum

during the Northern Hemispheric summer.

4, CONCLUSIONS
Time series of wind and surface pressure have been used to evaluate AEAM functions, polar motion and
length-of-day for 1200 GMT initialized analyses, and 3-, 5- and 10-day forecasts, using archived
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ECMWF data. The conclusions will be discussed separately for the equatorial component, polar motion
and axial componerit.

4.1 Equatonal AEAM function (X, X5)

In the Northein He'msphera the term. X2 is of higher order than XIIJ and exhibits a marked annual
variation, which is opposite to X2 Therefore the amplitude of the total X2 is smaller than Xlz’ The
yeatly variation of X1 is opposite to XIIJ as well and the amplitude of Xp is smaller than Xg

In the Southern Hemisphere the amplitudes of the annual variations of X X2 Xl and Xg are very
small. This shows the dependence of X1 and X2 on orography and land-sea contrast. Globally, on
average the wind terms X‘l’v and X;_V are working in an opposite direction to yearly variations of XllJ and
XB, respectively.

The main systematic error is connected to the wind terms, and the model atmosphere’s tendency is to
overestimate X‘lv and Xll’ in the Northern and underestimate X‘z;V in the Southern Hemisphere. A large
error in the wind term of X2 in the Southern Hemisphere is found to be related to the wind error. An
analysis of the phase error of X=X1+iX2 shows the existence of a large error in the wind term,

4.2 Polar motion ,

‘Due to redistribution of mass (measured for example by changes in surface pressure) there are loading
effects on the earth surface. The loading on the earth’s surface (produced by the Northern
Hemlsphere pressure term) forces the pole of rotation to move anticlockwise around the geographical
pole. On average, it has been found that the wind terms (in both Hemispheres) and the Southern
Hemispheric pressure term move the rotation pole anticlockwise, but the motion is 180 degrees out of
phase with respect to that produced by the Northern Hemispheric pressure term. This explains why the
radius of the resultant motion (total term) is smaller than that produced by the Northern Hemispheric
pressure term. With respect to the systerhatic error in implied polar movements, the following has
been found. For 1986 the radius of the circle produced by the predicted Northern Hemisphere wind
term is systematically smaller than the one forced by the wind term of the initialized analysis.

This indiéates that the prognostic torque is smaller than that produced by the initialized analysis.
This torque has been increased bj/ the intfoduction of gravity-wave drag for 1987, and the sign of the
error reversed, indicating that either the drag is higher than required or there is another error

source which is no longer compensated by a lack of parametrized wave-drag.

For the S'outhem Hemisphere the radius of the prognostic circle (forced by the wind term) is much
higher than that of the initialized analyses. Therefore there is too much torque in the model
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atmosphere of the Southern Hemisphere. A systematic error appears in the pressure term as well after
the introduction of the parametrization of gravity-wave drag. '

4.3 Axial AEAM function

In accordance with previous studies it is found that the variation in X3 is mainly due to wind

variations. Looking into the annual variation of ng (Fig. 11b) in connection with length-of-day
variations (Fig. 14b) it can be seen that there is an exchange of angular momentum between the
atmosphere and the earth. During the Northern Hemispheric winter the Xg' is at maximum (due to strong
westerlies) and the length-of-day curve has its maximum, with an implied transfer of angular momentum
from the solid earth to the atmosphere. During the Northern Hemispheric summer there is 2 minimum in
ng (due to a weakening and northward shift of the westerlies) and a minimum in length-of-day, .
resulting in a transfer of angular momentum from the atmosphere to the solid earth. The same happens
in the Southern Hemisphere (Figs. 12b, 14c), during the Southem Hemispheric winter where besides the

inter-hemispheric transfer within the atmosphere, there is a transfer of angular momentum from the
solid earth to the atmosphere and vice versa during summer. Due to the phase difference between the
seasons in both Hemispheres, the resultant net transfer is small.

Comparison of the predicted ng with that calculated from the initialized analyses shows that a
systematic error has been introduced in the model following the incorporation of gravity-wave drag.
Since the middle of 1986 (Fig. 11b) the prognostic X%v are systematically smaller than those estimated
from the initialized analyses. This indicates that the model’s atmospheric angular momentum is
smaller than that of the initialized analyses. From Fig. 14b there is a corresponding systematic

error as well in length-of-day, and the models implied length-of-day is shorter than that of the
analysis resulting in a higher rate of transfer of angular momentum from the atmosphere to the

earth.

Finally, considering the main modelling implications to the effective angular momentum functions, it
may be concluded that:

~

1) The systematic error in the Northern Hemisphere Xg’ term, apparently introduced by the

incorporation of gravity-wave drag into the model, is probably due to a compensating error.
Preliminary first results show that the northward shift of mid-latitude westerly flow has been
reduced, after the incorporation of the new vertical diffusion into the model. This

systematic error could be a consequence of the use of both gravity-wave drag and the envelope

orography.

ii) The large biases in the X2 wind term of the Southern Hemisphere arises from the large wind
error in this hemisphere, the causes of which are not well understood.
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