The Sub-bureau for
Atmospheric Angular
Momentum of the International
Earth Rotation Service:
A Meteorological Data Center
with Geodetic Applications
Abstract
By exchanging angular momentum with the solid portion of the
earth, the atmosphere plays a vital role in exciting small but
measurable changes in the rotation of our planet. Recognizing this
relationship, the International Earth Rotation Service invited the
U.S. National Meteorological Center to organize a Sub-bureau for
Atmospheric Angular Momentum (SBAAM) for the purpose of
collecting, distributing, archiving, and analyzing atmospheric parameters relevant to earth rotation/polar motion. These functions of
wind and surface pressure are being computed with data from
several of the world's weather services, and they are being widely
applied to the research and operations of the geodetic community.
The SBAAM began operating formally in October 1989, and this
article highlights its development, operations, and significance.

1. Introduction
Angular momentum is a three-dimensional quantity
that in the absence of external torques is conserved;
it is therefore a fundamental measure of the state of
any closed system. Numerous studies have examined
the balance of angular momentum within the earth
system, involving all parts of the planet, including its
atmosphere, oceans, solid shell (crust and mantle),
and core. It is the atmosphere, though, that is most
variable, exchanging relatively large proportions of its
momentum with the solid earth below, compared with
the other components. Indeed, on a wide range of time
scales between several days and years, considerable
agreement exists between changes in the angular
momentum of the atmosphere and those of the solid
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earth, which are evident as small but important changes
in the rotation of the planet.
Variations in the axial component of the earth
orientation vector, and hence the rotation rate, are
reckoned by geodesists as variations in "universal
time," or its derivative, the length of day (LOD). Variations in its two equatorial components indicate movements in the position of the earth's pole relative to its
crust, a wobble of the planet. Historically, both LOD
changes and polar motions were determined from
conventional astronomical measurements. In recent
years, however, a number of sophisticated space
geodetic techniques have supplanted the older optical
methods to produce well-resolved and highly accurate
values of earth orientation. The scientific need for
monitoring changes in earth rotation relates to understanding a number of geophysical processes involving
the planet's interior structure, as well as its enveloping
oceans and atmosphere. Precise knowledge of the
earth's orientation is also important for purposes of
navigation, especially in the tracking of interplanetary
spacecraft.
Because of the importance of earth-rotation parameters and their intimate connection with atmospheric
angular momentum, the Paris-based International
Earth Rotation Service (IERS), an organization that
serves the needs of the geodetic community, invited
the U.S. National Meteorological Center (NMC) to
formalize earlier cooperative efforts by organizing and
maintaining a specialized data center that would obtain and disseminate atmospheric angular momentum
values from the world's weather centers. This data
center, known as the Sub-bureau for Atmospheric
Angular Momentum (SBAAM), has been operating
within the Climate Analysis Center of NMC/NOAA
since October 1989 and receives scientific advice
from members of the earth sciences research community. Its operations have involved the participation of
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FIG. 1. Formulas for the %v X2> and %3 components according to Barnes et al. (1983). The x, and x2 terms are dependent
on wavenumber-1 harmonics of winds and pressures, whereas x3 depends on their zonal means.

several major meteorological centers which supply a
variety of atmospheric parameters. In addition to contributing data for the geodetic purposes just mentioned, the SBAAM data have also proved to be useful
diagnostic parameters in monitoring aspects of climate and the behavior of weather analysis and forecasting models. Although the SBAAM was initially
established for a two-year period, the decision was
recently made to continue its operations.
This paper will describe the datasets produced by
the SBAAM, how they are used by the geodetic
community, and their potential meteorological applications. In the next section, the relationship between
changes in atmospheric angular momentum and earth
orientation is briefly reviewed. The organization of the
IERS is presented in section 3. The remainder of the
paper focuses on the organization, research, and
future plans of the SBAAM.

