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Abstract 

An evaluation of the global water storage contri bu ti on to the 

Chandler wobble has never been undertaken because: ()) the hydrological 

data necessary for the reconstruction of an extended monthly time series 

have not been available; and (2) the water storage contribution has 

traditionally been regarded as relatively unimportant because of its 

minor role in the excitation of the annual wobble. However, a crude 

approximation of the global water storage series is possible using 

worldwide records of monthly precipitation and temperature, accumulating 

precipi ta ti on at individual locations whenever temperatures are at 0° 

Celsius or below. Comparison of this modeled series with a previous 

estimate of the annual component of the global water balance, and with 

the observed monthly polar motion series, indicates good agreement with 

the former, and a significant correlation with the latter near the 

Chandler frequency. 
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1. Introduction 

The Chandler wobble is the approximately 14-month periodic 

circulation of the Earth's instantaneous pole of rotation about the 

Earth's axis of symmetry. It was first reported by the American 

astronomer Seth C. Chandler, who studied concurrent series of 

astronomical latitude measurements taken at various observatories around 

the world. His calculations revealed "a revolution of the earth's pole 

in a period of 427 days, from west to east, with a radius of thirty 

feet, measured at the earth's surface" (Chandler 1891b). In a 

subsequent study, Chandler also identified a smaller, 365-day, 

elliptical component in the polar motion (Chandler 1891c). Today, these 

two components are known as the Chandler and annual wobbles. Chandler's 

discovery ended a century-long search for free nutation in the Earth, 

for which a 10-month period had been predicted by Euler in 1765. 

Newcomb (1891) proposed that the Earth's fluidity and elasticity could 

resolve much of the discrepancy between Euler's original 10-month 

prediction, which assumed a perfectly rigid Earth, and Chandler's 

observations. The Chandler wobble was thus established as a resonant 

mode of the freely rotating, nonrigid Earth, and remains the gravest yet 

detected. 

In theory, the Chandler wobble, like any resonant motion, can be 

excited by any well placed, impulsive torque acting on the Earth. 

However, the spectrum of the polar motion shows that the Chandler wobble 

signal consists of a band of frequencies, roughly from +0.8 and +0.9 

cycles per year (cpy); this is interpreted as evidence of dissipation in 
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the Earth (Smith & Dahlen 1981). Resonance in a dissipating Earth may 

be maintained by a continuous random, or quasi-random, series of 

impulsive excitations, and as long as the series provides sufficient 

power at the Earth's natural frequency, the resonance can persist. The 

present study therefore seeks such an excitation; that is, an excitation 

that has a "white" spectrum with enough power at the Chandler frequency 

to produce the observed Chandler wobble amplitudes. 

Research into the identification of the Chandler wobble excitation 

has focused mainly on possible contributions of meteorological or 

seismic origin. Soon after the discovery of the wobble, seasonal 

motions of atmospheric mass were shown to be the probable major cause of 

the annual component (Jeffreys 1916). However, similar effects of the 

atmosphere on the Chandler wobble could not be assessed because 

interannual data with worldwide continuous coverage wa:s not available. 

It was thus not until the 1960' s that the Chandler frequency component 

of a computed atmospheric excitation was estimatei:.; by Munk & Hassan 

(1961). Their results were subsequently expanded to include the effects 

of horizontal stresses from winds (Wilson & Haubrich 1976a,b) and the 

response of an Earth with a fluid core and pole tide (Wahr 1982, 

1983). These latter investigations found evidence of correlation near 

the Chandler frequency between an excitation inferred from the polar 

motion observations and various assessments of the excitation computed 

from atmospheric data. In all three studies the estimates of the 

Chandler power provided by the atmosphere, although much improved with 

each analysis, remained discouragingly low. Wahr (1983),whose results 

were the most promising of the three, could only account for 20-25% of 



the needed excitation power. Likewise, after much indecision about the 

correct way to evaluate mass displacement fields from earthquakes, it is 

now generally agreed that there is not enough global seismic energy to 

generate the observed Chandler wobble amplitudes (Lambeck 1980). 

One possible contributor to the meteorological excitation has 

escaped attention almost entirely: the global water balance. Only 

Jeffreys (1916) and Van Hylckama (1970) ever attempted to calculate its 

effect on the wobble. Both concluded that the role of surface loads 

caused by the yearly snowfall and water retention in the ground and in 

vegetation was relatively minor in the annual wobble excitation (about 

30% of the atmospheric contribution). Munk & Hassan (1961) remarked 

that "variations in the hydrosphere are relatively unimportant to the 

annual wobble, and · can hardly be expected to predominate at 0.85 cpy" 

(pg. 356). Most recently, Wahr (1983) reasoned that if the global water 

storage were meteorologically controlled, then its annual-to- Chandler 

spectral ratio might be comparable to that of computed atmospheric 

excitations. In that case, using values from Van Hylckama's annual 

water storage estimate, the expected Chandler power contribution would 

be 10 to 20 times smaller than the needed power. As a result, study of 

the interannual variation in the global water storage has never been 

undertaken. 

