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ABSTRACT

The 1982-83 El Niiio/Southern Oscillation (ENSO) event was accompanied by the

largest ‘interannual variation in the Earth’s rotation rate on record. In this study we

demonstrate that #mospheric forcing was the dominant cause for this f@ational anomaly,

with at~ospheric”angular momentum (AAM) integrated from 1000 to 1 mb (troposphere

plus atmosphere) accounting for up to 92% of the interannual variance in the length-of-day

(LOD). Winds between 100 and 1 mb contributed nearly 20% of the variance explained,

indicating that the stratosphere can play a significant role in the Earth’s angular momentum

budget on interannual time scales. Examination of LOD, AAM, and Southern Oscillation

Index (S01) data for a 15-year span surrounding the 1982-83 event suggests that the strong

rotational response resulted from constructive interference between the low-frequency (- 4-

6 year) and quasi-biennial (- 2-3 year) components of the ENSO phenomenon, as well as

the stratospheric QBO. Sources of the remaining LOD discrepancy (- 55 ~s) are explored;

data noise and systematic errors are estimated to contribute 18 and 33 Ls, respectively,

leaving a residual of 40 ys unaccounted for. Oceanic angular momentum contributions

(both moment of inertia changes associated with baroclinic waves and motion terms) are

shown to be candidates in closing the interannual axial angular momentum budget.

1. Introduction “

The rotation rate of the solid Earth exhibits minute but complicated changes of up to

several parts in 10s in speed [corresponding to a variation of several milliseconds in the

length of day (LOD)] and even larger variations in the direction of the rotation axis (polar

motion). These changes occur over a broad spectrum of time scales, ranging from days to

centuries and longer, reflecting the fact that they are produced by a wide variety .of

geophysical and astronomical phenomena. The extent to which fluctuations in the angular

momentum of the atmosphere Hi(t) give rise to compensating changes in the angular
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momentum of the”solid Earth, thereby exciting contributions to LOD [ = A(t)] , has been

the subject of many studies. Advances have been made possible by the availability for the

past decade of routine daily or twice-daily determinations of all three components of Hi(t)

by several meteorological agencies [see for example, Hide and Dickey, 1991 and references

therein]. These studies are facilitated by the use of dimensionless functions xi, i = 1, 2, 3

introduced by Barnes et aL [1983] related to the equatorial components HI and Hz, and the

axial component H3.

The axial component %3satisfies

where (@,A) denote latitude and longitude respectively,p.(@At) is the surface Pressure

and u(@Zp,t) the eastward (westerly) component of the wind velocity at the Pressure level

p. The calculations presented here follow Barnes et al. [1983] and take R = 6.37 x 106 m

for the mean radius of the solid Earth, andg=9.81 ins-z for the mean acceleration due to

gravity. The coefficient 0.70 incorporates the so-called “Love number” correction which

allows for small concomitant changes in the inertia tensor of the imperfectly-rigid solid

Earth. The dominant contribution to fluctuations in ~(t) comes from the “wind” term given

by the first integral of the right-hand side of equation (1.1), which depends on the strength

of the zonally averaged eastward wind speed u and also on its distribution with latitude.

given by the second integral are generally smaller, btitFluctuations in the “matter” term

make a significant contribution.

The seasonal and intraseasonal LOD components are well accounted for in terms of

the exchange of angular momentum between the atmosphere and the solid Earth [see for

example Lambeck, 1988; Hide and Dickey, 1991 and references therein]. Meteorological’

effects cannot be the dominant cause of the larger decadal variations, but it is a matter for

investigation as to whether meteorological excitation is the main cause of the interannual
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variations on time scales ranging from 1 to 5 years. The amplitude of this component of the

spectrum, up to 0.5 ms, is comparable with that of the seasonal cycle (see Fig. 1),

implying that the atmosphere could play a significant role in its generation.

Fig. 1 near here

In this paper we adduce evidence that atmospheric motions are largely responsible

for generating Earth rotation fluctuations on these interannual time scales, focusing on the

1982-83 ENSO event. These results are obtained from comparisons of the interannual LOD

fluctuations with operational atmospheric angular momentum (AAM) estimates, combined

with geostrophic wind estimates derived from satellite temperature soundings of the

stratosphere. A description of the data sets is presented in Section 2. Sections 3 and 4 deal

with the atmospheric and oceanic excitation of interannual LOD variations, respectively.

Results are summarized in the final section. The reader is also referred to several more

general accounts of the excitation of Earth orientation changes. References to early work

can be found in the classical monograph on the subject by Munk and MacDonald, [1960]

and to more recent work in various monographs and other publications [e.g., Cazenave,

1986; Dickey, 1993; Dickey and Eubanks, 1986; Eubanks, 1993; Hide, 1977, 1984, 1986;

Hide and Di,ckey, 1991; Larnbeck, 1980 and 1988; Moritz and Mueller, 1987; Rosen,

1993; and W’ahr, 1988].

2. Data Considered ‘

2.1 Zzngth-of-Day

The LOD series utilized (Fig. 1) is the Jet Propulsion Laboratory (JPL) Kalman-

filtered series, which combines Earth rotation results from optimal astrometry, Very Long

Baseline Interferometry (VLBI) and Lunar Laser Ranging (LLR) to form a high-quality

series, in which the issues of reference frame commonality and the unevenness of data

quality and quantity have been addressed [Gross, 1992; Morabito et al., 1988]. The LOD

data improves in quality with time, especially after 1985. In 1976 the uncertainty is about
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0.09 ms, decreasing almost linearly to about 0.03 ms in 1985 and thereafter. During the

1982-83 ENSO, the uncertainty is 0.05-0.06 ms. Since the average spacing of data points

used as input to the Kalman filter at this time is about five days, we estimate that annual

mean LOD values during the 1982-83 ENSO contain -73 degree of freedom, so that the

error associated with interannual variations is -7 ps [see Dickey et al., 1992a for a further

discussion of the spectral characteristics of LOD errors].