2. Scientific background
It has been recognized since at least the time of
Starr (1948) that the angular momentum of the atmosphere need not remain constant and that exchanges
with the underlying planet can occur. The variable
nature of atmospheric momentum indicates that momentum transfer is intimately linked to the subtle
changes that occur in the earth's orientation. The topic
of the earth's variable rotation has been reviewed in a
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number of comprehensive books and papers including those of Munk and MacDonald (1960) and Lambeck
(1980), who provide a theoretical basis as well as
earlier observational evidence of various forcing terms.
Oort (1989), Hide and Dickey (1991), Herring (1991),
and Rosen (1993) discuss recent geophysical views
and results using modern observing systems.
A formal derivation of the dynamic relation between
the atmosphere and solid earth was developed by
Barnes et al. (1983). Their expressions for the atmospheric excitation functions for changes in earth orientation are easily applied to operational calculations,
and so were adopted by the SBAAM. These expressions, reproduced in Fig. 1, involve both motion terms,
represented by volume integrals of winds (W), and
mass terms, represented by surface integrals of pressure (P). The first two functions,
and x? a r e t h e
equatorial components and are associated with the
excitation of polar motion. The axial component x 3 «s
associated with changes in LOD. The formulas relating earth-orientation parameters and these excitation
terms are described in detail in Barnes et al. (1983).
Briefly, the equatorial relationships involve a transfer
function between pole position and its two excitation
terms x, and x2 consisting of a convolution with the
earth's free mode (a strong oscillation in polar motion
with a 14-month period, discovered by Chandler in the
nineteenth century). Less complicated is the axial
relationship, in which changes in LOD are merely
proportional to the excitation %3.
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Significant variations in all three components of the
excitation functions occur on many scales. The axial
component,
proportional to the relative atmospheric angular momentum due to zonal winds, varies
by as much as 100% seasonally, essentially doubling
between Northern Hemisphere summer and winter
due to the strong annual cycle of the jet stream in that
hemisphere. The resulting change between seasonal
extremes in LOD can be as much as 2 ms (Rosen and
Salstein 1983). Furthermore, y™ is well correlated with
LOD on time scales varying between several days and
years (Rosen et al. 1990; Dickey et al. 1992b). (The
term, related to meridional transports of mass that
change the atmosphere's polar moment of inertia,
appears to be of lesser importance than the
term
on most time scales.) This close relationship can be
seen for the two-year period displayed in Fig. 2. In
particular, the strong annual signal is evident, as well
as a semiannual one. Shorter, intraseasonal momentum fluctuations on the 40-60-day time scale are
mirrored in the LOD signal as well (Langley et al.
1981). Changes in LOD on longer, interannual time
scales not evident in this figure have been related to
the El Nino-Southern Oscillation phenomenon, due to
the strong wind anomalies associated with ENSO
events (e.g., Salstein and Rosen 1986; Dickey et al.

1992a). Some evidence also exists for a signal of the
stratospheric quasi-biennial oscillation in the LOD
series (Chao 1989).
With regard to the equatorial components of earth
orientation, the strongest signal contains variations on
the order of 10 m in pole position, occurring at the
resonant 14-month Chandler period, but a suitable
explanation for its maintenance against dissipation is
not yet available. In contrast, shorter variations of
polar motion have been more clearly identified with
specific geophysical causes. Earth wobble has a strong
annual component associated in part with both groundwater storage and the atmosphere (Kuehne and Wilson 1991; Chao 1988). On intraseasonal time scales,
motions of the pole occur with a magnitude of about 60
cm. The evidence for atmospheric pressure forcing of
these rapid polar motions is strong (Eubanks et al.
1988) and contributions from wind may play a role as
well (Gross and Lindqwister 1992). As an illustration of
the relationship between the atmosphere and earth in
the equatorial plane, we show in Fig. 3 a two-year
comparison of x1p2, filtered to focus on high frequencies, with a set of excitation values inferred from
observed pole-position variations using a mathematical inversion technique (Salstein and Gambis 1991).
Statistically significant coherences between such se-

FIG. 2. Comparison of x™, the atmospheric excitation due to winds, and changes in the length of day as measured by a VLBI technique
(Robertson 1991), for October 1989-September 1991. The nondimensional excitation term (scale at left-hand side), which is proportional
to the relative momentum of the atmosphere with a factor of 5.13 x 1033 kg m2 s~1, is also proportional to changes in the length of day (scale
on the right-hand side). There is excellent agreement on most time scales; the low-frequency difference represents the effects of
geophysical phenomena unrelated to the atmosphere.
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FIG. 3. Comparison of XF and
the atmospheric excitations for polar motion due to surface pressure, with excitations that are needed
to produce the polar motion observed by a combination of techniques (IERS1991) for October 1989-September 1991. The excitation terms,
which have been filtered to highlight time scales between a fortnight and a season, are given in nondimensional units. Significant coherence
between the atmospheric and geodetic series occurs for frequencies within this range.

