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Abstract

Seasonal variations in the Earth’s gravitational field arc investigated through the analysis
of LAGEOS | satellite laser ranging measurements and are compared with those
produced by atmospheric mass redistribution as inferred from global surface pressure
data from the National Centers for Environmental Prediction (NCEP) reanalyses. The
effect of oceanic tides and groundwater are considered as well. Focusing on the even
zonal harmonics, atmospheric pressure fluctuations and ground water are shown to be the
dominant cause of the observed zonal gravitational field variation at the annual period. At
the semi-annual period, the modeled effect of the self-consistent equilibrium ocean tide

dominates. The geographical distribution of the seasonal atmospheric variations are
addressed. The potential use of 1.AGEOS for studies of polar ice sheet variation and the

need for good atmospheric pressure data in this region are stressed.

Introduction

The Earth is a complex system with dynamical subsystems (such as the overlying fluid
hydrosphere and atmosphere, underlying metallic core, and mantle) with complicated
interactions among them (such as the melting of glaciers, sealevel rise, and post-glacial
rebound). Changes in the inertia tensor of the solid Earth are brought about by interracial
stresses, the gravitational attractions associated with astronomical objects and mass
redistributions in the Earth’s fluid and solid region. As the Earth’s gravitational field
changes only in response to net mass redistribution, observations and analysis of the
Earth’s time varying global gravitational field permits the isolation and study of the
changing mass distributions and provides insight into the processes that cause them (for a
review, see Nerem et al., 1995 and NRC, 1997).

Data and Analyses Procedures

LAGEOS | laser ranging measurements during 1980-- 1994 are analyzed utilizing the
GEODY N software package to perform numerical integration of satellite orbits and to
construct normal matrices for every monthly orbit segment. We follow the procedure
described in detail in Dong et al., 1996 with the exception that the SPACE94 Earth
Orientation Series [Gross, 1996] is used. Figure la shows the recovered gravitational



tield coefficient AC,yeq (thelincar combination of even zonal Stokes coefficients with
cach term as a function ot time).

For atmospheric pressure loading we caculate the spherical harmonic coefficients of
the NCEP (National Centers for Environmental Prediction) reanalysis (Kalnay et d.,
1996) gridded (2.5°x2.50) global surface pressure data, spanning 1980-1994 at 6-hour
intervals, under both the non-inverted barometer (NIB) and inverted barometer (IB)
assumptions for the response of the oceans to atmospheric pressure variations. The
benefits of utilizing reanalyses results are several; the use of a single atmospheric model
and the more complete edited data (as opposed to those that conform to the normal
operationa constraints) permit a more robust analysis. Monthly mean values of each
pressure harmonic coefficient series were formed over the same time intervals as the
monthly LAGEOS solutions. Individual Stokes coefficients predicted from atmospheric
pressure were computed using Equation 2 from Dong et al. ( 1996). For comparison with
the observed Ceyen, the same linear combination of spherical harmonics was formed using
the time-dependent linear combination coefficients. Figure Ib displays the atmospheric
pressure predicted Ceyn Under the IB assumption. In addition, gridded values were
calculated to enable aregional analysis of both pressure amplitude and phase (the
convention is given in Table 2).

A self-consistent equilibrium ocean tide model [Ray and Cartwright, 1994, appendix
B] has been used to compute the effect on the gravitational field of the annual and
semiannual ocean tides. For continental surface water we have utilized the results of
Chao and O’ Connor [1988] who have computed the effect of annual and semiannual
variations in continental surface water on the zonal (through degree 4) Stokes
coefficients. They considered the effects of changes in snow cover, soil moisture stored
in the root zone from rainfall and snowmelt, and surface water run-off that has not yet
returned to the ocean. Variations in groundwater stored below the root zone were not
included due to lack of accurate global estimates of this quantity. Figure 1 ¢ shows the
modeled ocean tidal and surface water effects on ACeyen.
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Figurel. E)a) Monthly Ceveq series spanning 1980-1994 recovered from LAGEOS I SL R data (the mean
value has béen removed) The error bar represents a | ¢ formal uncertainty. (b) Monthly C.,., calculated

from the NCEP reanalysis ( 1980-1994) atmospheric surface pressure data using the same linear
combination of the spherical harmonic coetticients [0 which the observations are sensitive. Solid line: NIB
model; dashed line: IB model. (¢) Monthly C..., reanalyses calculated froman equilibrium seasonal ocean
tide model (solidline) and the surtace water (dashed line) results of Chao and O'Connor [1988].
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Figure 2. The normalized weighting function for C..., for the non-inverted barometer (NIB—Ieft figure)
and the inverted barometer (I B—right figure) case as a function of latitude.

