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Abstract Estimates of ocean angular momentum
(OAM) provide an integrated measure of variability in
ocean circulation and mass fields and can be directly
related to observed changes in Earth rotation. We use
output from a climate model to calculate 240 years of 3-
monthly OAM values (two equatorial terms L; and L,,
related to polar motion or wobble, and axial term Ls,
related to length of day variations) representing the pe-
riod 1860-2100. Control and forced runs permit the
study of the effects of natural and anthropogenically
forced climate variability on OAM. All OAM compo-
nents exhibit a clear annual cycle, with large decadal
modulations in amplitude, and also longer period fluc-
tuations, all associated with natural climate variability in
the model. Anthropogenically induced signals, inferred
from the differences between forced and control runs,
include an upward trend in Ls, related to inhomoge-
neous ocean warming and increases in the transport of
the Antarctic Circumpolar Current, and a significantly
weaker seasonal cycle in L, in the second half of the
record, related primarily to changes in seasonal bottom
pressure variability in the Southern Ocean and North
Pacific. Variability in mass fields is in general more im-
portant to OAM signals than changes in circulation at
the seasonal and longer periods analyzed. Relation of
OAM signals to changes in surface atmospheric forcing
are discussed. The important role of the oceans as an
excitation source for the annual, Chandler and Marko-
witz wobbles, is confirmed. Natural climate variability in
OAM and related excitation is likely to measurably
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affect the Earth rotation, but anthropogenically induced
effects are comparatively weak.

1 Introduction

Basic conservation principles require that the total an-
gular momentum of the Earth, including its fluid enve-
lope, remains a constant in the absence of external
torques on the planet, which is essentially true if one
excludes the effects of tidal braking on the Earth—-Moon
system (Munk and MacDonald 1960; Lambeck 1980).
The two rotating geophysical fluids, ocean and atmo-
sphere, continuously exchange angular momentum with
the solid Earth and thus excite motions of the Earth’s
axis of rotation with respect to the crust or polar motion
(PM) and changes in the Earth’s rate of rotation or
length of day (LOD). Climate variability in the ocean—
atmosphere system and Earth rotation signals can thus
be closely linked.

Long records of global atmospheric angular mo-
mentum (AAM) have allowed extensive study of its
seasonal and lower frequency variability in relation to
atmospheric circulation and climate (Hide et al. 1997;
Rosen and Salstein 2000) and to Earth rotation changes
(Hide and Dickey 1991; Rosen 1993; Eubanks 1993).
Besides the well-established link among the subtropical
jet streams (and, hence, AAM) and LOD on seasonal
time scales, climate signals such as El Nino and the
Quasi-Biennial Oscillation have a clear impact on AAM
and LOD (Rosen et al. 1984; Abarca del Rio et al. 2000).
Influence of the North Atlantic Oscillation on AAM and
PM has also been noted (Chao and Zhou 1999). Long
Earth rotation records can thus serve as a proxy for
AAM (Salstein and Rosen 1986), and in turn AAM can
serve as a useful global index of the atmospheric state
under past and future climate scenarios (Rosen and
Gutowski 1992; Rosen and Salstein 2000; Huang et al.
2001).
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Similar studies of ocean angular momentum
(OAM) have been hampered by the lack of long
records, but recent work also indicates a clear con-
nection among ocean circulation changes, OAM, and
Earth rotation. The role of OAM in PM excitation at
seasonal and Chandler (~14 month) periods was
demonstrated by Ponte et al. (1998) and Ponte and
Stammer (1999) and further confirmed by Wiinsch
(2000), Gross (2000a), and Brzezinski and Nastula
(2001), using 11+ years of global ocean model output.
Celaya et al. (1999) extended the results to longer time
scales based on 120 years of OAM output from a
climate model and probed the role of the ocean in the
~30-year Markowitz wobble as well. Marcus et al.
(1998) and Ponte and Stammer (2000) found measur-
able but weak oceanic influence on LOD at seasonal
time scales. The seasonal signals in OAM have been
traced to changes in the oceanic gyre and circumpolar
circulation and mass fields (Ponte and Stammer 1999,
2000).