2.2 Atmospheric Angular Momentum

For the AAM data, we use two series that are available during the 1982-83 ENSO

event, from the National Meteorological Center (NMC) and the European Centre for

Medium Range Weather Forecasts [ECMWF—see Salstein et al., 1993 for a review of

existing data]. Analyses incorporating winds up to the 100 and 50 mb levels, respectively,

as well as the full pressure term are available from both centers; in addition, the pressure

term incorporating the inverted barometer correction is provided by the NMC. We also

consider zonal wind variations from 100 mb to the 1 mb level, computed by Hirota [1983]

from temperature soundings using the geostrophic assumptions [see Rosen et al,, 1985 for

further details of this series]. These data were combined with the 100 mb values to obtain

AAM variations incorporating almost the full atmosphere (1000 to 1 rob). Formal errors are

not provided with the AAM values; estimates of the uncertainty in the AAM data are

considered in Section. 3.4

2.3 Southern Oscillation Index

We use here a modified version of the index based on the Tahiti and Darwin surface”

pressure data, provided by the NMC Climate Analysis Center [Rasmussen, private

communication]. Our “Modified Southern Oscillation Index” (MSOI) is given as the

difference between the Darwin and Tahiti surface pressures in millibars, and is positively

correlated with the LOD.
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3. Atmospheric

3.1 Background

Excitation of Interannual LOD Variation

Several earlier studies attempted to link interannual LOD variations (defined here to

be A*P, following notation of Hide and Dickey, 199l—see Fig. 1) to the Quasi-Biennial

Oscillation (QBO) exhibited by zonal winds in the equatorial stratosphere [for a review, see

L.ambeck, Chapter 7, 1980]. Lumbeck and Cazenave [1973], for example, associated A*P

changes during the 1955-71 period with the QBO. Subsequent work by Stephanie [1982]

indicated a connection between A* p and the “Southern Oscillation” by establishing

coherence between A*P and fluctuations in ‘equatorial Pacific air temperature, which is

related to the intensity of the Southern Oscillation, Further investigations were stimulated

by the occurrence of an unusually strong and well observed El Nifio in 1982-83 [see e.g.

Philander, 1983 and 1990; Rasmussen and Wallace, 1983]. The largest changes ever

recorded in A*P and AAM occurred during January and February 1983 [Rosen et al., 1984

and Eubanks et al,, 1985a].

The El Nifio/Southern Oscillation (ENSO) phenomenon is associated with

persistent but irregular variations of atmospheric pressure over the South Pacific on

interannual time scales. This gives rise to pronounced year-to-year variations in the climate

of the South Pacific basin [Rasmussen and Wallace, 1983] associated with extensive

fluctuations in the atmospheric and oceanic circulation and in sea surface temperatures

[Philander, 1983 and 1990]. The dynamical processes involved include nonlinear air-sea

interactions, with changes in the sea surface temperature causing changes in the surface

winds which, in turn, modify ocean surface waters, providing a feedback loop. The

persistence of the oscillation is probably a consequence of the thermal inertia of the oceans,

which provides a means of storing heat from one year to the next. According to a model by

Wyrtki [1985], the ENSO cycle is driven by the steady accumulation of warm water in the

western part of the equatorial Pacific caused by the prevailing surface easterly winds. An El
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Niiio event is triggered by a relaxation of the easterlies, which causes a surge of warm

water to move from the West to the East Pacific until it encounters the coasts of North and

South America, where it is deflected to higher latitudes in both hemispheres. The El Nifio

events thus serve to remove the excess warm equatorial water, setting the stage for the

oscillation to begin again. The associated “Southern Oscillation” in surface air pressure has

the structure of a standing wave, with antinodes near the eastern and western boundaries of

the South Pacific, - 90° longitude apart [lJorel and Wallace, 1981]. This has led to the

development of various Southern Oscillation Indices (S01) based on the difference between

sea level surface pressure in the East and West Pacific. The most commonly used index is

based on the normalized seasonally adjusted pressure difference between Tahiti, in the east,

and Darwin, Australia, in the west [Chen, 1982].

Figure 2 presents a comparison between interannual variations in the Earth’s

rotation, measured as changes in A~(t), and the strength of the ENSO cycle, represented by

the Modified Southern Oscillation Index (MS OI—see Section 2.3) series. Here the

interannual fluctuations are taken to be the difference between one-year and five-year

running means of each data type. The agreement between the two series is striking, with

high interannual values of LOD generally coinciding with ENSO events, represented as

periods for which the MSOI has a continuous positive anomaly of more than one-half its

standard deviation. During an ENSO event, the MSOI (S01) reaches a maximum

(minimum), leading to an increase in XS(t) associated with the collapse of the tropical

easterlies. Further increases in Z-j(t) may result from a strengthening of westerly flow in

the sub-tropical jet streams [Rosen et al,, 1984], Conservation of total angular momentum

then requires the Earth’s rate of rotation to slow down, thus increasing A. The largest

variations seen in A&t) are evidently associated with the 1982-83 ENSO event.