ries generally exist for periods as short as 10 days. The
meteorological excitations that are most related to
these rapid polar-motion functions are caused primarily by airmass variations over the North Atlantic, North
Pacific, Siberia, and the southern oceans (Salstein
and Rosen 1989).
The degree to which changes in the mass distribution of the global ocean impact LOD changes and polar
motion is an important unknown. A zero-order approach to dealing with the problem is to not involve the
ocean at all by assuming it rigid. A relatively simple
alternative is to assume a state of static ocean equilibrium with the overlying atmosphere, the so-called
inverted barometer (IB) hypothesis (Gill and Niiler
1973). Simply stated, under IB conditions, any change
in air mass over the ocean will depress the water
surface below areas of high atmospheric pressure and
raise sea level beneath low pressure areas. The
ocean water so displaced has the same mass as that
part of the atmosphere greater than its mean value
over the ocean, with an approximate equivalence of 1
mb of atmospheric pressure to 1 cm of sea level.
Because of oceanic mass redistribution under IB conditions, the solid earth below the ocean will not be
affected by local changes of atmospheric pressure,
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but rather by the mean change of surface air pressure
over the entire ocean. The sensitivity of the pressure
excitation terms to the introduction of an IB model is
comparable to the terms themselves; however, the
degree to which the IB response occurs, and reduces
the importance of the pressure variations over the
ocean, is still under investigation. Therefore, it has
become the general practice to calculate the excitation terms assuming both a non-IB and a pure IB
response of the oceans. In fact, though, some sort of
dynamic, intermediate, ocean response to variations
in atmospheric pressure is perhaps most likely and is
the object of current research using both analytical
means (Dickman 1988) and modeling approaches
(Ponte et al. 1991).