In the present work, we examine OAM seasonal
and lower frequency variability based on 240 years of
output from the Hadley Centre coupled climate model,
version HadCM2 (Johns et al. 1997). Ocean model
output from two HadCM2 runs is used: a “control”
run, which simulates the current climate under present
levels of greenhouse gases, and a ‘““forced” run, which
simulates an anthropogenically influenced climate-
change scenario, forced with estimates of historical
and future increases of greenhouse gases and sulfate
aerosols. Our analysis extends recent OAM studies in
several ways. Results from the control and forced runs
permit one to address not only how natural climate
variability affects OAM, but also how OAM may vary
under anthropogenic climate forcing, as done for
AAM by Rosen and Gutowski (1992) and Huang
et al. (2001). Our analysis attempts to relate OAM low
frequency signals to regional changes in the currents,
density, and sea level fields, and thus sheds light on
the potential use of OAM as a global index of climate
variability in the ocean circulation and mass fields. In
addition, with a substantially longer time series
than previously examined, we can further clarify
possible links between OAM changes and FEarth
rotation signals such as the Chandler and Markowitz
wobbles.

2 Model output and calculations

The OAM vector can be broken into three components: L, and L,,
about the equatorial axes pointing to 0° and 90°E meridians, re-
spectively, and related to excitation of PM; and L, about Earth’s
polar axis, and related to LOD changes. Each component consists
of a matter term, due to solid body rotation and dependent on
bottom pressure fields, and a motion term, due to velocities relative
to solid body rotation. Matter and motion terms are denoted here
by P and V, respectively, and given by

(PI,PZ):—Q‘Tﬂ//pbsin(/)coszq&(cosi,sini)dd)d), (1)
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where ¢ and A are the latitude and longitude, r is the radius and
Q is the rotation rate of the Earth, u and v are the vertically
integrated zonal and meridional currents, p, is the ocean bottom
pressure, p, is the mean ocean density, and g is the acceleration of
gravity. Quantities in Eqgs. (1)-(4) can denote local or global
OAM values depending on the surface area considered in the
integrals.

Our estimates of the OAM integrals are based on output from
the HadCM2 runs described in detail by Mitchell et al. (1995).
For brevity, only pertinent issues are briefly revisited here. The
coupled HadCM2 model (Johns et al. 1997) was run for 240
years representing the period from 1860 to 2100, under ‘“‘control”
and “‘forced” cases, where the forcing for the latter consists of
historical greenhouse gas (represented as equivalent CO,) and
sulfate aerosol concentrations until 1990, after which the con-
centrations increase following scenario 1S92a (Houghton et al.
1992). For the control run, forcing is held constant. The climate
variability simulated in the HadCM2 runs is fairly realistic (Tett
et al. 1997; Collins 2000). Values of OAM are calculated four
times a year from pressure and velocity data averaged over three-
month periods and given on a 3.75° longitude by 2.5° latitude
grid.

For this rigid-lid model, the total ocean bottom pressure, p;, is
given by the sum of p,, which is the pressure due to the integral of
density p over the water column, and p,, which is the pressure on
the rigid lid due to dynamic surface signals. Values of p, are
estimated as in Gregory and Lowe (2000). Spatial gradients of p;
are diagnosed from the prognostic model variables, and values of
ps are then determined to within a spatial constant by a mini-
mization method, as described in detail by Gregory (1993). The
undetermined constant is related to globally averaged mean sea
level changes and corresponding variations in ocean volume that
must also be inferred. Note that the model formulation of the
continuity equation and the rigid lid imply conservation of vol-
ume, and thus changes in density are not accounted for by
changes in volume. For example, a uniform warming of the global
ocean, which in reality implies no change in mass, would induce a
decrease in p, through a decrease in p, in the model, because the
water column lightens. The unmodeled volume changes can,
nevertheless, be accounted for by assuming that they translate
into a spatially homogeneous sea level correction (Ponte 1999;
Greatbatch 1994; Gregory 1993) given by