Fig. 2 near here

A one-month time-lag in A$t) relative to the MSOI is found to give the maximum

cross-correlation (0.67). For shorter record lengths, higher correlations are obtained (e.g.,
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a correlation ‘of 0.79 with A~(t) lagging the MSOI by two months for the period 1972-

1986), although the level of statistical significance is about the same [Dickey et al., 1993].

Other studies have indicated significant correlation between interannual LOD variations and

indices of the Southern Oscillation; Chao [1984] reported a correlation coefficient of 0.56

for the period 1957-1983, while Eubanks et al. [1986] computed a correlation coefficient of

-0.5 for the period 1962-1984, and Chao [1988] found a correlation of 0.68 for the period

1962-1984, Chao [1989] also obtained a correlation coefficient of 0.75 for the period

1964-1984 by using multiple regression on the SOI and a stratospheric AAM series,

derived from monthly data from three stations using an idealized model of the QBO.

3.2 Stratospheric Contribution

Routine determinations of the atmospheric ~ functions are available since 1976,

using data compiled from the NMC. Figure 3 shows a comparison between LOD and

AAM, calculated from zonal winds integrated up to the 100 mb level, for the 15-year period

extending from June, 1976, to May, 1991. Since the LOD is given as a residual from the

standard length-of-day (86400 S1 seconds), the vertical offset between the LOD and AAM

curves has no physical significance. Note that the quality and quantity of the space-geodetic

data improved substantially in 1985, resulting in a higher time-resolution LOD series after

this time. Excellent agreement is seen between the two series over the entire span when

variations with periods of two years or less are considered, Considerable discrepancy is

found on longer time scales, however, as indicated by the divergence of the annual running

means for the two data types (dot-dash lines in Fig. 3),

Fig. 3 near here

Previous studies [Dickey et al., 1990 and Rosen et al., 1990] found the residual

between the overlapping LOD and AAM series to be dominated by a long-term linear drift

with some indication of a second-order term being significant. Examination of the residual

with the longer data sets now available shows the clear presence of a second-order term
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(bottom curve in Fig. 3), which is due to decadal effects present in the LOD series.

Interannual changes are also seen in the slope of the residual, and have been associated

with the ENSO phenomenon [Dickey et al., 1990]; Rosen et al. [1990] concluded that

either core-mantle coupling is a nonsteady phenomenon or that unmodeled oceanic

processes are responsible for the intermittence of the slope. The residual also shows a

strong semi-annual signature, indicative of a missing stratospheric component on seasonal

time scales [Rosen and Salstein, 1985].

In order to form a more quantitative estimate of atmospheric forcing during the

1982-83 ENSO, we combined the operational atmospheric analyses available from the

NMC and ECMWF with the satellite-derived stratospheric data to form daily AAM series

that integrate the angular momentum of the atmosphere up to 1 mb for the period 1980

through 1986. While the span of this atmospheric data is too short to allow for a spectral

study, its temporal coverage is ideally suited for a case study of the intense 1982-83 El

Nifio, which was associated with the largest interannual variations of LOD and AAM on

record (cf. Fig. 1). In order to focus on interannual variations, all series were subject to a

365-day moving average; a cosine taper was applied to the first and last 10% of the

average, in order to reduce ripple effects [Bloomjield, 1976]. Decadal effects were

removed by detrending each of the smoothed series.

The resulting interannual variations of AAM and LOD are shown in Fig. 4 for a

three-year period (198 1.5=1984.5) surrounding the 1982-83 ENSO event. The peak-to-

peak LOD variation is roughly 0.5 ms (see also curve C in Fig. 1 and the upper curve in

Fig. 2), with a root-mean-square (rms) amplitude of 193 ps (see Table 1). Meteorological

data from both the NMC and EC (Figs. 4a and 4b, respectively) clearly indicate that the

atmosphere is the dominant source for interannual LOD variation during this event.

Consideration of the full meteorological excitation (i.e. wind plus pressure terms) using

data up to 100 mb reduces therms LOD variation from 193 ws to 99.1 us in the case of the

European Centre (EC), explaining 73% of the variance. When the NMC data are utilized,
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the residual is decreased to 104.7 LS with 70,6V0 of the variance accounted for. The

utilization of atmospheric data integrated to 50 mb further increases the variance explained.

For the EC case, the LOD-AAM residual becomes 75.8 p,s (84.6% variance explained),

while for the NMC data, the residual is 89.6 ps (78.4% variance explained).

Fig. 4 near here

The utilization of the atmospheric data up to the 1 mb level decreases the residual,

further. The EC wind plus pressure terms now accounts for 91.9% of the variance, leaving

a residual of 55 ps. The corresponding NMC data set explains 89.0% of the variance with

64 ps remaining. Thus the stratosphere does make a significant contribution to interannual

AAM variation during this event, with atmospheric data integrated from 100 to 1 mb

explaining nearly an additional 20’ZOof the LOD variance. This is not surprising for

stratospheric winds are typically twice as strong as tropospheric winds on average. We also

note that the application of EC data consistently gives lower unexplained residuals, and that

the pressure term had only a small (~ 1?o) effect on the amount of variance explained in all

cases considered. The inclusion of the pressure term with the inverted barometer correction

(available from the NMC analysis only) reduces the explained variance at all three levels

studied, indicating some difficulty either with the inverted barometer model, or with the

quality of the pressure term estimates, on interannual time scales.