3. The International Earth Rotation Service
While advances were occurring in understanding
the relationship between atmospheric angular momentum and earth orientation, significant improvements were being achieved in the production of the
relevant geophysical series. To facilitate the collection
and assimilation of the geodetic data, and to study
Vol. 74, Vol. 1, January 1993
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their implications, the IERS was organized jointly by positions. Satellite laser ranging (SLR) provides the
the International Astronomical Union and the Interna- IERS with a generally rapid source of earth-rotation
tional Union of Geodesy and Geophysics and began data. In SLR, laser pulses are transmitted to reflectors
operations on 1 January 1988. The IERS is a succes- on an artificial satellite with a highly stable orbit, such
sor to the International Polar Motion Service and the as the Laser Geodynamic Satellite (LAGEOS), in orbit
earth-rotation section of the Bureau International de since 1976. The round-trip travel time is used to
I'Heure. The IERS has four major responsibilities: 1) to determine distances between a station and the sateldefine and maintain a conventional terrestrial refer- lite and, in turn, a network of SLR stations yields a
ence system based on high-precision geodetic moni- suitable reference frame and a set of earth-orientation
toring stations; 2) to define and maintain a conven- parameters. The lunar laser ranging (LLR) technique
tional celestial reference based on fixed extragalactic is conceptually identical to SLR with targets consisting
radio sources important in measuring earth orienta- of arrays of reflectors on the moon that were installed
tion; 3) to determine the earth-orientation parameters by the Apollo astronauts first in 1969. Although the
relative to these systems, namely the terrestrial and laser return rate at the large lunar distance is much
celestial coordinates of the pole and universal time; lower than that of an SLR system, LLR data are useful
and 4) to organize the observation, analysis, collec- in studying the long-term variations in the earth's rate
tion, archival, and dissemination of appropriate data of rotation. Finally, the new Global Positioning System
(IERS 1991).
(GPS) uses a radiometric technique similar to that of
The organization of the IERS is depicted in Fig. 4. the VLBI; however, instead of tracking extragalactic
The various components of the IERS report to the sources, a constellation of artificial satellites, eventuCentral Bureau, which is located at the Observatory of ally numbering 24, transmits radio signals that are
Paris. All pertinent data are received by the Central measured by receivers on the ground. GPS is potenBureau, which, in turn, produces and distributes sets tially an important technique, whose ability to produce
of earth-orientation parameters optimally combined accurate, high-frequency earth-orientation parameters
from the various contributions. Monthly bulletins are was studied in a special experiment in mid-1992.
produced containing near-real-time values of these
Other components of the IERS depicted in Fig. 4
parameters. An annual report contains final values of are its two sub-bureaus, which are each devoted to
the earth-orientation parameters analyzed later, as specialized tasks. The Rapid Service Sub-bureau
well as information detailing the precision, analysis provides current earth-orientation information, includtechniques, and other aspects concerning the pro- ing weekly predictions of these parameters for up to 90
duction of these parameters. In addition, special days. The organization and activities of the SBAAM
bulletins and technical notes containing complemen- are addressed in the remaining sections of this paper.
tary information are produced as
necessary.
The earth-orientation datasets
received by the Central Bureau
are provided by the four current
coordinating centers, each of
which represents a principal observing technique. Geodetic
techniques typically measure the
length and orientation of
baselines between observing
stations, and sets of these
baselines can be used to develop a time series of the threedimensional orientation of the
earth. Very Long Baseline Interferometry (VLBI) employs a global network of radio telescopes
that simultaneously track extragalactic radio sources. Pairs of
FIG. 4. Organization of the IERS. The International Earth Rotation Service, whose Central
signals from observing sessions
Bureau is housed at the Observatory of Paris, is concerned with the earth's orientation and
are correlated to measure phase reference frames. It combines and analyzes earth-rotation data from coordinating centers. The
delays yielding relevant baseline SBAAM, housed at NMC, collects and distributes relevant atmospheric data.
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Observatory (NAO) of Japan. A
major goal of the SBAAM is the
rapid receipt of data from all
meteorological centers. As illustrated in Fig. 5, three of the centers provide data in near-real
time, and it is thus possible for
users to receive SBAAM data
quickly, within 24-36 hours. Data
from all centers are available
from the archived database.
For several years prior to the
start of the SBAAM, components
of atmospheric angular momentum from both atmospheric
analyses and forecasts had been
computed at a number of meteorological centers, and these
values were archived in a variFIG. 5. Operations of the SBAAM. The SBAAM receives data in either real-time or delayed
ety of formats. It was an impormode from participating meteorological centers and supplies it to interested users and the
tant mission of the SBAAM that
Central Bureau.
a consistent set of parameters
= = = = =
be compiled in order to facilitate
evaluation and intercomparison.
Thus, values of the excitation functions are collected
4. Mission of the SBAAM
as uniformly as possible from the different meteoroDuring the 1980s, a special study group of the logical centers.
Because the whole set of excitation components
International Association of Geodesy (5-98: Atmospheric excitation of the earth's rotation; Dickey 1984) (Fig. 1) is relevant to studies concerning earth orienwas active in highlighting the importance of earth- tation, the SBAAM sought to include all components,
atmosphere dynamic interactions. Through its efforts expressed as hemispheric integrals, in its database.
and those of other interested scientists, the require- The calculation of wind parameters involves the comments for a specialized meteorological center were putation of integrals over the depth of the atmosphere,
established. After finalizing data formats and seeking which, however, varies among the analysis models
the cooperation of various meteorological centers, the used at the different centers. Calculations of the NMC
SBAAM officially began operations on 1 October 1989. wind-based functions to a standard, 100-mb, level are
During the first two years of operation, the SBAAM has performed, but are difficult for other centers because
succeeded in serving as a focal point for the collection, their computations use the model nondimensional
archival, and distribution of atmospheric parameters sigma levels. Some of the centers also calculate
excitation terms with the IB correction in parallel.
relating to earth orientation.
Other meteorological parameters related to global
The SBAAM is maintained by the Climate Analysis
Center of NMC, and its organizational structure is momentum are also included in the SBAAM files.
depicted in Fig. 5. As a component of the IERS, the Zonal mean zonal wind values [u], from which the %3
SBAAM is responsible for providing archived datasets wind term is calculated, and zonal mean temperatures
to the Central Bureau together with related technical [T], whose gradients are related in the extratropics to
material. The SBAAM also provides atmospheric an- zonal winds, are also archived and have proved useful
gular momentum data and associated parameters, in in studying regional contributions to the behaviorof the
near-real-time or delayed modes, to interested par- global parameters (Rosen and Salstein 1983; Dickey
ties. Data from four meteorological centers are re- et al. 1991, 1992a). Forecasts of zonal mean zonal
ceived by the SBAAM. Participating centers besides winds proved especially valuable in resolving the
NMC are the United Kingdom Meteorological Office source of momentum forecast errors, including biases
(UKMO); the European Centre for Medium-Range (Rosen et al. 1991). Also, because there is evidence
Weather Forecasts (ECMWF); and the Japan Meteo- that the orbits of geodetic satellites are affected by the
rological Agency (JMA), values from which are pro- fluctuating gravitational field associated with the rediscessed by personnel of the National Astronomical tribution of mass in the atmosphere (Schutz et al.
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1989; Chao and Au 1991), routine specification of the
atmospheric mass field, expressed as a low-order
spherical harmonic expansion (full triangular truncation to wave 4 and zonal modes to wave 20), as well as
mean global surface pressure, are also SBAAM parameters. Lastly, because of some uncertainty about
the most appropriate domain to define the World
Ocean in the context of IB calculations, two special
sets of SBAAM parameters are produced using different ocean domains beyond the basic. Results from
this test will be discussed in the next section.
Analysis values of parameters are typically provided every 12 h, and forecast values once daily, from
the start time of each center's model given at up to 12h increments of lead times out to the model's limit. The
participation of each of the meteorological centers has
been essential to the success of the SBAAM, even
though complete SBAAM files are not produced by