Seasonal Global Results

The recovered monthly C__ solutions from the LAGEOS | data (1980-1994) are
dominated by annual and semiannual variations with a significant secular trend and some
indication of interannual variations (Fig. 1a). To focus on seasonal variations and the
more robust results from both the NCEP and LAGEOS analyses, the observed and
modeled monthly Ceven time series from 1985 to 1994 illustrated in Figure 1 a have been
highpass-filtered with a cutoff period of 2 years. Table 1 lists the correlation and variance
explained between the LAGEOS-observed and predicted C_ series. To quantitatively
compare observations with predictions at the annual and semiannual frequencies, a
weighted least-squares fit for a mean, trend and sinusoidal terms at these frequenciesis
made to the series. The comparisons are listed in Table 2.

Comparisons from Table 1 indicate that on timescales of 1 month to 2 years, and when
the atmospheric pressure effect is computed under the IB assumption, the three
mechanisms together (A+O+W) can account for 78.4% of the observed variance, and
have a correlation of 0.89 with the observations (note definitions in Table 1). The strong
preference for the 1B assumﬁtion has been shown by Dong et al. (1996) and is consistent
with numerous studies that have demonstrated the validity of the IB assumption on these
timescales.

Table 1. Correlation and Variance Explained Between Observed and Modeled Ceven
(1985-1994)

Inverted Barometer Assumed

Series Considered Corr. Var*,

At 0.83 59.0%
A+0O 0.91 75.1%
A+0+ Wt 0.89 78.4%

*Th,amount of the variance of the observed series explained by the modeled series is

computed as; (6,2 — Go.m2) /Go> Where 6,2 and G,.m? are the variance of the observed and
residual (observed minus modeled) series, respectively. _

t Notations: A atmospheric pressure; O equilibrium ocean tides; W surface water.

t Surface water results arc from Chao and O'Connor | 1988].




At the annual frequency, atmospheric pressure and surface ground water effects are the
dominant contributors. The best agreement with the observations is obtained when all
effects (A+O+W) are considered with closure seen at the 1 ¢ level in amplitude and at the
20 level in phase. At the semiannual frequency, the ocean tide is the main contributor; the
best agreement is obtained with the observations when only the atmospheric pressure and
ocean tidal effects are considered (results arc within 10 for the phase and with 20% of
amplitude unaccounted for). Adding the predicted effects of surface water worsen the
agreement with the observations, indicating that (a) the semiannual component of the
surface water variations may not be as well determined as is the annual component, (b)
other semiannual series may be erroneous, or (C) some important excitation sources are
missing.

Table 2. Annual and Semiannual Variations of Ceven from LAGEOS Observations and as
Predicted from Atmospheric Pressure, Ocean Tidal, and Surface Water Fluctuations
(1985-1994)

Annual Semiannual
Series Considered Amp.* (10-10)  Phase* Amp. (10-10)  Phase
(degrees) (degrees)

Observed from 1.05 26.5 0.93 116.1
LAGEOS | (0.06) (3.3) (0.06) (3.7)
o# 0.09 267.7 0.55 110.7
Wi 0.63 59.3 0.26 266.3
A (IB) 0.57 22.5 0.19 108.9

(0.06) (6.3) (0.06) (9.6)
A (IB)+O 0.54 139 0.73 110.2

(0.06) (6.7) (0.06) (4.9)
A (IB)+O+W 1.08 38.4 0.57 122.2

(0.06) (3.4 (0.06) (7.2

* Amplitude A and phase ¢ are defined by Asin[w(t-t,) + ¢] where o is the frequency
and t, is January 1, 1985.

# Notations are the same as Table 1.

T The quoted uncertainties given in parentheses for the LAGEOS results are the 10
formal errors in the fit. For the atmospheric series, the quoted uncertainties are the rms
scatter about the fit, which are also used for the summed series since no uncertainties
are available for the ocean tidal or surface water effects.

¥ From Chao and O'Connor [ 1988].