Sea level correction = 72/ op dv = f—/ / op dzd4

1 5pp
== da 5
A/gp,, i ©)

where A is the area of the global ocean. The hydrostatic pressure
corresponding to this sea level correction, which is not dynami-
cally relevant but can be important for OAM calculations, was
then added to p,. For the rest of the manuscript, p, denotes the
corrected bottom pressure. Note that the spatial weighting factors
for P; and P, in Eq. (1) are such that their integral over the
global ocean would be zero for an aqua planet (see Fig. 8a in
Ponte and Stammer 1999), which implies that any error in ap-
plying a homogeneous correction is bound to have less of an
effect on the results presented here for L, and L, than it does for
L.
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3 Analysis of 0AM

Given the short span of most of the records previously
analyzed, very little is known about variability in OAM
at interannual and longer periods, including possible
interannual changes in the annual cycle. The 240-year
time series of OAM for the control and forced runs,
shown in Figs. 1 and 2, respectively, are analyzed here
with the purposes of characterizing the OAM signals,
from seasonal to multidecadal periods, associated with
natural climate variability and searching for possible
signatures in OAM of anthropogenically forced climate
signals, including possible long term trends. The
anthropogenic signals are established by examining dif-
ferences between the forced and control runs. Note,
however, that some of these differences can also be due
to natural variability of the model (e.g., natural, very
low-frequency oscillations may look like long-term
trends), and that for a more definite separation of nat-
ural and anthropogenic climate signals ensemble aver-
aging analysis would be needed. These considerations
should be kept in mind when interpreting the results. In
what follows, we focus first on the long term trends and
then on other time scales.

3.1 Long term trends

The search for long term trends is a common focus
of climate analysis. Assessing trends in ocean models
is, however, made difficult by the usual presence of
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spurious drifts, particularly in the density fields. To
mitigate the effects of any spurious signals, one can focus
on the difference between trends in control and forced
cases and examine only any potential trends in OAM
owing to anthropogenic forcing effects. We follow this
approach here with the implicit assumption that the
processes responsible for the differences in control and
forced trends combine linearly (i.e., differences between
forced and control runs are independent of the control
drift).

Of the OAM components in Figs. 1 and 2, trends in
Vi, P>, and V, seem negligible, while P; does show a
trend but similar in both control and forced runs. In
contrast, 3 has an upward trend in the forced run not
present in the control case. Similarly, P; shows a nega-
tive trend in the control run but is relatively constant in
the forced run, which implies an increase in Pz in the
latter case of size similar to the control drift. In this
interpretation, anthropogenic climate forcing leads to
long term increases in both P; and V3, and consequently
Ls, although we note that the signal in P; is not large
compared to possible systematic model errors.

To gain insight into the trends in P; and V3, the re-
gional trends of the fundamental variables, zonal ve-
locity and bottom pressure, were investigated. Linear
least-square trends were fit to p,, p;, p» (= p, + ps + sea
level correction), and u at each grid point for the control
and the forced runs, and the former were subtracted
from the latter to determine the climate signal (Figs. 3
and 4).

Trends of p, in Fig. 3a are mostly negative and
indicate the influence of heat uptake, with the ocean
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Fig. 2. Same as Fig. 1, but for
the forced run

100 150
Time (years)

absorbing heat at most latitudes but certainly not in a
homogeneous fashion (Gregory 2000). The decreases in
P, seem on average stronger in the Pacific than in other
basins, and also weaker near Antarctica and in some
shallow areas. Patterns in p; trends are closely linked to
those in p, and partially compensate for spatial gradi-
ents in p, trends (Fig. 3b). (Note that the relation be-
tween p, and p,, is not simply a direct result of thermal
effects but reflects interactions among thermal forcing,
pressure gradients, and ocean currents and mass trans-
ports in the model.) As a result of this cancellation, local
trends in p, (Fig. 3c) are substantially weaker and spa-
tially much more homogeneous and reveal a shift of
mass from the Pacific to the Indian and South Atlantic
Ocean and also from deep ocean to shallow coastal re-
gions and the Arctic in general. Both patterns are con-
sistent with the warming signals discussed in Fig. 3a and
reflect the importance of volume effects on the deter-
mination of trends in L;. Inhomogeneous warming can
lead to mass shifts away from regions where warming
effects are larger. Averaged p, trends at each latitude
(not shown) indicate a long-term equatorward transfer
of mass consistent with the increase noted in Ps.
Interpretation of the long-term trend in V3 is com-
paratively more straightforward. Local zonal velocity
trends in Fig. 4 show a banded character in latitude,
with negative values over ~40°-60°N and ~20—40°S and
mostly positive values elsewhere on average, including a
clear spin up of the eastward Antarctic Circumpolar
Current (ACC). The contributions from increasing
eastward and westward flows in the tropical and gyre