Estimating global water storage involves tracking the instantaneous 

(monthly) water flux in and out of every surface location on the 

Earth. This can be gauged by observing precipitation on the continents, 

and applying storage factors to account for water residence times at 

individual locations. In this study, water storage has been simulated 
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by a single parameter: temperature. Whenever the monthly temperature 

of a weather station is above 0° Celsius, the stored water at the 

station is simply the recorded precipitation. When the monthly 

temperature of the station is freezing to subfreezing, the stored water 

is added to the precipitation of the following month. This simulation 

obviously oversimplifies the hydrologic cycle. The major modeling 

assumptions are outlined in Section -b and are discussed further in the 

interpretation of the results in section 6. 

Computed excitations such as the water storage can be compared via 

spectral analysis with an inferred excitation derived from monthly polar 

motion observations. If the two excitations are related, they should 

exhibit high coherence at least within the +0.8 to +0.9 cpy band of the 

spectrum, the so-called Chandler frequency band, where the signal-to

noise level is favorable in the polar motion observations. Significant 

coherence should be accompanied by near-zero to zero values in the 

associated cross-phase spectrum. Finally, the average power within the 

Chandler band must be comparable for both the inferred and computed 

excitations. These spectral tests use the complex Fourier transforms 

and the auto and cross spectral density estimates of the individual 

excitations. When the tests are applied to the computed water storage 

exci ta ti on there is evidence of correlation within the Chandler band. 

This correlation is even more pronounced when the water storage 

excitation is added to the atmospheric excitation of Wilson & Haubrich 

(1976b). 
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2. Method of Analysis 

This section defines basic terminology and the method of spectral 

estimation used to compare the meteorological and polar motion data. 

The analysis generally follows that of Wilson & Haubrich (1976a,b). 

Polar displacement is mapped in a Cartesian coordinate system that 

uses the Greenwich Meridian and 90° East directions as the orthogonal x1 

and x2 axes. 

Origin (CIO). 

The origin is known as the Conventional International 

For convenience, this system is identified with the 

complex plane, in which the x1 and x2 are the real and imaginary axes, 

respectively. Thus, a pole coordinate (m 1 ,m2) becomes the complex 

number m = m1 + im2. This complex notation is . used to describe all 

displacements in this study. 

The discrete Fourier transform (OFT) of a discrete series of complex 

numbers gN is 

~=~ gn exp (-i2~k6fn6t) ( 1 ) 

for k .. O, ••• ,N-1. The OFT is computed for frequencies spaced at an 

elementary bandwidth 6 f 1 I (N 6t) , and spans a range between the 

Nyquist frequencies, ±1/(2 6t). In this study 6t • 1/12 years in an 

80-year series, N = 960, 6f = 0.0125 cpy, and Nyquist frequencies are 

at ±6.0 cpy. 
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Since the DFT is used to estimate auto and cross spectral density 

functions over a relatively narrow frequency band, it is desirable to 

taper the data in order to reduce the sidelobe effects associated with 

finite length series. Therefore, prior to the DFT, all series were 

tapered by the Tukey window with K = 1;2 o N, with o the percent of data 

to be affected: 

w 
n {·~· 5 [ 1 

0.5 [1 

- cos 

- cos 

(n(n~t - 0.5)/K)] 

(n(n~t + 0.5)/K)] 

n O, ••• ,K-1 
n = K, ••• ,N-K+1 
n N-K, ••• ,N-1 

(2) 

Means and linear trends were computed and subtracted from the real 

and imaginary parts of the series separately prior to the DFT. When 

analyzing Chandler frequency spectra, annual and higher harmonic 

("seasonal") components were removed by subtracting the average value of 

all Januaries from each January, and so forth, for all 12 months. 

The auto-spectral density function provides estimates of variance 

per unit frequency. It is referred to as the "power spectrum", or 

simply "spectrum", and is calculated using the DFT: 

(3) 

These estimates are expressed in terms of decibels (dB) relative to 

(10-8 radians) 2/cpy r. 



The annual components of the excitations were analyzed by fitting 

the real and imaginary parts of the series to the complex formula, with 

f = ± 1.0 cpy: 

(4) 

where jF 1 + iF 2 I and IF 1 + i F 2 1 are the moduli of the prograde and 

retrograde motions, respectively (Wahr 1983). The two moduli should 

have comparable magnitudes in an annual forcing function of global 

proportions . 

