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ABSTRACT

Twice-daily values of the atmosphere's angular momentum about the

polar, axis during the five years from 1976 through 1980 are presented in

graphs and a table. Unlike many previous compilations of this quantity,

ours is based on a global data set, incorporating 90% of the mass of the

atmosphere. The relationship between changes in the angular momentum

of the atmosphere and changes in the length of day is described, as are

the main sources of error in the data. The variability in angular

momentum is revealed in a preliminary fashion by means of a spectral

decomposition.

The data presented in this report should stimulate comparisons with

other measures of the length of day and so provide a basis for greater

understanding of earth-atmosphere interactions.
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1. INTRODUCTION

In his now classic paper on the general circulation of the atmosphere,

Starr (1948) noted that "there is no reason to expect that the partition

of angular momentum [between the earth and the atmosphere] should remain

constant when seasonal and other short time-intervals are considered".

Since then, numerous studies have been undertaken with increasingly better

data to quantify more precisely the relationship between changes in earth

rotation and atmospheric momentum. Many of these have been summarized by

Munk and MacDonald (1960) and by Lambeck (1980) . The general conclusion

appears to be that short term changes in the length of day (l.o.d.) are due

mainly to atmospheric behavior (Lambeck and Cazenave, 1977). Moreover,

atmospheric motions seem to play some role in forcing l.o.d. changes even

on time scales of up to several years (Lambeck and Hopgood, 1981) .

A limiting factor in most of these studies has been the less than

global coverage provided by the network of upper-air wind measuring

stations. For the most part, these stations are located over land in the

Northern Hemisphere and the Southern Hemisphere tropics. In addition, it

has generally proven necessary to work with monthly mean values of these

wind data, thereby precluding a study of higher frequency changes in

atmospheric momentum. In recent years, however, a new type of meteorolo-

gical data set has become available. Generated by the large meteorologi-

cal agencies of different countries as part of their operational weather

forecasting duties, this set typically contains twice-daily analyses of

the wind field at grid points spaced regularly over the entire globe.

Utilizing two different examples of these gridded analyses for the same

four-month period, Hide et al. (1980) demonstrated their potential for

dramatically increasing our ability to determine high frequency changes

in the atmosphere's angular momentum. Given the steady improvement also

seen in recent years in independent techniques to measure earth rotation,

it appears that new advances in the study of earth-atmosphere interactions

are likely.

Because of growing interest in the earth rotation problem, it was

decided to make some of the new atmospheric angular momentum data more

generally available. In this report, therefore, we provide a listing of

these data derived from the wind analyses made by the U.S. National



Meteorological Center (NMC) for the five-year period from 1 January 1976

through 31 December 1980. In the next sections, we briefly describe the

NMC analysis and the manner in which angular momentum values were derived

from it, the relation between these values and changes in l.o.d., the

type of errors that exist in our momentum values, and some preliminary

results from a spectral decomposition of the angular momentum time series.

Our discussion is kept deliberately short, since we anticipate publishing

our results in more detail at a later date. The main reason for presenting

this report now is to disseminate more rapidly a tabulation of the angular

momentum data.



2. THE NMC GLOBAL ANALYSIS AND THE DERIVATION
OF ATMOSPHERIC ANGULAR MOMENTUM VALUES

In September 1974, NMC introduced its first operational global

analysis scheme. Designed to provide information on the state of the

atmosphere twice a day (for 0000 and 1200 UTC) as input to weather fore-

casting models, this analysis is based on observations from a variety of

sources. These include not only the traditional rawinsonde balloons

launched at the upper-air stations of the World Weather Watch network, but

also satellites and commercial aircraft. Among other variables, the

analysis provides zonal (east-west) wind velocities over a grid with points

spaced every 2.5° in both latitude and longitude, at each of 12 pressure

levels in the vertical. A detailed description of a recent version of

the NMC global analysis system is provided by McPherson et al. (1979).

NMC has archived certain general circulation statistics derived from

their grid point analyses beginning 1 January 1976 (Miller et al., 1975).

Included in this archive are zonally averaged values of the zonal wind, [u].