100 150 200
Time (years)

200 250 0 50 250

circulations nearly cancel out; the contribution of the
ACC estimated as 2mr°p, T cos’p, where T is the ACC
transport and ¢ is a representative latitude after Munk
and MacDonald (1960) and Ponte and Stammer (2000),
nearly explains the increase in V3. The ACC transport
increases from 215 Sv to 225 Sv over the 240 years of the
forced run, contributing an OAM change of about 6.4 x
10* kg m* s!, which is nearly all the increase in Vs
during the forced run (Fig. 2). The trends in u are likely
related to wind curl forcing trends in the coupled model
and related changes in Sverdrup transports, but ther-
modynamic forcing trends in the ACC region are
probably also relevant (e.g., Gent et al. 2001).

3.2 Variability at seasonal and longer periods

All P and V terms in Figs. 1 and 2 show a clear annual
cycle superposed on interannual and longer period
variability. We quantify the variability as a function of
time scale by calculating the spectra of L, L, and L3 for
the forced run (Fig. 5). Results are similar for the con-
trol run (not shown), indicating that in general natural
and anthropogenically-forced variability in the OAM
model records are for the most part indistinguishable.
The only clear periodicity in the records is the annual
cycle. Apart from the annual peak, distribution of power
is white or slightly red in frequency. Annual peaks are
dominant in L; and L, spectra, but for L3 the power at
annual and decadal periods seems equally important. As
apparent from the different amplitudes of P and V series
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Latitude

Fig. 3. Spatial distribution of the trends of a p,, b p,, and ¢ p,, for
the forced run, after subtracting the trends for the control run.
Light shading in b and ¢ denotes negative values. Units are Pa/yr
and contour intervals are a 2 Pa/yr, b 4 Pa/yr, and ¢ 2 Pa/yr

Lotitude

(4] 100 200 200

Fig. 4. Spatial distribution of the trends in depth-averaged zonal
velocity of the forced run, after subtracting the trends for the
control run. Shading denotes negative values. Units are mm s ' /yr
and contour interval is 0.2 mm s '/yr

in Fig. 2 and confirmed by their separate spectra (not
shown), variability in P terms contribute the most to the
spectra of L in Fig. 5 at most frequencies. Ponte et al.
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Fig. 5. Spectra of L, (top), L, (center) and L; (bottom) for the
forced run. The units for all y-axes are (kg m> s ')?/cpy and the first
point plotted corresponds to period of 64 years. Variance at each
frequency can be obtained by multiplying the spectral value by 0.05
cpy and dividing by 2

(1998) and Ponte and Stammer (2000) found similar
behavior at seasonal periods.

Spectra in Fig. 5 provide an assessment of the average
OAM variability, but climate fluctuations can poten-
tially lead to changes in OAM characteristics with time.
To investigate this issue, we perform a sliding-window
variance analysis over consecutive 20-year periods, after
detrending OAM series within each window (Fig. 6). All
OAM components show substantial changes in variance
levels (~100%) at multidecadal time scales. These
changes reflect modulations in the amplitude of all
variability at periods of ~20 years and shorter, but
contributions from modulation in annual cycle ampli-
tudes are particularly important, especially for L; and L,
given the dominant annual peaks in the spectra of Fig. 5.
Large changes in the strength of the OAM seasonal cycle
at decadal time scales are thus suggested.