The squared-coherence, or normalized cross-spectral density 

function, is a dimensionless measure of correlation between two series 

with respect to frequency. Given the discrete series gN and hN, 

estimates of this function are obtained by averaging over sets of j >1 

Fourier frequencies. In terms of the OFT, the estimated squared-

coherence at the kth Fourier frequency is 

k+j 
k
l:. n= -J 

k+j 
k
l:. n= -J 

* G H n n 

k+j 
k
l:. n= -J 

where "*" denotes "complex conjugate". 

(5) 

For j=7, the 95% confidence 

level for zero coherence is about 0.43. That is, if gN and hN are both 

random and uncorrelated, the estimate of (5) will behave as a random 
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variation of whi.ch 5% will exceed 0.43. The associated cross-phase 

spectrtun at the kth frequency is computed using the real and imaginary 

parts of the j-averaged cross-spectral density estimates: 

(6) 

If the two series are uncorrelated at a frequency, the cross-phase for 

that frequency should be a uniformly distributed random variable on 

(-'ll','11'). In the event of a true correlation, the cross-phase might be 

non-zero, but in this case, the two series to be compared are expected 

to be the same,and so the cross-phase is expected to be zero. There is 

some uncertainty, however, since monthly mean data do not permit a 

resolution of better than about 1/14 of a Chandler period, or 360°/14 ~ 

25°. 

3. The Inferred ILS Excitation 

Figure 1 shows monthly-mean positions of the pole from January 1965 

to September 1966. These data are from the results of the Working Group 

in Pole Coordinates that recently assembled the International Latitude 

Service (ILS) astrometric observations into an "homogeneous" polar 

motion series (Yum! & Yokoyama 1980). The power spectrtun of this series 
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Figure t. 20 monthly mean positions of the pole from January 1965 to 
September 1966, from the ILS homogeneous polar motion series. 
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for the years 1900-1979 appears in Figure 2. The signal at +0.843 cpy 

rises approximately 15 dB over the spectra at other frequencies; this is 

the Chandler wobble, a free mode of the Earth. The smaller signal at ± 

1.0 cpy is the forced annual wobble attributable to seasonal motions in 

the atmosphere and oceans, and at +1.0 cpy is amplified by its proximity 

to the Chandler resonance. 

The equation directly relating the polar motion to its excitation is 

based on the theory of dynamics for freely rotating bodies (see Munk & 

MacDonald 1975 or Lambeck 1980): 

a 8t m ( t ) + m ( t ) 4> ( t) (7) 

where m = m1 (t) + im2(t) and 4> (t) = 

motion and the exci ta ti on, respectively. The parameter a = 2 irF c ( 1 + 

i/2Qc) is the complex Chandler frequency. The best estimate of 

a assuming a white excitation obtained with 78 years of the ILS monthly 

data yielded the values F
0 

.. +0.843 cpy and a specific dissipation 

function 1/Q0 a 1/170 (Wilson & Vicente 1980). 

A discrete version of (7) provides an expression from which the 

excitation from which the excitation may be estimated directly from time 

sampled polar motion observations mN (Wilson 1985): 

4> • i e-iirF 6t[m + (l _ eio6t )m _ io6t mn-l] 
n n+l n ( 8) 



11 

40.0 

Ul 
rl 
(1) 20.0 .Q 

·.-1 
CJ 
Q) 
0 

0.0 

-6. 0 -4.0 -2. 0 0. 0 2. 0 6. 0 

Frequency lcpy} 

Figure 2. The 80-year unsmoothed power spectrum of the ILS homogeneous 
polar motion series covering January 1900 to December 1979. a • 10%. 
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Figure 3. The 80-year unsmoothed power spectrum of the ILS inferred 
excitation covering January 1900 to December 1979. o c 10%. 
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The resulting series is smoothed to reject variations near the Nyquist 

frequencies, which are presumed to be noise. The power spectrum of this 

excitation in Figure 3 demonstrates the filter behavior of (8). The 

Chandler resonance is suppressed, as is power at and near the Nyquist 

frequencies. Power elsewhere is enhanced, a result of the filter 

response applied to the noise in the ILS observations, but this does not 

affect the present analysis which is concerned only with estimates 

within the Chandler band. The spectrum of (8) within the Chandler band, 

where signal-to-noise is good, approximates that of the true excitation 

driving the observed Chandler wobble, and will be compared to the 

spectra of the excitations computed from meteorological data discussed 

below. 

-· The Computed Vater Storage Excitation 

Changes in the global water balance were estimated in two steps. 