TABLE 1. S B A A M

5. Assessment of SBAAM parameters

data from meteorological centers.

ECMWF

JMA

NMC

UKMO

*

*

*b

*

*

*

*

*

*

*c

Analyses

xw°
x

p

XP(IB)
M
[7"]
p-harmonics

*d

*
*
*

Forecasts

xw,xp
M

3, 5, 10 days

1-10 days
1-10 days

delayed mode to rapid transmission, a gap in the
ECMWF files was created, which we expect to fill from
archives.
During the first two years of SBAAM operations, it
was decided that its file structure would remain unchanged. We are now in the process of reviewing
recommendations for potential improvements to the
system, including provisions for acquiring data at the
two "off times," 0600 and 1800 UTC. It is expected that,
starting in 1992, the NMC and ECMWF analysis
parameters will be calculated at 6-h intervals. These
higher-frequency observations will be especially useful in light of the IERS intensive observing campaigns
planned for summer 1992 (Dickey 1991). Also, efforts
are under way to supplement the calculation of SBAAM
parameters at NMC on pressure levels with those on
direct model-based nondimensional sigma levels.
Other related developments are discussed in section 6.

1 - 6 days

The availability of the angular momentum terms
from a number of different weather centers provides
an opportunity to compare diagnostic products derived from a diverse group of forecast and analysis
systems. The small number of global and hemispheric
SBAAM parameters make them attractive as compact
measures of discrepancies among analyses and forecasts of the contributing centers themselves (Bell etal.
1991), in addition to their connection with geodetic
applications. In principle, geodetic measurements form
an independent constraint so that a meteorological
analysis that better agrees with LOD or polar-motion
series may be providing a more accurate product in
one integrated sense.

a

X""terms to top of model, currently for ECMWF, 10 mb; JM A, 10 mb;
NMC, 50 mb; UKMO, -25 mb.
b
%^also available to 100 mb.
including alternate World Ocean formulations.
d
Through 1990 only.