Modulations in Fig. 6 have similar amplitudes in
forced and control runs and are, thus, likely part of the
natural variability in the model and not a result of an-
thropogenic forcing. There is, however, an apparent
downward trend in L, variance in the forced run, and
consistently lower variance when compared to control
run in the last half of the record, when enhanced an-
thropogenic forcing effects are expected. Changes at the
annual period are important to this behavior. Fig. 7
shows the variance associated with the annual cycle in P,
and ¥, for the control run and for two different periods
of the forced run, 1860-1990 and 1990-2100, chosen to
highlight the anthropogenic forcing effects after 1990.
For both P, and V>, the annual cycle for the period
1990-2100 of the forced run is indeed significantly
weaker than that for the earlier segment or for the
control case.
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Fig. 6. Variance in a sliding 20-year window for L; (top), L,
(middle), and L; (bonom) for the control and forced runs. The
units on the y axes are in (kg m? 1)>. Note the different scale for
L;. The window was slid forward one point (three months) at a
time to calculate the variance at the mid-point of the window;
therefore, not all points are independent

Amplitudes of P, are much larger than those of V5 in
Fig. 7 and thus determine the behavior of L,. To relate
the observed decrease in P, annual variance to changes
at a regional level, we also examined the annual vari-
ances for the local integrals of P, over each model grid
box based on the last 110 years. Fig. 8 shows the
difference in these regional annual variances between
forced and control runs. Because phase information is
lost in these calculations, regions of increased variance
in Fig. 8 may actually lead to a decrease in global P,
variance or vice-versa, depending on the phase relation
between local and global annual cycles. Thus, the sign of
the differences in Fig. 8 is not important, only the
amplitudes. Largest changes in annual variance occur in
regions such as the southeastern Pacific and the southern
Indian Ocean and the western North Pacific that are
known to contribute strongly to the annual variability in
L,, as discussed by Ponte and Stammer (1999). The
regions in the Southern Hemisphere show a dipole pat-
tern (Fig. 8) suggesting shifts in the spatial position of
the regional peaks of annual P, variance between con-
trol and forced cases. All changes in P, are ultimately
caused by seasonal variability in bottom pressure.
Changes highlighted in Fig. 8 are likely related to
climate fluctuations in surface wind curl patterns, judg-
ing from current understanding of seasonal bottom
pressure dynamics (Ponte 1999).

4 OAM signals and Earth rotation

As discussed in the Introduction, variability in OAM
can excite signals in PM and LOD. The study of such
interactions is generally carried out using excitation
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Fig. 7. The annual variance in P, (left) and V> (right) with 95%
error bars for the control and forced cases labeled f7 (1860-1990)
and f2 (1990-2100). Results are based on spectra calculated for 30-
year segments, after detrending over each segment. The units for
the variance on the y-axes are (kg m’s )% notice the different scales
in the two panels
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Fig. 8. Annual variances of regional P, values calculated at each
model grid box for the last 110 years of the forced run, after
subtracting the corresponding variances for the control run.
Dashed contours denote ne%atlve values. Units are (kg m’s")?
and contour interval is 1 x 10% (kg m?s "2, Largest contour plotted
is 4 x 10% (kg m*s )2

functions y (e.g., Barnes et al. 1983), which represent the
effective driving of Earth rotation signals by geophysical
processes. Following Barnes et al. (1983), the relation
between (nondimensional) y and L quantities is simply
given by

1.0
b)) = ———— (P, P
(/{17}52) Q(C—A)( 1y 2)
1.43
V') = ——— (1, V5
(Xl&XZ) Q(C—A)< 1, 2)
(0.7,1.0)
(5 75) = TC(P3’ ;)
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where C and A are the polar and equatorial moments of
inertia of the mantle, and the numerical factors 1.0, 1.43,
and 0.7 account for the rotational and surface-loading
deformation effects.

The OAM time series were used to compute the
pressure (3”) and velocity (/ ") functlons with total ex-
citation along any one axis given by y© + »". Us1ng
these y series, we reexamine the role of OAM in the
excitation of PM at annual, Chandler, and longer peri-
ods, and of LOD changes. Discussion focuses on the
forced run; control run results are reported when war-
ranted by differences with the forced run. Some of the
PM analyses follow closely those of Celaya et al. (1999)
to facilitate comparison with their results. The reader is
referred to Celaya et al. (1999), Barnes et al. (1983), and
references therein for details on the derivation of the y
functions and their relation to PM and LOD.