Chao [1989] noted an apparent lead of the idealized stratospheric AAM with respect

to LOD of about 1 month, which is the resolving interval of the data he analyzed. A similar

effect can be seen in the daily data plotted in Fig. 4, where the 100mb and 50mb AAM

curves show their maximum departures during the mature phase of the 1982-83 event,

while the full AAM (integrated up to lmb) has its peak near the end of the onset phase (late

1982). This implies that the strongest variations in the stratosphere preceded both the

tropospheric and LOD maxima. To examine phase relationships between interannual LOD

and AAM variations, we plot in Fig. 5 the variance explained by the daily AAM data sets as

a function of lag with respect to the LOD series. For AAM integrated to 100 and 50 mb the
11



explained variance is approximately symmetric with respect to zero, with no discernible lag

or lead between the two data types. When the stratospheric data are considered with NMC

analysis, however, the LOD appears to lag by about 20 days, with the AAM explaining a

maximum of 90% of the interannual LOD variations. A similar analysis using EC data

indicates a smaller lag for the LOD (10 days with wind plus pressure and 16 days with

wind only), with the AAM explaining a maximum of 92% of the variance. If we consider

the difference of 2% to be a lower bound on the uncertainty in the explained variance, these

results are consistent with a null hypothesis of zero lag between the two data types and the

apparent lead is not statistically significant.

Fig. 5 near here

3.3 Bimodality Analysis

Several studies have shown that the ENSO phenomenon is bimodal in nature, with

a quasi-biennial (QB) component having periods in the 2-3 year range and a low-frequency

(LF) component with periods in the 4-6 year range [Rasmussen et al., 1990; Barnett, 1991;

Keppenne and Ghil, 1992]. For a 15-year span surrounding the 1982-83 event, in

particular, spectral analysis of both LOD and SOI data further indicates bimodality with

clear peaks at periods centered at 4.2 and 2.4 years [Dickey et al., 1992]. Here, we use the

recursive filter of Murakami [1979] to study variations of LOD, SOI, and AAM data for the

same 15-year span in the QB (18-35 month) and LF (32-88 month) bands defined by

Barnett [1991]. In addition, the currently available six-year record of stratospheric AAM

(spanning 1980-86) is considered.

An overview of sub-decadal variability in monthly LOD, tropospheric and

stratospheric AAM, and MSOI data surrounding the 1982-83 ENSO event is given in Figs.

6a-d, where fluctuations in each series are plotted as a function of time and frequency for

the period 1976-1991. The largest positive signals are clearly associated with the 1982-83

and 1986-87 El Nifio events (as indicated in red), with the strong La Niiia of 1988-89
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appearing as a negative signal in all three data types. Bimodality on interannual time scales

is evident, with enhanced variability appearing at relatively low (4-6 year) and quasi-

biennial (2-3 year) frequencies. ENSO and La Nifia events result when variations in both

bands add constructively to produce a significant index; for example, in 1977-78, 1982-83,

and 1986-87, positive signals from both bands produce significant ENSO events, while in

1988-89, negative signals from both bands result in a La Niiia event. In contrast, positive

QB components interfere destructively with the LF components in 1980-81 and 1984-85

with no resultant events.

Fig 6 near here, please

The strong maximum found for LOD during the 1982-83 event results from nearly

equal contributions from the QB and LF bands, which both show maxima in early 1983

(Figs. 6a and 7a). The phase agreement between the two components during the 1986-87

event is not as close, with the LF component, in particular, having a smaller amplitude. As

a result, the sum of the two components (solid line) shows a much stronger signature

during the 1982-83 event than during 1986-87; the small LOD amplitude during the latter

event may be related to a change in the decadal LOD variation which occurred at about the

same time [Dickey et al., 1993]. The SOI also shows excellent phase agreement between

the two components during the 1982-83 event (Figs. 6b and 7b), with both having about

the same amplitude. This phase agreement is also preserved during the 1986-87 event,

although the QB component is somewhat smaller, resulting in a diminished total amplitude

relative to the 1982-83 event. Note that the coherent behavior of the two components

extends into 1988, when negative values of both added constructively to give a strong La

Niiia episode. Note the deep valley (indicated by dark blue in Fig. 6b) extending over the

full interannual range.

The decomposition of the tropospheric AAM shows a similar structure, with LF

and QB components of about the same amplitude combining to produce a large signal

during the 1982-83 event, and a distinctly weaker QB component giving a diminished
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amplitude for the 1986-87 event (Fig. 7c). Interannual fluctuations in tropospheric AAM

are closely related to the ENSO cycle, as evidenced by the similarity of their signatures in

Figs. 6b and 6c. The shorter record of stratospheric AAM (Fig. 7d) also shows phase

agreement between the QB and LF components during the 1982-83 event, although this

decomposition is less meaningful given the limited span of data available.

The total interannual variation (sum of the QB and LF bands) for AAM in the

troposphere, stratosphere, and the full atmosphere (1000- 1 mb) is shown in Fig. 7e. Note

that while the stratosphere as defined in this study contains only 10% of the mass of the

atmosphere, its contribution to the 1982-83 rotational anomaly is roughly half that of the

troposphere. This is consistent with the results of Chao [1989], who used multiple

regression to show that an index of stratospheric AAM, derived using monthly data from

three stations with an idealized model of the QBO, accounted for about half the LOD

variation associated with the SOI. While they have similar time scales, dynamical

connections between QB variations in the troposphere and stratosphere remain elusive (e.g.