Seasonal Regional Analysis

The global mean surface pressure (the atmosphere’s moment of inertia variation) has an
annual cycle of - 0.45 mbar (e.g. Trenberth, 1981) that is predominantly caused by
seasonal variations in water vapor content, reaching its maximum in July (during
Northern Hemisphere summer). Figure 3a displays the mean annual pressure amplitude
under the non-inverted barometer assumption when the data from 1980-96 are
considered, with Figure 3b showing the corresponding phase. The IB case (not shown)
would simply have the values over the ocean replaced by a single averaged value. Several
mass redistributions are clearly visible. The effects of topography, for example, over the
Andes, the Tibetan Plateau, and Greenland are evident both in phase and amplitude. The



effect of distribution of land and ocean is also visible; note the high magnitude over the
north Pacific and Asia, being roughly 180° out of phase. In addition, a characteristic
difference exists between the northern and southern hemispheres. This seesaw is
especialy seen in phase and clearly visible when one examines the difference between
July and January (NRC, 1997) results from the difference in the heating of the northern
and southern hemispheres and the land and oceans (van den Dool and Saha, 1993).
Figure 2aillustrates the sensitivity of LAGEOS | measurements of Cey.n to mass changes
occurring uniformly over both land and oceans (2a) and to mass changes occurring over
just land (2b). For LAGEOS I, in general, there are two areas of high sensitivity, the near
polar and equatoria regions (Figure 2a). However, for mass changes over land, LAGEOS
| is particularly sensitive to polar regions. Note the large sensitivity to variations south of
65° south and 50° north for Figure 2b. The semiannual terms (not shown) are roughly a
factor of 3 smaller with maxima over the polar regions and the north Pacific with a
complex phase structure. Applying the weighting fit (Figure 2) results in an effective
Ceven of the atmosphere that is very much dominated by the near polar regions.

The atmosphere is the Earth’s best measured fluid; hence, it is critical that the best
atmospheric data be available in order to unravel the effects of the Earth’s other
subsystems. A key issue in sealevel and global change research is the rate at which
Greenland and Antarctica are gaining or losing ice. Even the sign is uncertain. With
accurate atmospheric pressure data and post-glacial rebound models, ice sheet mass
variations can be deduced from time variable gravity measurements.
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Figure3. Annual regional pressure variation for the NIB (a) and NIB (c) case and the tori-esponding phase
(b'and d) for the recent NCEP reanalysis (Kalnay et al., 1996). The effective C..., annual amplitude (),
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Abstract

Seasonal variations in the Earth’s gravitational field are investigated through the analysis
of LAGEOS | satellite laser ranging measurements and are compared with those
produced by atmospheric mass redistribution as inferred from global surface pressure
data from the National Centers for Environmental Prediction (NCEP) reanalyses. The
effect of oceanic tides and groundwater arc considered as well. Focusing on the even
zonal harmonics, atmospheric pressure fluctuations and ground water are shown to be the
dominant cause of the observed zonal gravitational field variation at the annual period. At
the semi-annual period, the modeled effect of the self-consistent equilibrium ocean tide
dominates. The geographical distribution of the seasonal atmospheric variations are
addressed, The potential use of LAGEOS for studies of polar ice sheet variation and the
need for good atmospheric pressure data in this region are stressed.

Introduction

The Earth is a complex system with dynamical subsystems (such as the overlying fluid
hydrosphere and atmosphere, underlying metallic core, and mantle) with complicated
interactions among them (such as the melting of glaciers, sea level rise, and post-glacial
rebound). Changes in the inertia tensor of the solid Earth are brought about by interracial
stresses, the gravitational attractions associated with astronomical objects and mass
redistributions in the Earth’s fluid and solid region. As the Earth’s gravitational field
changes only in response to net mass redistribution, observations and analysis of the
Earth’s time varying global gravitational field permits the isolation and study of the
changing mass distributions and provides insight into the processes that cause them (for a
review, see Nerem €t al., 1995 and NRC, 1997).

Data and Analyses Procedures

LAGEOS | laser ranging measurements during 1980-1994 arc analyzed utilizing the
GEODYN software package to perform numerical integration of satellite orbits and to
construct normal matrices for every monthly orbit segment. We follow the procedure
described in detail in Dong et al., 1996 with the exception that the SPACE94 Earth
Orientation Series [ Gross, 1996] is used. Figure | a shows the recovered gravitational



ticld coetticient AC.yen ((N€ lincar combination of even zonal Stokes coefficients with
each term as a function of time).