4.1 Annual wobble

A major signal in observed PM is the prograde annual
wobble. To estimate the average oceanic excitation of
this wobble in our 240-year climate series, and for
comparison with previous results, the phase 0 and am-
plitude A4 of the annual prograde co IE)onent of y1 + iy,
as well as ;¥ + iy, and }(1 + iy, , were determined
for twelve consecutive 20-year segments and averaged
together (Table 1). Our estimate of 4 for y is in good
agreement with that of Celaya et al. (1999), obtained
with a different climate model. There are, however,
noticeable differences between y” and y" values in the
two climate models, with larger amplitudes found in
Celaya et al. (1999), particularly for 3", and also sub-
stantially different phases in general. In our case, the
amplitude of y” is ~5 times that of y”, whereas in Celaya
et al. this ratio is only ~2. These differences apparently
cancel out when calculating total y. Amplitudes of y are
also similar (within a factor of 2 or 3) to those calculated
by Wahr (1983) and Ponte and Stammer (1999), despite
the totally different nature of the latter models.

The prograde annual power was also estimated in a
sliding 20-year window, following the same procedure as
in Fig. 6, to examine its interannual variability. Results
in Fig. 9 show large interannual modulations (~100%)
at decadal and longer time scales, with dominant con-
tributions from y”. Although the annual cycle in ¥, in
the second half of the forced run was significantly lower
than that in the first half, as can be inferred from Fig. 7,
the prograde annual wobble excitation (which depends
on both y; and y, and their relative amplitudes and
phases) does not show such a difference in Fig. 9. Thus,
no discernable anthropogenic signal in prograde annual
wobble driving is found in HadCM2, although signifi-
cant natural climate variability is suggested.

Given the results in Fig. 9, the differences in various
estimates of annual prograde power in Table 1 are not
surprising and may result not only from the different
models used but also the particular periods studied. The
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Table 1. Annual prograde excitation: (4, 0) are to be interpreted as
A cos(wt + 0) with 0= 0 corresponding to Jan 1, where A is in 10~/
rad and 0 is in degrees. Note that because data points in time series
are spaced three months apart, the inherent uncertainty in the
phase is approximately +45°. Values of (4, 6) from Ponte and
Stammer (1999), Celaya et al. (1999), and Wahr (1983) are tabu-
lated for comparison under PS, C, and W, respectively

HadCM2 PS C w
b 0.19, 126°  0.335, 65°  0.14-0.22, 13°-32° 0.07, —83°
© 0 0.19, 134° 0.38-0.42, —8°-1°
¥ 0.03,51° 0.21-0.26, 160°-177°
250 T
Annual i total
200r o Eumonis 7

x10 7' radzlcpy
@
S

O total
+ pressure
O currents

Chandler

Time (ycars)

Fig. 9. Sliding wmdow estimate of polar motion excitation by y”
(dashed line), y” and total y at the prograde annual (rop) and
Chandler (bottom) frequencies, using output from the forced run

averaged oceanic excitation based on HadCM2 results
can account for nearly one fourth of the averaged ob-
served annual wobble excitation (~0.72-0.88 x 10"’ rad
according to Gross 2000b). Thus, our results confirm the
important role of OAM to the annual wobble excitation
found by Ponte et al. (1998), Ponte and Stammer (1999),
and Celaya et al. (1999), and at the same time indicate
the potential for significant variations in that role from
year to year.

4.2 Chandler wobble

The prograde Chandler wobble corresponds to a free
mode of the Earth at ~14 months and is the largest PM
signal in the observations. The average Chandler pro-
grade power, taken here as the average power over three
harmonics (0.8, 0.85, and 0.9 cpy) as in Celaya et al.
(1999), and its interannual variability were estimated as
done for the annual cycle, after removing the annual
harmonic from the oceanic y series. Average power
amplitudes are given in Table 2, together with similar
estimates based on Ponte and Stammer (1999) and
Gross (2000a) for comparison, and interannual modu-
lations of that power are shown in Fig. 9.
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Table 2. Amplitude (x10°%) of Chandler excitation averaged over
harmonics 0.8, 0.85 and 0.9 cpy. Ponte and Stammer (1999) values
are based on a single harmonic at 0.84 cpy. Original estimates from
Gross (2000a) contained the integrated power over three harmo-
nics, 0.73, 0.82, and 0.91 cpy, and have been divided by three for
consistency here