XU, 1992; Barnett, 1991; see, however, Yasunari 1989); thus, it is possible that the

fortuitous coincidence in phase between these two oscillations, as shown by their AAM

signatures (dotted lines in Figs. SCand 5d), may have contributed to the unusually large

amplitude of the 1982-83 ENSO.

3.4 Error Estimates

The results of the case study demonstrate that atmospheric forcing was the

dominant source of interannual LOD variations during the 1982-83 ENSO event, the largest

for which detailed records exist. The atmosphere integrated to the l-rob level accounted for

up to 92$Z0of the variance, leaving an unexplained rms residual of -60 ps (55 ps and 64

ps in the EC and NMC case, respectively) in the interannual LOD. In order to investigate

the source of this discrepancy, we assume that both the LOD and AAM data sets are

14
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composed of a common geophysical signal, S, and noise components,

respectively, assumed to be uncorrelated with the signal and with each other:

LOD = L(t) = S + NL

NL and NA

AAM = X(t) = S + NA.

The expected power of the residual between the two series is then

<(L-X)2> = <NLZ>-t <NAS>.

As indicated in Sect. 2.1, the estimated error pertaining to interannual LOD determinations

during the period of the case study is -7 ps; for a residual with rms value -60 p,

therefore, the effect of the LOD error is essentially negligible (c 1 ys). Similarly, since the

contribution of the atmosphere above 1 mb is estimated to be -4 ps (see Sect. 2.2), its

effect on the size of the rms residual can also be neglected. We hypothesize, therefore, that

the observed residual arises from noise in the AAM signal considered (1000 – 1 rob).

In order to estimate the noise associated with the AAM signal, we initially assume

that AAM errors from different centers are independent. Hence, the expected power of the

intercenter difference (i,j) is

<(Xi-Xj)2> = <Niz> + <Njz> = 2 E

where E denotes the”average squared error for the centers considered.

The rms residual between the EC and NMC (wind plus pressure) data sets at 100 mb and

50 mb is 13.1 ~s and 18.2 ps, respectively; hence

E1O(X)-IOO = (13.1)2/2 = 85.5

and

E10W-50= (18.2)2/2 = 165.5

ps2

ps2

where the subscript on the left-hand side indicates the pressure levels considered. If the

errors from different levels are uncorrelated, then

E] 00-50= EIC)Oo-50– EloO&100-80 ~S2,

so that the error variance of the 50-mb layer lying directly above the 100-mb level is

approximately equal to that of the entire atmosphere beneath it. Since independent
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determinations of stratospheric AAM were not available for the period of this study, the

error for the 50-1 -mb layer cannot be estimated directly. Particularly in view of the fact that

winds in this layer were estimated solely from satellite temperature soundings in contrast to

the operational analyses available up to the 50 mb level, it is reasonable to expect that the

error variance contributed by this layer is also comparable to that of the atmosphere below

it. We assume, therefore, that

E50_1- E1000-50,

so that

Elooo-1 = E5&1 + E1000_5CI-2 E10(Io_50= 331 @,

and we estimate for the AAM noise an rms value of

NA -18.2 PS.

Note that because of the assumptions made above, this is the same value as found for the

inter-center difference between the two series at 50 mb.

All numerical weather prediction centers have access to the same suite of

meteorological data. If these observations contain errors due to missing or inaccurate data

(e.g. in the tropics or the Southern Hemisphere), a systematic AAM error may arise which

cannot be detected by inter-center comparisons. The total AANi error is then taken to be

NA=Ns+Ni

where Ns denotes the systematic component, common to all centers, and Ni is the inter-

center error estimated above. Under the assumption that the

errors are uncorrelated, the expected error variance becomes

<(L–X)2> = <Niz> + <Nsz>,

where the interannual LOD error NL has been neglected.

systematic and inter-center

In a study of sub-seasonal variations in the Earth’s angular momentum budget,

Dickey et al. [1992b] found that systematic AAM error behaved as flicker noise, with a

power spectral density of the form

P(f) = E~(f~f),
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where f. is a standard frequency ( = 0.1 cycles/day) , and EA -0.009 ms2 (cycles/day)-l.

If we assume that this behavior extends to interannual frequencies, the power of the

systematic error may be estimated as

N:= E*f~ J
fz

‘2 $ = E*f~ In (G) = 0.001 ms2,
f,

where the frequency interval is bounded by the averaging time (1 year) and the length of the

record considered (3 years). The resulting estimate for the systematic noise is NS= 31.6

ps. However, the interannual AAM fluctuations may be more heavily influenced by data-

poor regions (such as the stratosphere as shown by this study) than the sub-seasonal

variations, which would increase the systematic noise.

Combining this value with the uncorrelated inter-center error estimated above gives

a likely lower bound of about 37 ps for the interannual rms residual arising from noise in

the AAM data. Residuals of 55 and 64 ps were found using the l-rob wind-plus-pressure

series for the EC and NMC, respectively, during the case study (cf. Table 1), implying the

possible existence of an additional (uncorrelated) source of excitation with rms variation on

the order of 40 to 50 us when the EC or NMC data are considered. Possible oceanic

contributions to this discrepancy are discussed in the following section.

4. Role of the Oceans

The analysis of the preceding section has shown that the dominant portion of the

interannual LOD variation observed during the 1982-83 ENSO event can be explained by

variations in globally-integrated atmospheric angular momentum (AAM), Furthermore, the

lack of a significant delay between the AAM and LOD series examined in this study implies

a relatively rapid exchange of angular momentum between “thesolid Earth and atmosphere.