For atmospheric pressure loading we calculate the spherical harmonic coefficients of
the NCEP (National Centers for Environmental Prediction) reanalysis (Kalnay et al.,

1996) gridded (2.5°x2.5°) global surface pressure data, spanning 1980- 199-1 at 6-hour
intervals, under both the non-inverted barometer (NIB) and inverted barometer (1B)
assumptions for the response of the oceans to atmospheric pressure variations. The
benefits of utilizing reanalyses results are several; the use of a single atmospheric model
and the more compl ete edited data (as opposed to those that conform to the normal
operational constraints) permit a more robust analysis. Monthly mean values of each
pressure harmonic coefficient series were formed over the same time intervals as the
monthly LAGEOS solutions. Individual Stokes coefficients predicted from atmospheric
pressure were computed using Equation 2 from Dong et al. ( 1996). For comparison with
the observed Ceyeq, the same linear combination of spherical harmonics was formed using
the time-dependent linear combination coefficients. Figure Ib displays the atmospheric
pressure predicted Ceyen under the IB assumption. In addition, gridded values were
calculated to enable aregional analysis of both pressure amplitude and phase (the
convention is given in Table 2).

A self-consistent equilibrium ocean tide model {Ray and Cartwright, 1994, appendix
B] has been used to compute the effect on the gravitational field of the annual and
semiannual ocean tides. For continental surface water we have utilized the results of
Chao and O’ Connor [1988] who have computed the effect of annual and semiannual
variations in continental surface water on the zonal (through degree 4) Stokes
coefficients. They considered the effects of changes in snow cover, soil moisture stored
in the root zone from rainfall and snowmelt, and surface water run-off that has not yet
returned to the ocean. Variations in groundwater stored below the root zone were not
included due to lack of accurate global estimates of this quantity. Figure 1¢ shows the
modeled ocean tidal and surface water effects on ACven.
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Figure 1. (a) Monthly C.,., series spanning 1980-1994 recovered from [. AGEOST SLR data (the mean
value has been removed). The error bar represents ato formal uncertainty. (b) Monthly C.,., calculated
from the NCEP reanalysis (1980-1994) atmospheric surface pressure data using the same linear
combination of the spherical harmonic coefticients to which the observations are sensitive. Solid line: NIB
model; dashed line: IBmodel. (¢) Monthly C.... reanalyses calculated trom an equilibrium seasonal ocean
tide model (solid line) and the surtace water (clashed line) results of Chuo and O'Connor [ 1988].
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Figure 2. The normalized weighting function for C..,., for the non-inverted barometer (NIB—left figure)
and the inverted barometer (I B—right figure) case as a function of latitude.

Seasonal Global Results

The recovered monthly Ceven solutions from the LAGEOS | data (1980-1994) are
dominated by annual and semiannual variations with a significant secular trend and some
indication of interannual variations (Fig. 1a). To focus on seasonal variations and the
more robust results from both the NCEP and LAGEQOS analyses, the observed and
modeled monthly C__ time series from 1985 to 1994 illustrated in Figure 1 a have been
highpass-filtered with a cutoff period of 2 years. Table 1 lists the correlation and variance
explained between the LAGEOS-observed and predicted C,__ series. To quantitatively
compare observations with predictions at the annual and semiannual frequencies, a
weighted least-squares fit for a mean, trend and sinusoidal terms at these frequenciesis
made to the series. ‘I’ he comparisons are listed in Table 2.

Comparisons from Table I indicate that on timescales of 1 month to 2 years, and when
the atmospheric pressure effect is computed under the IB assumption, the three
mechanisms together (A+O+W) can account for 78.4% of the observed variance, and
have a correlation of 0.89 with the observations (note definitions in Table 1). The strong
preference for the IB assumption has been shown by Dong et al. (1996) and is consistent
with numerous studies that have demonstrated the validity of the IB assumption on these
timescales.

Table 1. Correlation and Variance Explained Between Observed and Modeled C,.
( 1985-1994)

Inverted Barometer Assumed

Series Considered Corr. Var*.

AT 0.83 59.0%
A+0O 0.91 75.1%
A+0+WH 0.89 78.4%

*The amount of the variance of the observed series explained by the modeled series is
computed as: (642 — Go.m2) /Go” Where Go? and 6,.m2 are the variance of the observed and
residual (observed minus modeled) series, respectively.

t Notations: A atmospheric pressure; O equilibrium” ocean tides; W surface water.

t Surface water results are from Chao and O'Connor [1988].