HadCM2 Ponte and Stammer (1999)  Gross (2000a)
1 0.23 0.23 0.31
Pl 0.19 0.30
008 0.06

Average Chandler power estimates in Table 2 are
remarkably similar to previous values, although the
contribution of " seems larger in HadCM2 results than
in those reported by Gross (2000a). The relative role of
%" and 7 seems to depend significantly on the period
considered (Fig. 9). Large oceanic excitation is usually
related to y” variability, but " can be equally important
over periods of weaker power (e.g., between 90 and 130
years in Fig. 9). In general, there is large (greater than
100%) interannual variability for y over decadal and
longer time scales, but with significantly more modula-
tion at shorter scales than seen for the annual wobble
excitation, reflecting the more random nature of vari-
ability over the Chandler band.

Most importantly, the HadCM2 oceanic Chandler
excitation power in Fig. 9 is similar in mean magni-
tude and interannual variations to the observed mean
geodetic excitation power between 0.8 and 0.9 cpy
reported by Celaya et al. (1999). Our results thus
confirm the major role of the ocean in driving the
Chandler wobble. In addition, as for the annual
wobble, although anthropogenic climate signals were
not detected in comparisons between forced and con-
trol runs, natural climate variability should lead to
large modulations in oceanic power available to drive
the Chandler wobble.

4.3 Low frequency PM

Interannual PM signals are generally weak but contain
a clear oscillation called the Markowitz wobble at
periods of ~20-30 years. Celaya et al. (1999) investi-
gated the possible role of OAM climate signals as a
source of the Markowitz wobble and found typical
excitation amplitudes to be too small by a factor of 2
and with apparently longer periods. Following Celaya
et al. (1999), we examine the oceanic excitation at low
frequencies by smoothing original y;, y, series using a
sliding Gaussian window with a decay constant of five
years. Prior to this smoothing, the annual harmonic is
removed and the control trends are subtracted from
the forced y functions to remove any model drift.
Smoothed y series are shown in Fig. 10, together with
corresponding trace of the low frequency wobble at the
pole. This trace describes the actual motion of the pole
of rotation that would occur under the calculated
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Fig. 10. Smoothed polar motion excitation by the currents (zop
left), pressure (top right), and the total ocean (bottom left) at low
frequencies. Solid line represents y; and dashed line y,. Trace of the
wobble at the pole, representing the motion of the pole of rotation
driven by the total ocean excitation, is shown in the bottom right
panel

oceanic excitation and is determined by solving a simple
ordinary differential equation relating y;, y» to PM, as
described in detail by Celaya et al. (1999) or Barnes et al.
(1983). The low frequency HadCM2 y series show
variations at 20-30 years and at longer time scales, with
pressure effects dominating. Variability at the Marko-
witz time scale is much more evident in our results than
in those of Celaya et al. (1999), but PM amplitudes are
~2 x 107® rad, which is only about one fourth of the
observed amplitudes. In addition, the PM trace does not
exhibit any clear preferred direction as observed in the
data (Celaya et al. 1999). These results suggest that the
ocean can contribute to the Markowitz wobble but that
other geophysical processes are most likely also
involved.

4.4 Effects on LOD

Although the impact of OAM on LOD fluctuations is
expected to be small judging from studies of the sea-
sonal cycle (e.g., Marcus et al. 1998; Ponte and
Stammer 2000), behavior at longer periods has not
been quantitatively examined. Our results yield an
annual cycle in y; with an amplitude of ~1.9 x 10°'°
rad or equivalent to an LOD signal of 16 psec, with
the maximum occurring around mid August (£45
days). The inferred amplitude and phase are in good
agreement with previous estimates (e.g., Marcus et al.
1998; Ponte and Stammer 2000) and correspond to
~5% of the annual change in LOD.