A significant

torque at the

W@-, 1988].

portion of this exchange may occur directly over land, through frictional

surface or pressure gradients acting across orography [Swinbank, 1985;

WoZf and Smith [1988], in particular, presented evidence that rapid AAM
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variations observed at the peak of the 1982-83 ENSO were produced by mountain torques

acting over the Rockies. Furthermore, in a study of the AAM budget from a 20-year climate

simulation using the Canadian Climate Centre general circulation model, Boer [1990] found

that the dominant portion of angular momentum exchange on sub-annual time scales (in the

model) occurred over land.

On the longest time scale resolved in Boer’s analysis (1 year), however, the AAM

variance explained by surface stress over the ocean was twice that associated with the

combined friction and mountain torque over the land, indicating that ocean torques may

predominate on interannual time scales. The ENSO cycle, in particular, is associated with

pronounced fluctuations in the strength of the surface winds over the tropical oceans [e.g.

Lukas et al., 1983; Wyrtki, 1985; Philander, 1990], with the largest AAM anomalies

occurring in the sub-tropics [Rosen et al., 1984; Dickey et al., 1992]. If the bulk of the

interannual AAM changes are associated with ENSO, as inferred in this and previous

studies [e.g. Chao, 1984, 1988; Eubanks’ et al., 1986], therefore, it is likely that a large

fraction of the angular momentum exchanged with the solid Earth on these timescales is

transmitted through the oceans,

Ponte [1990] has shown that the vertically-integrated torque on the ocean can be

expressed in terms of external (barotropic) and internal (baroclinic) modes, and concluded

that the bamtropic modes dominate the oceanic angular momentum balance. The arguments

of Ponte [1990] against the importance of baroclinic modes in the zonal angular momentum

balance are not really applicable, however, both because Ponte ignores the mathematical

question of convergence of his wind stress torque expansion, and because Ponte ignores

the frequency dependent dynamical response of the various ocean modes to this forcing.

Even if barotropic modes do dominate the long period ocean torque budget, quickly

transmitting most of the total interannual wind stress torque to the solid Earth, at the same

time significant amounts of angular momentum can still be accumulated by the slower

interannual baroclinic waves. Large baroclinic modes are definitely excited as part of the
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ENSO cycle, and (as will be shown below) these modes can certainly be significant in the

angular momentum budget. In addition, therefore, to its role as an intermediary in the

transmission of atmospheric stresses to the solid Earth, interannual changes in ocean

circulation and mass distribution can also give rise to a separate dynamical contribution to

the global angular momentum budget.

For the ENSO event of 1982-83, in particular, an imbalance of - 25% between the

torques at the top and bottom of the oceans would be all that would be required to account

for the 40-50 VSresidual between the interannual LOD and AAM variations, assuming that

the bulk of the total atmospheric stress on the solid Earth is actually transmitted through the

oceans. Large changes in oceanic circulation were associated with the 1982-83 ENSO

[Philander, 1990, and references therein]; in a study of sea-level variations during this

event, Wyrtki [1985] used a two-layer approximation to the thermal structure of the tropical

ocean to infer the presence of a zonal, 40-SV current, flowing between the west- and east-

tropical Pacific. Much of this water appeared to escape polewards, implying that

recirculation may have occurred in basin-scale gyres rather than locally. For a return flow at

latitude 45°, for example, such a current system would generate anomalies of -20 ps in

LOD (see appendix), up to half the magnitude of the unexplained residual.

Changes in the mass distribution of the oceans may also be of sufficient magnitude

to significantly influence the global angular momentum budget. In particular, the decimeter

level variations observed in sea level during an El Nifio event, together with the much

larger simultaneous changes in thermocline depth, can be modeled as baroclinic waves [see

Kessler, 1990]. Although sea level changes from local thermal expansion would not excite

rotational variations, baroclinic changes caused by large scale redistributions of warm

upper-level ocean water can modify the total mass content of the water column, leading to

rotational effects. Baroclinic ocean modes have phase speeds of a few m/s, taking hundreds

of days to years to propagate across the Pacific; hence these waves may play an important

19



role in the interchange of angular momentum among the atmosphere, ocean, and solid Earth

on interannual time scales.

A rough estimate of the magnitude of these contributions can be made using a

simple two-layer ocean model [e.g. Gill, 1982; Eubanks, 1993]. The two-layer model can

be used to relate the integrated sea-level change in an area to the total change in the oceanic

mass loading over the area, assuming that conditions are uniform across the area. This

model supports a mode— the baroclinic mode—in which the changes in sea level and

thermocline depth always oppose each other. For the baroclinic mode in the two-layer

model, the ratio of the actual bottom pressure perturbation to the sea-level-induced pressure

change is a constant, e, which is always less that zero (i.e., the bottom pressure change is

always dominated by t“hechanges in thermocline depth). Eubaiiks [1993] applied this

model to the equatorial Pacific and estimated that e there is - –0.06. During the 1983-83

event; a pulse of warm water similar to a barocline Kelvin wave propagated across the

Pacific [Wyrtki, 1984; Lukas et al., 1984], increasing the tropical sea level by 20 cm or

more. Thus, in the two-layer model, this sea-level increase would be associated with a

bottom pressure decrease of - 1.2 millibar, sufficient to significantly change the LOD,

provided the perturbed area is large enough.