every center. A summary of the data contributions
from the four participating centers is given in Table 1.
The SBAAM system retrieves and makes available
data in as near-real time as possible to permit their use
for purposes requiring rapid access, such as in spacecraft navigation. The NMC data are produced, of
course, on site and are available quickly. Prior to July
1990, the UKMO files were sent to the SBAAM on
floppy disks; however, they are now rapidly transmitted on the Global Telecommunications System (GTS).
For the ECMWF, transmittal on the GTS has just
been established. During this transition period from
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a. Analysis quantities
By examining a parameter produced by different
centers, we can form estimates of analysis errors in
the relevant SBAAM quantities. Such an approach
was followed by Rosen et al. (1987), who compared
momentum globally and in zonal belts from both the
NMC and ECMWF systems and determined that a
steady decrease has been taking place over several
years in the difference between the winds and, hence,
momentum, of the two centers' analyses. Corresponding differences in momentum values in high latitudes
of the Southern Hemisphere were especially large
compared with their counterparts in high northern
latitudes, but that difference too has been decreasing
with time. We have also examined aspects of the
commonality in the excitation terms by means of an
empirical orthogonal function approach applied to the
four x™ time series for 1990. The first two modes are
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those from the three other centers, as demonstrated above for
the %^term; however, some discrepancies might be due to the
different vertical coordinates on
which center contributions were
calculated.
The mass term is less important in forcing LOD than is the
motion term on most time scales
because of a relatively stable
zonal mean pressure distribution. The
term, however, has
been shown to be particularly
sensitive to model changes that
have occurred throughout the
years, which tend to involve the
boundary topography. Indeed,
the large jumps in and seen
during March 1991 in Fig. 7 are
associated with the replacement
of silhouette orography with
mean orography at NMC, in conFIG. 6. Empirical orthogonal function results, using the method described by Salstein et al.
junction
with the adoption of a
(1983), for the first two modes, assessing the commonality of the X™terms from four analyses.
Eigenvector functions (bars on right) are nondimensional and represent the contribution of each
higher-resolution model. Earlier,
center's analyses to a mode. The time series for each mode (curves on left) represents the
when silhouette orography was
projection of the data series onto the mode, and hence reflects the temporal variability of the
first introduced in the NMC analymode's contribution.
sis cycle in 1986, these terms
took equally large jumps. Other
developments and model modifications
at
the
centers
have produced a number of
displayed as the groups of four bars in Fig. 6, together
noticeable
changes
in
the
pressure-based terms. In
with their associated time series. The first mode, with
addition,
different
models
of
orography in use at the
almost equal weights from the four centers, accounts
four
centers
cause
disparate
mean values of the
for nearly all (98.2%) of the total variance and its time
series reflects the important seasonal cycle as well as pressure-related terms (not shown), especially those
coherent subannual signals. Of the small remainder, of the axial %3 contribution. Physically, however,
most is present in the second mode, weighted largely changes in the x3 terms, rather than mean values, are
by the opposite loadings from NMC and ECMWF, those signals dynamically relevant to LOD variations.
indicating a negative correlation between the x ^ sigThe integrals forming the equatorial wind- and
nals that occur after the strong first mode is removed. pressure-related terms have a wavenumber-1 depenThis second mode has a time series with a marked dence in longitude and are thus subject to diurnal
semiannual component. Because the wind terms are influences. Such variations in the
terms, which are
integrated to the top analysis level of each center, modulated by the annual cycle, are clearly observed.
some differences among the centers, including the Bell et al. (1991) attribute them to an atmospheric tidal
amplitude of the annual and semiannual components response of the wind field. Because of the presence of
in XQ, can be attributed to the variation of that level this diurnal signal in sub-bureau data, it is recom(Rosen and Salstein 1985). Such comparisons can, of mended that at least twice-daily values be included in
course, be performed for all the SBAAM parameters analyses with these data.
that are produced by all the centers. Figure 7 shows
For the equatorial pressure components, the
the NMC analysis values of the full three-dimensional term has a much stronger annual signal than
set of global atmospheric angular-momentum excita- because of the longitudinal phase in their formulation components for the period since October 1989, tions. The absolute weights in the expression defining
which includes the portions due to winds, pressures, Xp2 (Fig. 1) maximize at 90°E and 90°W, longitudes that
and pressures as modified by the oceanic IB re- have relatively more land area than others, whereas
sponse. In general, these curves are quite similar to nodes of
occur at 0° and 180° longitude, primarily
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FIG. 7. Twice-daily values of the global effective atmospheric angular momentum functions , x2, and x3 for wind, pressure, and pressure
as modified by an inverted parameter (IB) oceanic response, from the NMC analysis system since the start of SBAAM operations, given
in nondimensional units, multiplied by 10-7.

oceanic regions. The reverse is the case for the
orthogonal function. This feature explains the difference in the variability between the two terms. The
magnitude of the annual term in decreases with the
introduction of the IB formulation but is not eliminated,
as this term reflects a largely nonocean signal. Overall, though, the effect of the IB on all %pterms is strong,
as is evident in Fig. 7, in line with the relatively large
size of the World Ocean domain. Indeed the reduction
in variance of the NMC
and
terms after the
introduction of the IB calculation (and after removing
the March 1991 surface pressure jump) is 88%, 66%,
and 52%, respectively.
At present we are reexamining the formulation of
the inverted barometer correction to the surface pressure terms. The conventional calculation of the IB
correction involves replacing the atmospheric surface
pressure at every point over the World Ocean by the
mean value of surface pressure over that domain.
However, certain portions of the ocean are not so
connected to the global ocean as are others, and
perhaps ought not to be included in the definition of the
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World Ocean used for this purpose. Also, evidence
exists that those shallow and constricted parts of an
ocean basin near to the continental margins are least
likely to have an IB response (Ponte et al. 1991). Thus,
in addition to the basic IB run, we have run two further
experiments, each with a different definition of the
World Ocean, for the purpose of computing IB excitation terms. In one experiment, the dynamically isolated and ice-covered Arctic Ocean was removed from
the World Ocean, and in a second experiment, the
Arctic Ocean as well as most inland seas were removed. We show in Fig. 8 the impact of these choices
on the polar motion-related excitation terms using the
three ocean definitions for calendar year 1990. In
general, the signal of the pressure terms calculated
using the modified IB definitions fall between the basic
IB and the non-IB cases, though closer to the basic IB
case. The amount by which the variances of the polar
excitation terms from the modified IB cases exceed
those of the basic IB case is as high as 38%. In the
future, inclusion of a dynamic model for the World
Ocean, such as is outlined by Ponte et al. (1991), may