The low-frequency excitation, obtained by smoothing
3-monthly series over 8 points to eliminate the seasonal
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cycle, is examined in Fig. 11 for the forced run. Range of
variability is ~10°, which is equivalent to LOD changes
of <0.1 ms. Similar amplitudes are expected from long
term trend effects. (These signals are related to differ-
ences between control and forced trends and thus not
readily inferred from Fig. 11, but note that variability in
the forced L; series in Fig. 2 is similar to the control
trend in L3 in Fig. 1.) For comparison, effects of tidal
braking produce a secular trend on LOD of more than
2 ms/century (Eubanks 1993) and changes in AAM
estimated in global warming scenarios amount to
~0.5 ms/century (Huang et al. 2001). Oceanic pertur-
bations on LOD are certainly small at the longest scales,
but not totally negligible at interannual periods given
observed variability in LOD on the order of 1 ms (e.g.,
Hide and Dickey 1991; Abarca del Rio et al. 2000).

5 Summary and discussion

Based on the HadCM?2 climate runs analyzed, natural
climate fluctuations are expected to induce large changes
in OAM variability, particularly in the strength of its
seasonal cycle, which can be modulated at decadal and
longer time scales. Besides the annual cycle, no other
mode of variability is readily distinguishable in OAM. In
particular, although the HadCM2 simulates quite well
variability associated with El Nifio-Southern Oscillation
events (Collins 2000), such variability does not seem to
produce discernable spectral signatures in OAM. The
seasonal and longer period OAM signals simulated by
HadCM2 are largely related to variability in bottom
pressure and are found to be potentially important
sources of PM at annual, Chandler, and Markowitz
periods.

Large anthropogenically forced signals in OAM are
not detected in HadCM2 runs but there is an increasing
trend in Lj, associated with inhomogeneous warming
trends and corresponding mass shifts towards low lati-
tudes, and also to a lesser extent with a spin up of the
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was done by averaging every eight points. Units are years for x-axis
and x10'%rad for the y-axis
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ACC and eastward transports in the Southern Ocean. In
addition, a marked decrease in the annual cycle in L,,
related to changes in seasonal bottom pressure and
currents in North Pacific and Southern Ocean regions, is
also predicted for the period after 1990. Impact of these
signals on Earth spin rate and wobble are, however,
expected to be weak compared to other geodetic signals.

Our approximate treatment of non-Boussinesq effects
(i.e., expansion and contraction of water parcels and
corresponding changes in volume) points to their po-
tential importance when determining OAM signals at
long (climate) time scales, particularly for L;. Warming
or cooling patterns with spatial variations do not change
the total ocean mass but can lead to significant redis-
tribution of mass globally and thus to OAM changes.
The ability of ocean models to explicitly represent non-
Boussinesq effects may thus be an important asset when
seeking the most accurate representation of the vari-
ability in the oceanic mass field.

Mass fluxes related to hydrological effects (runoff,
precipitation, ice melting, etc.) can lead to eustatic sea
level signals and thus to changes in OAM. Although
these signals are not explicitly calculated in the rigid lid
model and thus not treated here, we note that hydro-
logical effects may be important for the Earth rotation
problem (e.g., Celaya et al. 1999). In this regard, related
OAM changes are directly tied to mass transfers from
land and glaciers and are best treated in the context of
the global hydrological cycle, which is beyond our scope.

Natural and anthropogenic climate signals high-
lighted in OAM reflect variability in major ocean current
systems (e.g., ACC, gyre circulation in North Pacific,
etc.) and correlated patterns in pj, or nonuniform rise in
temperature. Thus, OAM can be used as a global index
of the ocean climate state. As a measure of the vertically
integrated horizontal circulation, OAM can serve as a
useful complement to more traditional measures of
ocean climate such as the strength of the meridional
overturning circulation. In addition, OAM provides a
unique global measure of the oceanic mass field. Any
such use of OAM must of course be tempered by the fact
that important regional OAM signals, as seen for ex-
ample for the case of V3 discussed in Fig. 4, can cancel
out leaving no discernible signal in the global values.
Besides providing insight on climate signals in ocean
circulation and mass fields, studies of OAM in the
context of the planet’s angular momentum budget, as
attempted here, are also another way of checking be-
havior in climate models against independent geodetic
data that represent the integrated effects of the global
climate system.
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