In his study of the 1982-83 ENSO event, Wyrtki [1985] found that the integrated

tropical Pacific sea level decreased by -5 x 1012ms between t 15° latitude from late 1982

to mid-1983. Applying the calculated value of e = –0.06 indicates that the resulting

equatorial mass load increased by -3 x 1014,kg during this time, equivalent to an LOD

increase of 6.2 ps if the excess water comes from a globally uniform layer polewards of&

15° latitude (see appendix). Luther [personal communication] estimated &--0.25 at 124”W

at the equator; application of this value to the entire tropical Pacific gives an LOD increase

of --26 ps, comparable to the estimated current contribution. Since the LOD increased

substantially from late 1982 to mid-1983 while the total AAM signal remained essentially
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flat (see Fig. 4), sucha contribution has the correct sign and timing to favorably impact the

interannual LOD-AAM discrepancy.

Thus, the oceanic angular momentum contribution (including both moment-of-

inertia changes transferred via baroclinic waves, and motion terms) must be considered a

viable option to close the interannual axial angular momentum budget. The real ocean is

considerably more complex than the simplified two-layer model considered here, having

both continuous stratification and variations across the ocean basin [Philander, 1990], with

a number of baroclinic modes to be considered [Carzwrigh? et al., 1987]. While a more

quantitative evaluation of OAM changes during the 1982-83 ENSO event is beyond the

scope of this study, it is clear that oceanic effects, though small, cannot be ignored in

detailed determinations of the Earth’s angular momentum budget on interannual time scales.

5. Summary

Interannual variations in the Earth’s rate of rotation, and hence in the length-of-day

(LOD), have previously been related to the El Nifio/Southern Oscillation (ENSO)

phenomenon through studies of the Southern Oscillation Index (S01) [e.g. Chao, 1984,

1988; Eubanks et al., 1986; Salstein and Rosen, 1986; Dickey et al., 1993], and to the

stratospheric Quasi-Biennial Oscillation (QBO) through an idealized model based on

monthly wind data from three stations [Chao, 1989]. In this study we use time series of

atmospheric angular momentum (AAM) up to 100 mb and 50 mb from the NMC and

ECMWF operational tmalyses, combined with A.4M estimates from 100 mb to 1 mb

derived from satellite temperature soundings, to perform a case study of the Earth’s

interannual angular momentum budget during the unusually strong and well-observed

1982-83 ENSO.

A time-frequency analysis of LOD, AAM, and SOI data surrounding the 1982-83

event confirms the bimodal nature of the ENSO cycle found in previous studies

[Rasmussen et al., 1990; Burnett, 1991; Keppenne and Ghil, 1992; Dickey et al., 1992a],
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and indicates that the large amplitude of the 1982-83 event resulted from constructive

interference between variations in a low-frequency (4-6 year) and a quasi-biennial (2-3

year) band. Atmospheric forcing was found to be the dominant cause of the associated

rotational anomaly, with the AAM integrated up to 1 mb accounting for up to 92% of the

interannual LOD variance from mid-1981 to mid-1984. The stratosphere was found to play

an important role in the Earth’s angular momentum budget on interannual time scales,

accounting for - 20% of the LOD variance relative to the atmosphere below 100 mb; by

contrast, variations in the atmospheric moment of inertia (the “pressure” term) played only

a minor role, accounting for - 1% of the LOD variance. A small lag (10-20 days) in the

LOD response to the full (1000 to 1 mb) AAM variation was found, but does not appear to

be statistically significant.

The remaining 8-10% of the LOD variance (- 55-64 us) cannot be accounted for

with the existing atmospheric data sets, implying that exchange with another reservoir of

angular momentum may play a significant role on these time scales, or that systematic

problems exist with the current models and/or data sets. The difference between the

interannual AAM variations from the NMC and ECMWF analyses integrated up to 50 mb

(18.2 USrms) is a sizable fraction of the remaining LOD-AAM residual, implying that

noise in the AAM data accounts for a significant portion of the residual. Systematic errors

were estimated to be -33 ps by extrapolating the “flicker law” behavior of the subseasonal

AAM error found by Dickey et al., 1992b, to interannual time scales, Combining these

error sources and assuming that errors in LOD values are negligible on interannual time

scales gives a total expected LOD-AAM residual of 38 ps, implying the possible existence

of an additional uncorrelated source of excitation with an rms variation of 40 to 52 vs,

using the ECMWF and NMC data respectively, Oceanic angular momentum contributions

(both moment-of-inertia changes transferred via baroclinic waves and motion terms) were

shown to be promising candidates in closing the interannual axial angular momentum

budget.
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Appendix. Oceanic Angular Momentum Estimates

1. Effect of Currents

The axial angular momentum associated with a uniform oceanic current is

Ac = M[RxV]3

where M is the totai mass contained in the current, and R and V are the position and

velocity, respectively, with respect to an Earth-fixed frame of reference. For a zonal current

at latitude (l the volumetric transport of the current is

F= MIV1/pacos OAk,

where a is the Earth’s radius, p is the density and Ah is the longitudinal extent of the

current, allowing the angular momentum to be written as

A.= p F a2 cos2e Ah;

for an idealized gyre consisting of a flow along the equator joined to a counter-flow at

latitude e by meridional currents. In particular, the net angular momentum is

AC= p F az (1-eos%) Ak.