First, monthly mean water storage on the continents was calculated from 

the monthly mean precipitation in the Northern Hemisphere. This part of 

the computed excitation is referred to as the "LAND excitation" and is 

discussed in Section ~. Second, to conserve mass, excess water 

observed on the continents during a given month was subtracted uniformly 

fran the world's oceans, yielding a monthly "OCEAN excitation". The 

estimation of this contribution involves a relatively simple calculation 

using the results of the LAND excitation and the Ocean Function, and is 
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presented in Section ~. The combination of these LAND and OCEAN 

excitations, the "WATER excitation" in Section 4e, gives a measure of 

the water balance effect on a global scale: 

-].43 
4 ff cose sine 

i). 
dS (9) r t:.p e 

(C - A) Land 

-1.43 4 ff .. i). 
dS + r t:.p cose sine e 

(C - A) Oceans 

C and A are the maximum and minimum principal moments of inertia, r is 

the Earth's mean radius, and - t:.p and - t:.p are the relative changes in 

surface density measured at continental and oceanic locations ( e, .\) 

discussed below. The coefficient 1. 43 corrects for deformation due to 

loading (Munk & MacDonald 1975, pg. 41). 

a. A Pre! imi nary Study 

Some understanding of the interannual variability of water storage 

relative to air mass redistribution can be inferred by comparing the air 

pressure and precipitation records of weather stations. This was 

accomplished with power spectra computed from monthly time series of 

precipitation and station-level barometric pressure converted to water 

using 1 millibar "" 0 .01 meters. If Wahr ( 1983) is correct in assuming 
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that atmospheric pressure and water storage spectra scale similarly at 

the annual and Chandler frequencies, then the spectral ratios of the 

series should be the same at these frequencies. 

Figure Ja plots spectral ratios computed from 35 years of monthly 

atmospheric pressure (AIRP), precipitation (RAIN), and simulated water 

storage (SNOW) from two mid-latitude stations in Tashkent, u.s.s.R., and 

Walla Walla, Washington. The simulation of water storage is described 

in Section lie. The curves are the ratios in dB of the RAIN/AIRP and 

SNOW/AIRP spectra. 

The SNOW/AIRP curves of both stations at frequencies lower than 1.0 

cpy show significant elevations of water power relative to the RAIN/AIRP 

curves as a result of the water storage simulation. This suggests that 

accumulations due to freezing can introduce significant additional 

interannual variability. 

In general, the spectral shapes are not the same for RAIN or SNOW, 

and AIRP. At the annual frequency, the ratios indicate that RAIN and 

SNOW are at least -2 dB below AIRP. This is consistent with the 

evidence that global water storage has only a fraction of the power of 

the atmospheric mass at the annual frequency. At the lower frequencies, 

both RAIN/AIRP and SNOW/AIRP ratios are positive; the average of all 

four curves from 0.8 to 1.0 cpy is slightly better than +8.0 dB. This 

means that at many of these frequencies there is more water power in the 

precipitation, or simulated water storage, than in the atmosphere (in 

this example, nearly 7 times more). 

Obviously, only two stations representing extreme rainy, snowy 

climates in the Northern Hemisphere cannot reflect the true global 
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Figure -· RAIN/AIRP and SNOW/AIRP spectral ratios from 35 years of 
monthly mean precipitation, simulated water storage, and atmospheric 
pressure records from Tashkent, u.~.S.R., and Walla Walla, Washington. 
The values are in dB relative to cm /cpy. 
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spectral relationship between air pressure and precipitation. 

Nonetheless, it is a tantalizing bit of evidence in favor of water 

storage excitation that only investigation on a global scale can 

confirm. 

b. Ass11Dptions 

Many factors complicating the global water balance are not addressed 

in detail in this study. This section summarizes the major assumptions 

and approximations that were made. 

I. Runoff. Continental runoff was approximated as "instantaneous", 

occurring within one month, the sampling interval. If an average river 

flows at 4 km/hr, then in 30 days its water will have been transported 

nearly 2900 km. Many continental regions experiencing moderate to heavy 

precipi ta ti on rates (Western Siberia, the Pacific Northwest, and the 

tropics) are not much farther than 2900 km from an ocean, and so 30-day 

average runoff times are not entirely implausible. This was modeled by 

assuming that the monthly precipitation at a continental station resides 

on the average at the station for the entire month, then is instantly 

recycled into the oceans in the following month (when the station's 

temperature is above zero). 
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II. Water Yapor transport. Atmospheric transport of water vapor 

from the oceans to points of precipitation over continents is similarly 

instantaneous, because the average residence time of water in the 

atmosphere is only on the order of 10 days. 

contributions were therefore excluded. 

These high frequency 

Ill. EYaporation over continents. Evaporation, evapotranspiration 

and sublimation of water from continental surfaces contribute only a 

fraction ( - 15%) to the overall global evaporation rate, and so their 

effects were not estimated. 