At the annual frequency, atmospheric pressure and surface ground water effects are the
dominant contributors. The best agreement with the observations is obtained when all
effects (A+O+W) are considered with closure seen at the 1o level in amplitude and at the
20 level in phase. At the semiannual frequency, the ocean tide is the main contributor; the
best agreement is obtained with the observations when only the atmospheric pressure and
ocean tidal effects are considered (results are within 1 ¢ for the phase and with 20% of
amplitude unaccounted for). Adding the predicted effects of surface water worsen the
agreement with the observations, indicating that (a) the semiannual component of the
surface water variations may not be as well determined as is the annual component, (b)
other semiannual series may be erroneous, or (C) some important excitation sources are
missing.

Table 2. Annual and Semiannual Variations of C.y., from LAGEOS Observations and as
Predicted from Atmospheric Pressure, Ocean Tidal, and Surface Water Fluctuations
( 1985-1 994)

Annual Semiannual
Series Considered Amp.* (10-10) Phase* Amp. (10-10)  Phase
(degrees) (degrees)

Observed from 1.05 26.5 0.93 116.1
LAGEOS | (0.06)t (3.3) (0.06) (3.7)
o 0.09 267.7 0.55 110.7
Wi 0.63 59.3 0.26 266.3
A (: B) 0.57 22.5 0.19 108.9

(0.06) (6.3 (0.06) (9.6)
A (: B)+O 0.54 13.9 0.73 110.2

(0.06) (6.7) (0.06) (4.9
A (IB)+O+W 1.08 38.4 0.57 122.2

(0.06) (3.9 (0.06) (7.2)

Amplitude A and phase ¢ are defined by Asin[m(t-t,) + ¢] where o is the frequency

and t, is January 1, 1985.

# Notations are the same as Table 1.

T The quoted uncertainties given in parentheses for the LAGEQOS results are the 10
formal errorsin the fit. For the atmospheric series, the quoted uncertainties are the rms
scatter about the fit, which are also used for the summed series since no uncertainties
are available for the ocean tidal or surface water effects.

¥ From Chao and O'Connor [1988].

Seasonal Regional Analysis

The global mean surface pressure (the atmosphere’s moment of inertia variation) has an
annual cycle of -0.45 mbar (e.g. Trenberth, 1981) that is predominantly caused by
seasonal variations in water vapor content, reaching its maximum in July (during
Northern Hemisphere summer). Figure 3a displays the mean annual pressure amplitude
under the non-inverted barometer assumption when the data from 1980-96 are
considered, with Figure 3b showing the corresponding phase. The 1B case (not shown)
would simply have the values over the ocean replaced by a single averaged value. Several
mass redistributions are clearly visible. The effects of topography, for example, over the
Andes, the Tibetan Plateau, and Greenland are evident both in phase and amplitude. The



cffect of distribution of land and ocean is also visible; note the high magnitude over the
north Pacific and Asia, being roughly 180° out of phase. In addition, a characteristic
difference exists between the northern and southern hemispheres. This seesaw is
especialy seen in phase and clearly visible when one examines the difference between
July and January (NRC, 1997) results from the difference in the heating of the northern
and southern hemispheres and the land and oceans (van den Dool and Saha, 1993).
Figure 2aillustrates the sensitivity of LAGEOS 1 measurements of Ceyepn t0 mass changes
occurring uniformly over both land and oceans (2a) and to mass changes occurring over
just land (2b). For LAGEOS I, in general, there are two areas of high sensitivity, the near
polar and equatorial regions (Figure 2a). However, for mass changes over land, LAGEOS
| is particularly sensitive to polar regions. Note the large sensitivity to variations south of
65° south and 50° north for Figure 2b. The semiannual terms (not shown) are roughly a
factor of 3 smaller with maxima over the polar regions and the north Pacific with a
complex phase structure. Applying the weighting fit (Figure 2) results in an effective
Ceven Of the atmosphere that is very much dominated by the near polar regions.

The atmosphere is the Earth’s best measured fluid; hence, it is critical that the best
atmospheric data be available in order to unravel the effects of the Earth’s other
subsystems. A key issue in sealevel and global change research is the rate at which
Greenland and Antarctica are gaining or losing ice. Even the sign is uncertain. With
accurate atmospheric pressure data and post-glacial rebound models, ice sheet mass
variations can be deduced from time variable gravity measurements.
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Figure 3. Annual regiona pressure variation for the NIB (a) and NIB (C) case and the corresponding phase
(band d) for the recent NCEP reanalysis (Kalnay et al., 1996). The effective Cey., annual amplitude (e).