75
Unauthenticated | Downloaded 01/09/23 08:54 AM UTC

FIG. 8. Values of the global (scale on left) and (scale on right)
resulting from three World Ocean definitions, as described in text, for
the inverted barometer (IB), and for the pressure terms without the
inverted barometer model, for 1990. Units are nondimensional,
multiplied by 10~7.

enable us to modify the IB formulation by incorporating
more complex time and space variability.
b. Forecast quantities
Forecasts of the atmospheric excitation terms, when
available in rapid mode, may be useful in helping to
produce predictions of earth-orientation parameters
needed in spacecraft tracking. Forecasts made earlier
solely with geodetic parameters have been improved

The highly variable x™ term is a primary
parameter, as it is especially important
in modeling predictions of LOD.

with the inclusion of meteorological data, as with a
Kalman-filtering approach (Freedman and Dickey
1991). Nevertheless, it is important to assess the skill
of the meteorological forecasts alone by verification
and comparison techniques. The highly variable y™
term is a primary parameter, as it is especially important in modeling predictions of LOD. On the left side of
Fig. 9a are daily forecast errors for this term computed
from the ECMWF system with lead times of 3, 5, and
10 days. This error is simply the difference between
the dynamical forecast and the observed ECMWF
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analysis at the verifying time. For this term, a notable
forecast bias in the early part of the period existed,
which apparently was related to excessive forecasts of
tropical easterly zonal winds within the ECMWF model.
These errors were reduced in May 1990 with the
introduction of a procedure that enhances evaporation
(Miller et al. 1992). Examination of the NMC
forecast series also reveals the general presence of a
negative bias, whose magnitude has changed over
the years, as is shown in Fig. 9b for a forecast lead time
of 10 days. The larger bias since late 1989, comparable to the early 1990 ECMWF bias in Fig. 9a,
appears related to errors across the tropical and
subtropical mid- to upper-troposphere, generally exceeding those documented by Rosen et al. (1991) for
earlier NMC model versions.
To place such model forecast errors in context, we
also show in Fig. 9a a set of statistical, persistencebased errors for the ECMWF system. The variances of
these errors are clearly larger than those of the dynamical forecast, when a simple bias during each
model version, before and after May 1990, is removed.
Furthermore, persistence model errors have relatively
more power at longer, intraseasonal time scales than
do the model-produced errors, reflecting the strength
of intraseasonal behavior in the x^term.
Using the dynamic and persistence-based forecast
errors, we assess the dynamic forecasts in Fig. 10 for
certain selected terms from NMC, ECMWF, and UKMO,
the three centers that provide such data. We have
chosen the %1 and %2 pressure terms and the %3 wind,
those which have primary responsibility in producing
changes in polar motion and LOD, respectively. The
skill, S, which involves a comparison of the root-meansquare errors (o) from both the forecast (f) model and
the persistence-based (p) forecast, is given by the
expression:
S = (op - Of)Iop x 100%,
where skill can range from any negative value to
100% (Rosen et al. 1991). In this formulation, any
value greater than zero indicates some utility of the
forecast technique over persistence. The previously
mentioned biases in
at the various centers were
first removed before calculating S. The skills of the
three forecast quantities for the period, as a function
of lead time, are shown in Fig. 10. It can be seen that
skill is positive out to 10 days (with one exception,
at 10 days from NMC). Skill of momentum forecasts
against other statistical competitors such as damped
persistence has been found to be generally positive,
as well (Rosen et al. 1991). Evaluations have been
made using other techniques, including scatter plots
of time series of forecast and analysis changes, and
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their related correlations. Such
comparisons of SBAAM-type
quantities from UKMO and
ECMWF have been performed
by Bell et al. (1991), who indicate the general usefulness of
forecasts at least up to 5 days.
Although the result of assessing forecast skill in Fig. 10 is
based on simply removing a
single bias over the entire tenure
of a model version, biases should
be removed in a more appropriate fashion when including
SBAAM data in operational geodetic forecast procedures. A
method to remove the systematic error from momentum forecasts using results from a recent
past training period has been
considered; interestingly, forecast skills do not appear to be
especially sensitive to the precise length of the training period
chosen, beyond a threshold of
several weeks. In addition to this
after-the-fact correction, approaches that apply "nudging,"
or repeated adjustments, during
model integrations are being studied (Saha 1992).