Expressing the oceanic transport in Sverdrups (1 Sv = 10bm3/sec - 10gkglsec), the

corresponding change in the length-of-day is given by

AA= 1.67 X 1O-Z9Ac - 1.67 x 10-20F a2 sin20 Ak ;

for a gyre with longitudinal extent of 90° and return flow at latitude 45° this gives

AA - F/2x 10-6see,

or about 20 ps for a total transport of 40 Sv.
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2. Effect of Mass Displacements

The planetmy angular momentum per unit mass at latitude 6 is

A(0) = !2 a2 cos20 ,

where Cland a are the angular velocity and radius of the Earth, respectively. For a uniform

distribution of mass between latitudes el and 02, the average angular momentum per unit

mass is

the displacement of a unit mass from the polar cap ((3,90°) to the tropical belt (-@,@)can be

shown to give an average change in angular momentum per unit mass of

For @= 15°, the resulting change in the length-of-day is

AA = 1.67 x 10-295A= 2.06x 10-20see/kg,

yielding an estimated LOD change of

AA-6ps

for the mass ‘increase of 3 x 1014kg calculated from Wyrtki’s sea-level data using the

factor &= –0.06, and

AA -26 ~S

for the mass increase calculated using the value &= -0.25.
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Table 1

Study of the 1982-83 ENSO Event

LOD variance explained by Atmospheric Angular Momentum

Components Residual (ins) Variance
Center Used LOD-AAM Explained

Total . EC* w 0.0590 90.7%
(1000 to lmb) W+P 0.0549 91.9%

NMC* w 0.0655 88.5%
W+P 0.0641 . 89.0%
W+P (IB) 0.0680 87.6%

Contribution EC w 0.0772 84.0%
to 50 mb W+P 0.0758 84.6%

(1000-50mb)
NMC w 0.0903 78.1%

W+P 0.0896 78.4%
W+P (IB) 0.0955 75.5%

Contribution EC w“ 0.1008 72.7%
to 100 mb W+P 0.0991 73.0%

(1000-100mb)
NMC w 0.1055 70.1%

W+P 0.1047 70.6%
W+P (IB) 0.1105 67.2%

Yearly moving average detrended for both the LOD and AAM series
Total LOD variance= 0.1930 msec
Time series considered: 1981.5-1984.5
EC= European Center for Medium-Range Weather Forecasts
NCM = National MeteorologicalCenter (US)
W = Wind terms
P = Pressure terms
IB = Inverted barometer assumption assumed
* EC and NMC have common data from 100 to 1 mb (see text)
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LEGENDS FOR FIGURES

Fig, 1, Time series of irregular fluctuations in the length-of-day A*(t) (curve (A)) and its

decadal (Au(t)), interannual (A~(t)), seasonal (Aft)), and intraseasonal (A~(t)) components

(curves (B), (C), (D) and (E) respectively) updated from Hide and Dickey [1991].

Fig. 2. The interannual LOD variation, A*B(computed as the one-year moving average minus

the five-year moving average — upper curve), compared to the negative of the interannual

variation in the Southern Oscillation Index (MSOI — lower curve).

Fig. 3. Length-of-day from the JPL Kalrnan smoothing of space geodetic measurements as

well as that inferred from atmospheric angular momentum from the National Meteorological

Center (NMC) analysis for the period 1976 through 1991, together with a 365-day moving

average which allows comparison on interannual time scales. Variation in the residual is shown

by the lower curve.

Fig. 4. (a) Variations in a daily time series of LOD (solid line), smoothed with a tapered 365-

day running average to remove seasonal variability, and detrended to remove decadal

variability. Also shown are similarly smoothed variations in daily AAM from the EC

operational analysis extending to 100 mb and to 50 mb (dashed lines — wind term only; dash-

dot lines — wind plus pressure), and variations up to 1 mb formed by adding the stratospheric

series to the 100-mb values. (b) as in (a), for the NMC operational analysis (dotted line —

wind-plus-pressure calculated with the inverted barometer (IB) assumption).

Fig. 5. Fractional variance of the LOD series in Fig. 4 explained by the AAM series based on

(a) NMC and (b) EC operational analyses to the 100-mb and 50-mb levels, and by variations

up to 1 mb formed by adding the stratospheric series to the 100-mb values. A lower bound on
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the unce~ainty (dotted lines) is computed as the difference in the maximum variance explained

by the 1-mb series incorporating NMC and EC data. Since the difference between the

maximum explained variance and the explained variance at zero-lag for each center falls within

this band, the LOD lag with respect to the 1-mb series considered here is not significant.

Fig. 6. (a) Interannual variations in a monthly time series of normalized LOD values for the

period 1976-1991, filtered recursively [Murakami, 1979] in 8 equal-frequency bands ranging

from 0.1 to 0.9 cycles per year. (b) as in (a), for the modified Southern Oscillation Index. (c)

as in (a), for the tropospheric (1000-100 mb) ,AAM from the operational NMC analysis. (d) as

in (a), for the stratosphere (100-1 rob),

Fig. 7. (a) Variations in a monthly time series of LOD, filtered recursively [Murakami, 1979]

in the LF (32-88 month — dashed line) and QB (18-35 month — dotted line) bands defined by

Barnett [1991]. The full interannual variation (sum of the LF and QB components) is shown by

the solid line. (b) as in (a), for the modified Southern Oscillation Index. (c) as in (a), for the

tropospheric (1000-100 mb) AAM from the operational NMC analysis. (d) as in (a), for the

stratospheric ( 100–1 mb) AAM inferred from satellite temperature soundings. (e) The full

interannual variation (sum of the LF and QB components) for tropospheric ( 1000–100 mb)

AAM (dashed line), stratospheric (100-1 mb) AAM, and the total (1000–1 mb) AAM (solid

line).
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