To derive the angular, momentum (M) of the atmosphere about the polar axis,

relative to an earth-fixed frame, these [u] values have been integrated,

with the appropriate weighting, over latitude (<f>) and pressure (p):

_ 100. mb -jT/2

1000 mb 7T/2

M = ±22- I I [u] cos2()> d<j> dp, (1)

where a_ is the mean radius of the earth (6.37 x 10 m) and g_ is the

acceleration due to gravity (9.81 m s ). Equation (1) is based on the

assumption that the atmosphere is in hydrostatic equilibrium and ignores

the variation with altitude and latitude of the distance of a parcel of

air from the center of the earth. In addition, performing the integration

over p_ only to the 100 mb level means we are systematically neglecting

10% of the mass of the atmosphere.

Occasional brief gaps exist in the NMC archive and no .attempt has been

made to fill these in. However, a gap of over four months duration, from

1 April through 15 August 1977, also exists in the archive'. For this

period, we obtained copies of the original grid point values from the NMC

analysis (for 0000 UTC only) from the National Center for Atmospheric

Research, and we used these to calculate both [u] and M.



Values of M available for the period from 1 January 1976 to 31 December

1980 are tabulated in Appendix 1 and displayed in Figs. l(a)-(e) for each

calendar year individually and in Fig. 2 for the period as a whole. Also

included in Figs. l(a)-(e) are values of the angular momentum of the atmo-

sphere over each hemisphere separately. The differences in the results

for the Northern and Southern Hemispheres attest to the non-uniform

behavior of the zonal winds over the globe and to the importance of acquir-

ing global atmospheric data.



3. RELATIONSHIP BETWEEN M AND CHANGES IN l.o.d.

For simplicity, we treat the (rigid) earth and atmosphere as a closed

dynamical system and assume that a change AM in the angular momentum of

the atmosphere is accompanied by an equal, but opposite, change in the

angular momentum of the earth. (Thus, we neglect the effect of external

torques, the role played by ocean currents, etc.) The consequent change

in the angular velocity u of the surface of the earth is given by:

A m c^Au> = - — (2)

where I is the moment of inertia of that portion of the earth which responds

to the change in M on the time scale being considered. Fluctuations on

the order of one year or less are thought to affect only the earth's crust

and mantle (the shell), and since this is the time scale we are primarily

interested in here, we have set I = I , = 7.04 x 10 kg m (Langley et al.,

1981; Jordan and Anderson, 1974).

A change in the angular velocity of the earth's surface is related to

a change in the length of day by:

Al .o.d. _ AOJ ̂  Aco . . .
l.o.d. ~ on-Aw * ~ u) • I J

where l.o.d. = 86400 s and u> = 7.29 x 10" s~ . Combining equations (2) and

(3), we find the following linear relation between Al.o.d. and AM:

.. , l.o.d. ...----- ----- --• -Al.o.d. = =— AM ... __.. .
0)1

For periods on the order of a year or less, therefore, we have

Al.o.d. = 1;°'d' AM = 1.68 x 10"29 AM (4)
Mlshell

2 -1
where Al.o.d. is in units of seconds and AM is in kg m s

As described earlier, we have plotted (against the left-hand scale)

in Figs. l(a)-(e) the actual values of M contained in Appendix 1. If we

treat these M values as departures from a base state of zero atmospheric

angular momentum, then we can equate them conveniently to changes in

l.o.d. from this hypothetical base state by setting AM = M in (4). The



scale for this Al.o.d. is given along the right-hand side of each figure.

It should be noted that this scale for Al.o.d. is not the one conventionally

used, which instead is based on the departure of the length of day from

that of the mean solar day during the nineteenth century. The two scales,

therefore, involve their own arbitrary zeroes (Hide et al., 1980). Since

we are interested only in changes in l.o.d. within our five-year period,

.however, this difference between the scales is not of concern here. A

more important consideration, particularly when studying inter-annual

changes in Al.o.d. such as those displayed in Fig. 2, is that on time

scales of greater than about one year the earth's core is also likely to be

involved, in which case it might be more proper to use the moment of inertia

of the entire earth (I = 8.04 x 10 kg m ) in (4). We have not done so

here, however.



4. ERRORS

Although it is rather straightforward to delineate-the sources of

errors in our M values, it is quite another matter to estimate their

magnitude. Nevertheless, it is important to do so and we make such an

attempt here. Our estimates should be treated with caution, however.