FIG. 9a. Forecast errors of x^at 3,5, and 10 days for model- and persistence-based forecasts
from ECMWF, given in nondimensional units, multiplied by 10~7.

6. Future enhancements of meteorological analysis techniques and data
Developments in a number of arenas relevant to the
interests of the sub-bureau promise better quality in

atmospheric excitation functions in coming years. For
example, there are efforts underway at NMC and other
weather centers to produce analysis fields not subject
to the vagaries of model changes. The Climate Data
Assimilation System and its counterpart in producing
historical analyses, the reanalysis effort (Kalnay and
Jenne 1991), will lead to terms produced by the subbureau that do not have artificial discontinuities and

FIG. 9b. Forecast errors of %^at 10 days for model-based forecasts from NMC for 1986-1991, given in nondimensional units, multiplied
by 10 7 .
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that dynamically link the earth and atmosphere (White
1991). These torques, which are exerted on the atmosphere by pressure differences across mountains and
by friction at the earth's surface, will be included in the
SBAAM database. Similar calculations at the Canadian Climate Centre using fields from a general circulation model were presented by Boer (1990), who also
reviewed the mechanisms involved.
New instrumentation will be welcome in coming
years for studying the angular momentum budget as
well as the interfacial torques. Although we anticipate
that some of the datasets from such novel instruments
will be assimilated into the analyses supplied to the
sub-bureau, special datasets are likely to be produced
as well. Already, the Special Sensor Microwave Imager (SSM/I) is determining values of ocean surface
wind stress since its 1987 launch, aiding our understanding of momentum transfer between atmosphere
and ocean. Also useful for the sub-bureau will be the
high-altitude winds from the Upper Atmosphere Research Satellite, and scatterometer sea level winds
and stresses from the ERS-1 satellite, both launched
in mid-1991. Starting in the late 1990s, other instruments may also be available to help improve SBAAM
quantities. The Laser Atmospheric Wind Sounder is
intended to monitor winds through the depth of the
troposphere from space, by using a lidar signal reflection off aerosols and clouds. As for improvements to
the surface pressure terms, important in studying
polar motion, sounding techniques, including those
from the AIRS instrument on the Earth Observing
System will yield better inputs to the weather forecasting and analysis systems from which these terms are
derived.

7. Summary
FIG. 10. Global forecast skills for the NMC, UKMO, and ECMWF
models for xPv
and x^at lead times of 1 -10 days for 1990. Biases
have been removed from the x^term. Units are percent.

hence will be more useful for geophysical studies of the
long-term dynamics of the earth.
Finer horizontal resolution and the extension of
meteorological models beyond their current vertical
domains will be useful to our efforts as well. In particular, the inclusion of higher stratospheric levels in the
analysis will improve calculations of the seasonal terms
of the angular momentum balance. In general, developments in both data-assimilation and forecast procedures should improve the quality of SBAAM products.
In the near future, we will see the incorporation at
some weather centers of calculations of those torques
78

We have highlighted the operations of the Subbureau for Atmospheric Angular Momentum, a center
that collects meteorological data to aid in the assessment of the geodetic parameters, length of day and
polar motion. Central functions of the sub-bureau
include studying the contributions from the participating meteorological centers, and improving the formulation of the various terms. Cooperation with the
Central Bureau of the IERS, especially in structuring
methods of comparisons of meteorological and geodetic parameters, is ongoing. With current data, statistically significant values of coherence between respective meteorological and geodetic excitation terms
exist for periods as short as 1 - 2 weeks; improvements
in both data types are likely to reduce that threshold to
even shorter periods. Because of the steady progress
made in meteorological and geodetic calculations, as
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