IV. Evaporation over oceans. The monthly appearance of excess 

water on the continents was presumed to represent an equivalent monthly 

loss of water from the world oceans, and vice versa. 

Y. Isostatic oceans. The oceans are assumed to respond 

isostatically; that is, the ocean surface everywhere reconforms 

instantaneously to the geoid upon the removal or restoration of water 

from any part of its surface. 

YI. Precipitation over oceans. Precipitable water over oceanic 

surfaces is assumed to originate from and return to the oceans within a 

one month period, therefore contributing nothing to the excitation. 
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c. Water on the Continents 

Winter in the Northern Hemisphere is accompanied by a dramatic 

increase in continental water storage associated with the development of 

ice deposits and snowpacks in Eurasia and North America. Direct 

observations of snow are made each year by the u.s.s.R., Canada, and the 

United States, but the data have never been assembled into a readily 

accessible global format. Furthermore, the earliest records from North 

America date only from the 1950's, which does not furnish a frequency 

resolution fine enough for adequate statistical examination of Chandler 

spectra. Other global coverages of snow unfortunately include only 

yearly averages of monthly data (Schutz 1984). As an alternative, the 

world monthly surface station climatological data set compiled by the 

National Center for Atmospheric Research (NCAR) was used. This data set 

contains monthly weather records of over 4,000 stations from as early as 

the 1700's to the present (Spangler & Jenne 1984). Continental water 

storage due to winter freezing was simulated using monthly precipitation 

and temperature observations from Northern Hemisphere stations in this 

data set. 

A water storage load for a weather station at north latitude e 

and east longitude A at month t was estimaH d to be the precipitation 

P for that month plus the previous month's load whenever the temperature 

T of the previous month was less than or equal to 0° Celsius: 

s(e,X,t;T) P(0,A,t) + F(0,A,t;T) ( 10) 



with the "freezing" function 

F(e,>.,t;T) = c(e,A,t-1) + F(e,A,t-1) T(e,>.,t-1) :ii 0° 
( 11) 

T(e,>.,t-1) > 0° 

19 

it was assumed that during the winter, the recorded precipitation had 

been converted into the equivalent amount of water. The results of (10) 

are in units of meters and define the monthly depth of the surface water 

loads at continental locations ( e, >.). 

The monthly deviation in surface density due to (10) was determined 

for each station by computing the series 

tip tip(e,>.,t) p [ s(e,>.,t) s(e,>.) J ( 12) 

where p is the volume density of water and s( e, >.) is the mean water 

depth over the total recording time for a given station. 

The stations were then assigned to their nearest grid point on a 5° 

x 5° global grid. For each month, all reporting station values given by 

( 12) at a grid point were averaged to yield a single value. The 

resulting 18 x 72 gridded surfaces thus represent estimates of monthly 

surface water deviations from the long term mean on the continents in 

the Northern Hemisphere, of which six are shown inligure 5. 
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Figure 5. Monthly continental water load maps for (a) October 1900, 
(b) March 1901, (c) October 1936, (d) March 1937, (e) October 1962, and 
(e) March 1963. The + sign indicates positive water depths and the -
sign indicates negative water depths relative to the long term mean. 
The letters P and M indicate water depths exceeding + or - 25 cm, 
respectively. 
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To illustrate the improvements of the data coverage in the Northern 

Hemisphere with respect to time, the years 1900-1901, 1936-1937, and 

1962-1963 are reprEsented. In the early years, Eastern Siberia is not 

sampled at all, although numerous stations were established throughout 

the region during the 1920's and 1930's. Overall, even in the 1960's, 

the number of reporting stations in the Eastern regions of Eurasia 

occasionally provide data and often simply drop out for months at a 

time. 

The choice of October and March contrasts the distribution of the 

water storage at the onset of the winter season and at the end, when ice 

and snow accumulations are at a maximum. For all three winters north of 

30°, there is a propensity of "minuses" in October, and one of "pluses" 

in March, reflecting these winter accumulations relative to the long 

term mean. In India, this cycle is reversed, with "pl uses" dominating 

October water storage, during the monsoon season, and "minuses" in 

March. 

According to Kotlyakov (1967), there was unusually light snowfall 

throughout the Northern Hemisphere during the winter of 1936-1937, and 

heavy snowfall during 1962-1963. This is reflected in the March maps, 

where in 1963, water storage exceeds 25 cm in two locations in Western 

Siberia, but not in 1937. Also, in October, 1962, the monsoon season 

preceding the northern winter appears to be relatively severe, with two 

locations registering over 25 cm in India and Indonesia. 