We may divide the types of errors expected in our data into two

groups; one is related to the method used to compute angular momentum and

the other is related to the inaccuracies in the NMC wind data. With

regard to errors of the first type, the most serious is undoubtedly the

neglect of the upper atmosphere at pressures less than 100 mb. NMC wind

analyses for the 70 and 50 mb levels are available, but their accuracy

has been questioned and they were not used here. We have examined some

calculations of M made with and without data from these two upper levels,

and on this basis we conclude that neglecting the upper 10% of the atmo-

sphere incurs a systematic underestimate in the mean level of M of about

10% or less, but it has a much smaller impact on day-to-day changes in M.

(On the other hand, longer period variations in M such as a quasi-biennial

cycle, if one exists, may be more seriously affected by the lack of data

from much of the stratosphere and above.)

A systematic bias also results from the fact that the lowest level

in the NMC analysis is fixed at a. constant pressure of 1000 mb, regardless

of whether this level lies below or above the earth's surface at a parti-

cular grid point. In the first instance, the NMC analysis, which treats

the surface of the earth as though it were smooth, places non-zero winds

beneath the topography. These spurious winds have been included in our

[u] data, but a test in which we removed them from a short period of data

revealed that their presence affects M by only about 1%. In the case

when the 1000 mb level lies above the earth's surface, our approach

neglects the contribution to M made by the mass of the atmosphere lying

between it and the surface. Since, however, the average sea-level pressure

over the globe is around 1013 mb, this error is a small one.

The second type of errors in our values of M results from inaccuracies

in the basic NMC grid point wind analyses themselves. Some aspects of

these errors are presented by McPherson et al. (1979) for the version of

the NMC global analysis that was introduced in September 1978, but it is



difficult to estimate on the basis of their discussion what the magnitude

of the resulting error in M is likely to be. For the present, therefore,

we are left to infer this on the basis of two other studies reported in

the literature. In the first, Oort (1978) examined the adequacy of the

rawinsonde network for determining atmospheric circulation statistics and

found that the most significant error in M (on the order of 5%) was caused

by the presence of spatial gaps in this network. Oort's study was not

based on the NMC analysis, however, and did not, therefore, account for

the effect that satellite or aircraft observations might have (contrary,

to first impressions, the impact of satellite data need not always be

beneficial; see Tracton et al., 1981). The second study is the one by

Hide et al. (1980) mentioned earlier, in which the authors compared the

results of calculating M for a four-month period with the NMC and British

Meteorological Office analyses. Differences as large as 10% did occasion-

ally occur, but much of this appeared to be systematic in nature.

Occasional procedural changes at NMC during the five-year period

introduce an unknown degree of heterogeneity to our data. Major changes

occurred in September 1978 and May 1980 when new modes of analysis were

introduced (again see McPherson et al., 1979; also Kistler and Parrish,

1980), but other important modifications have also been made but not

always well documented. In addition, there have been continuing changes

in the satellite observing systems used in the NMC analysis scheme. For

the most part, though, we anticipate that these sorts of changes might

cause systematic changes in M but not affect its day-to-day variations

significantly.

To summarize, we believe that there is a systematic underestimate in

the mean value of M presented in Appendix 1 of about 10%. Random errors

in M that would affect estimates of day-to-day changes in l.o.d., however,

are probably less than 10%.



5. PRELIMINARY RESULTS OF A SPECTRAL ANALYSIS OF M

It is quite apparent from Figs. 1 and 2 that M varies on a variety

of time scales. To provide some further insight into this behavior, we

have decomposed the time series of M values into its spectral components.

Our results should be considered preliminary in nature, but we feel they

are interesting enough to be included here.

Our approach follows that outlined by Welch (1967), in that we first

organized our data into eight overlapping blocks spanning most of the

five years. Each block consists of 128 consecutive three-day averages of

M multiplied by an appropriate weighting function (described by Welch).