Grid points lacking station coverage were not interpolated. This 

was done for several reasons. The spatial relationship of precipitation 

between neighboring points is often extremely complex, with sharp 
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discontinuities across mountain ranges and along coastlines. Linear 

regression on neighboring grid points even in the continental interiors, 

where precipitation varies relatively smoothly from place to place, 

cannot accurately predict what the monthly precipitation actually had 

been at an existing station. Instead, the value of zero was assigned to 

any location lacking coverage for a given month. 

While the overall spotty coverage would seriously affect the 

computation of the air mass excitation because of the chronically 

undersampled atmospheric center in Central and Eastern Siberia, the 

effect of this same coverage on a global water storage estimate is 

probably less crucial. Precipitation at points east of the Urals is 

typically an order of magnitude less than that in Western Siberia, where 

precipitation rates dominate those of any other mid-latitude regions in 

the Northern Hemisphere by a factor of 2. Figure 5 shows that Western 

Siberia is well sampled even in 1900, and so interpolation was not 

pursued. 

Each of the 960 monthly surfaces were integrated by summing 

individually calculated 5° x 5° areas, to yield 960 monthly excitation 

pole positions: 

Jf cose sine iA dS e ( 13) 
Land>. 

02 

1 eu 12 1 cos 3e I 1 
"1 

3 a, 
For any "2 - "1 = l:J.). = 50, and 02 - a, = /:J.0 = 5°, the individual 

evaluations of these integrals were summed over the Northern Hemisphere: 
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Figure 6. The 80-year unsmoothed power spectrum of the LAND excitation 
from January 1900 to December 1979. 6 = 10%. 
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( 14) 

The power spectrum is shown in Figure 6. The elevated power near -:-1.0 

cpy indicates a slightly retrograde (east-to-west) migration of the 

modeled water loads near the annual frequency. 

d. Water in the Oceans 

The monthly record of water on the continents was used to infer the 

amount of water missing from the world oceans. In (9), the ocean load 

at ( e, ).) for a month t is simply the negative of the total water load 

observed on land, divided by the total global surface occupied by ocean: 

ff t.p dS 
Land 

I fJ dS 
Oceans 

( 16) 



But JJ cosesine eiAdS = 

Oceans 
and Degree 2; and JJ dS 

4 
__._1.:....4.-3....___r; 
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0 

Oceans 

With a0 

0 
.. 0. 697, 
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1 
a2 + i b~ the Ocean Function of Order 1 

= a 0 
0 

(Hassan 1960). Therefore: 

Jf llp dS 
Land 

+ i b 
1 ff !1; dS J 2 Land 

( 17) 

= -0.040, and -0.051, this is the 

excitation due to water storage in the oceans. 

The OCEAN spectrum in Figure 7 reveals properties inherent to the 

continental data that do not appear in the LAND spectrum because of the 

spatial weighting imposed on the latter by (13). Power is concentrated 

around the seasonal harmonics , ±1, ±2, ±3, and ±4cpy, reflecting 

seasonality in the water loads. The amplification centered around 0 cpy 

may be due to changes in data coverage. As empty continental locations 

are closed with the establishment of new stations, the resulting series 

of step functions would be expected to contaminate power estimates in 

the very low Fourier frequencies. This effect is also visible in the 

land spectrum. 

The power level throughout the OCEAN spectrum is considerably lower 

than that of LAND, at about -15 dB, suggesting that its contribution to 

the total water storage effect is at least an order of magnitude less 

than that of LAND. The highest spectral values occur near 1.0 cpy. 

This is an expected result, since the OCEAN calculation redistributes 

the total excess continental water evenly across an oceanic expanse with 

over twice the areal extent of the continents, resulting both in smaller 
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Figure 7. The 80-year unsmoothed power spectrum of the OCEAN excitation 
from January 1900 to December 1979. o = 10J. 
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water loads at any one oceanic location, and more cancellations of 

oceanic loads on opposite sides of the globe. 

e. Combined Excitations 

Previous meteorological excitations have included contributions from 

air mass redistribution, mountain torques, and the pressure and wind-

driven responses of the oceans. With the above global water storage 

estimate it is now possible to compute a more complete meteorological 

excitation by combining the water and atmospheric effects. The 

atmospheric excitation used below, referred to as AIR, was computed by 

Wilson & Haubrich 0976b), and covers the years 1901-1970. 

combinations of these effects are considered: 

Three 

A. The 80-year WATER series is the combination LAND + OCEAN , 

covering the years 1900-1979. Its spectrum, in Figure 8a is not much 

different from the LAND spectrum, owing to the negligible power of the 

• OCEAN series. 

B. The 70-year LANDAIR series is the combination LAND + AIR, 

covering the years 1901-1970 (the extent of the AIR excitation). Its 

spectrum in FIGURE 8b is likewise not substantially different from the 

LAND spectrum, indicating that LAND is the dominant component in the 

combination. 



30 

(a) 

20. 0 

i:r:l 
"O o. 0 

-20.0 

-6. 00 -4. DO -2. 00 0. 00 2. 00 4. 00 6. 00 

(b) 

20.0 

0. 0 

-20. 0 

-6. 00 -4. 00' -2. 00 0. 00 2. 00 4. 00 6. 00 

(c) 

20.0 

~ o.o 

-20. 0 

-6. 00 -4. oc -2. 00 o. 00 2. 00 4. 00 6. 00 

Frequency (cpy) 

FIGURE 8. The unsmoothed power spectra with 
WATER series, (b) 70-year LANDAIR series, 
series. 

6 = 10J of the (a} 80-year 
and (c) 70-year WATERAIR 



31 

C. The 70-year WATERAIR series is the combination WATER + AIR, 

covering the years 1901-1970. This represents the total meteorological 

effect from the modeled atmospheric and hydrological processes. Its 

spectrum in Figure 8c again shows the dominance of the LAND component in 

the series. 

5. Results 

a. The Annual Excitation 

The amplitudes of the inferred and computed excitations at the 

positive annual frequency are summarized in Table 1 and are plotted in 

complex representation in Figure 9. Since noise contaminates the ILS 

series except near the positive Chandler frequency, only the prograde 

coefficients F1 and F2 of (4) are considered. 

The vector labeled ILS represents the annual component inferred from 

the ILS exci ta ti on series. The atmospheric exci ta ti on computed by 

Wilson & Haubrich (1976a,b) is shown as AIR, and that by Wahr (1983) as 

WAHR. The difference between either AIR of WAHR and ILS presumably 

provides an estimate of the water storage contribution. The VH vector 

at 45° East is the annual water storage exci ta ti on estimated by Van 

Hylckama (1970); adding this to WAHR brings the computed annual 
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Table 

All units are in 10- 8 radians. 

Excitation F1 F2 Phase 

ILS 80 years 3.44 -6.60 -62° 

WAHR 73 years -1. 50 -10.05 -99° 

AIR 70 years -1. 56 -4.89 -107° 

LAND 80 years 2.80 6.18 66° 

OCEAN 80 years 1. 20 1. 17 44° 

WATER 80 years 4.00 7.35 61 ° 

LAND AIR 70 years 1. 20 1 .11 "4 0 

WATERAIR 70 years 2.28 2. 19 44° 

VH 60 years 2. 4 2. 4 45° 
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excitation into almost complete agreement with ILS. 

The LAND exci ta ti on produces a vector oriented at about 65° East 

with nearly twice the magnitude of VH. The OCEAN vector is oriented 

close to 45° East, reflecting the global distribution of the oceans, and 

has a surprisingly large magnitude ( 1. 68 x -8 10 radians). The WATER 

vector has therefore an even larger magnitude, at 8.36 x -8 10 radians, 

almost a third larger than the desired difference vector ILS-WAHR. The 

phase of these vectors is in good agreement with both ILS-WAHR and the 

earlier VH results .computed by Van Hylckama (1970). 

b. 11le Chand! er Excitation 

Squared-coherence estimates and the corresponding cross-phase 

between the ILS and the computed excitations appear in Figures 10-15. 

The spectra are averaged over 0.0975 cpy for the 80-year series, and 0.1 

cpy for the 70-year series. The dashed horizontal line on each plot 

indicates the 95% confidence level (0.43) for zero coherence discussed 

in Section 2. 

The different coherence curves of AIR vs. ILS in Figure 10 show the 

effects of varying the cS factor in the design of the Tukey window in 

(2). The coherence spectrum in Wilson & Haubrich (1976a) between this 

same atmospheric excitation and an excitation inferred from an older ILS 

series was derived with cS • 20% • As shown here,increasing cS greatly 
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increases the estimated Chandler frequency coherence, but alters it less 

at other frequencies. In general, increasing o causes coherence 

estimates to decrease above 1. O cpy, and to change very little below 

about 0.6 cpy. The effect seen near the Chandler frequency can be 

interpreted as additional evidence of a true, but very narrow band, 

coherence. Increasing o suppresses the sidelobes of the effect! ve 

frequency domain window, and thereby reduces the contribution of 

surrounding frequencies to the coherence estimates, which, in the polar 

motion data, are probably dominated by noise. In the polar motion data, 

the high signal level at the Chandler frequency makes the signal-to

noise level good only near 0.843 cpy. Hence true narrow band coherence 

at the Chandler frequency is enhanced by increasing o. The peak 

between 0.8 and 0.9 cpy and the accompanying near-zero cross-phase is 

interpreted as evidence of a true correlation between the AIR and ILS 

series near the Chandler frequency. Similar results are sought for the 

water storage series, and the combined series. 

The coherence spectrum between LAND and ILS in Figure 11 again gives 

peak values within the Chandler band, and the cross-phase, which is an 

average +20° within the band, is well within the 25° phase resolution 

interval discussed in Section 2, thus indicating coherence near the 

Chandler frequency. 

The OCEAN vs ILS spectrum in Figure 12 produces a single estimate 

within 0.8 and 0.9 cpy that exceeds 95% confidence when o = 100% . 

This, along with cross-phase near +110°, is not indicative of any 

correlation between these series near the Chandler frequency. 

Contributions from the OCEAN series are so small that the WATER vs. 
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Figure 16. The average Chandler power of the excitations, smoothed over 
0.0975 for the 80-year series, and over 0.1 cpy for the 70-year series. 
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ILS coherence and cross-phase spectra in Figure 13 are practically 

identical to those between LAND and ILS. The broadest coherence bands 

occur between LANDAIR and ILS in Figure 14 and between WATERAIR and ILS 

in Figure 15. Both exhibit slowly varying cross-phase near 0° within 

the Chandler band. LAND, LANDAIR, and WATERAIR are all interpreted as 

coherent with the ILS excitation near the Chandler frequency. 

The average Chandler power of the excitations appears in Figure 

16. The estimates have been smoothed over ±4 Fourier frequencies. To 

maximize the power output, o was set at 10%. The power level estimated 

from the ILS excitation is at approximately 11. 7 dB, indicated by the 

solid curve. The AIR power is at slightly less than 2 dB; the LAND 

spectr\.Dll is at a slightly higher level. The close agreement of the 

phase of AIR and LAND brings the power of the LANDAIR excitation to 

about 6 dB. Again, because the OCEAN excitation is so insignificant 

there is virtually no difference between LANDAIR and WATERAIR. 

6. Discussion 

The results show that (a) the modeled water storage may account for 

the missing part of the computed annual excitation, and (b) the modeled 

water storage is correlated with the inferred ILS exci ta ti on near the 

Chandler frequency. The average Chandler power of the WATERAIR series 

is down approximately 6 dB from the ILS · power, suggesting that ·water 

storage can account for about half of the Chandler wobble' s observed 
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amplitudes. 

While the phase of the WATER annual component is in keeping with the 

desired phase, the magnitude of the component appears to be too large by 

a factor of 2 or more. This casts certain doubts on the accuracy of its 

estimated Chandler power (i.e., the estimates may be too large). A 

closer examination of the model's original assumptions may explain these 

discrepancies. The two major questions are: if the contributions 

approximated or excluded by the model are indeed significant, would they 

increase or decrease the computed annual component, and how would they 

affect the computed Chandler power? 

First, accumulating all observed precipitation at continental 

locations as soon as temperatures fall below freezing for the winter 

season is too severe. Clearly, as shown in Figure 17, a certain amount 

of runoff continues throughout the winter, although this slows to 

practically zero by the end of March (in the Northern Hemisphere). A 

better simulation might accumulate increasing precentages of 

precipitation from month to month during a location's subzero periods. 

This in effect would "spread" the variation of loading over a wider 

range of periodic! ties, removing some of the power from the annual 

frequency. Second, the model allows winter water loads to return to the 

oceans within one month each spring. The spring melt is actually much 

slower: for example, Asian river runoff into the Arctic Ocean increases 

linearly over a period of 2.5 months, from mid-April to the beginning of 

July. The abrupt release of the continental winter water loads every 

spring in the model concentrates much of the power within a single 

(annual) frequency. Allowing a gradual migration of water back into the 
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reduce the computed annual power. Finally, accounting for evaporation 

over land would probably reduce annual power, because all continental 

regions would experience certain losses. It is unclear how these 

factors would alter the phase, which, as noted, appears to be already 

close to the desired value. 

It is harder to predict how the Chandler power level of the water 

storage excitation would be ·affected as a result of the factors 

discussed above. Lengthening the spring melting period would tend to 

redistribute lower frequency residual power in the the excitation, as 

would accumulating less water at the start of each winter season. 

In summary, it appears that the global water storage plays a 

significant--possi bly maj or--role in the excitation of the Chandler 

wobble. At this time, it is not feasible to assign an exact value of 

the contribution to the total excitation, becaused the water storage 

model developed in this study is oversimplified. The task now is to 

observe the robustness -of the computed water storage spectrum as more 

factors controlling the surface movement of water across the Earth are 

compounded into the model. 
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