We used only once-daily values of M (at 00 UTC) for this part of our

study. A fast Fourier transform method was then applied to determine the

power spectrum in each block. Finally, the resulting eight spectra were

averaged to produce the result given in Fig. 3. :

Spectra of atmospheric momentum fluctuations with periods of two

months and longer have been presented by Lambeck and Hopgood (1981)

based on monthly mean values of M. Our data, of course, can reveal higher

frequency components, and indeed the spectrum in Fig. 3 covers oscilla-

tions with periods ranging from 6 to 128 days. We have superimposed on

the figure an estimate of the 95% level of significance based on a. power

law best-fit to the spectrum. Several peaks in the spectrum do approach -

or exceed this level of statistical significance, but this alone does not,1

of course, assure their physical significance. We have studied one of

these peaks, the rather broad one at about 50 days, in some detail, however.

Its origins do appear to be physically based, and'its pre'sence is con-

firmed by independent measures of Al.o.d. (see Langley et al., 1981, for

a further discussion of this oscillation).



6. FINAL REMARKS

Our purpose has been to provide the geophysics community with an

estimate of day-to-day fluctuations in the length of day based on measure-

ments of the atmosphere's angular momentum. Because of certain of our

assumptions, we still view our analysis of the atmospheric forcing func-

tion as being somewhat preliminary. Initial comparisons between our M

data and other, independent measures of Al.o.d. show good agreement,

particularly on the shorter time scales. As yet unexplained differences

do exist on all time scales, however, and we hope that release of the M

data now will stimulate more comprehensive studies of their relationship

to Al.o.d. Although we expect that most investigators will be able to

utilize the data listed in Appendix 1 directly, we can make available (at

cost) a magnetic tape containing these values to those who request it.

We hope to be able to update the time series of angular momentum

values at regular intervals. We understand, too, that consideration is

being given to the calculation of M on a routine basis by the European

Center for Medium Range Weather Forecasting. The availability of more

than one set of atmospheric values will, of course, allow much better

estimates of their probable errors to be made.

From the standpoint of meteorological research, determining the

fluctuations in an integrated statistic like M and confirming their

accuracy represent but first steps in understanding the reasons for the

atmosphere's variable behavior. Our plans for the future, therefore,

include a more detailed study of the [u] data to identify those regions

in the atmosphere that are most responsible for the changes in M dis-

played here.
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Legends for Figures

Fig. 1 Values of the angular momentum (M) of the atmosphere above

the globe, the Northern Hemisphere (NH), and the Southern

Hemisphere (SH) during calendar years (a) 1976; (b) 1977;

(c) 1978; (d)' 1979; and (e) 1980. The scale for M is given

along the left-hand ordinate of the figure. Inferred values

of Al.o.d., derived from M through equation (4), are to be

read off the scale along the right-hand ordinate. Numbers

along the abscissa refer to days from 1 January 1976. For

convenience, calendar months are also listed along the time

scale.

Fig. 2 Values of the angular momentum of the atmosphere above the

globe, as in Fig. 1 but for the entire five-year period from

1 January 1976 to 31 December 1980. (Note also that the

ordinate scale has been expanded from that in Fig. 1.)

Fig. 3 Power spectrum of the angular momentum of the atmosphere

above the globe during the years 1976-1980 (solid curve). The

ordinate is a logarithmic scale and is in units of
2 -12(kg m s ) day. The abscissa is linear with respect to

frequency. The dashed curve is an estimate of the 95%

confidence level.
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APPENDIX 1

LISTING OF ATMOSPHERIC MOMENTUM VALUES

The following pages contain values of M as defined by equation (1)

for twice each day from 1 January 1976 through 31 December 1980. All days

in this period are listed and numbered.sequentially from 1 to 1827. Miss-

ing values of M are indicated by dashes.

Written at the top of each page is the year to which all the entries

'on that page refer. A typical entry from the first page is the following:

54. 2 23 0 1.3097
12 1.2848

where "54." = the 54th day in the five-year sequence

"2 23" = February 23

"iT * = 000° and 120° UTC' resPective1/
"1 0̂97"
V o o r f o > = the values of M at 0000 and 1200 UTC, respectively,

26 2 -1in units of 10 kg m s (ncte that although .

five significant figures are given, this is not

intended as a measure of the accuracy of the M

values; for a discussion of accuracy, see Section 4)



1976

1.
2.

•

4.

5.

6.

7.

8.

9.

10.

11.

1 pA C •

13.

14.

15.

16.

17.

18.

19.

SACv •

21c. 1 •

pp
CC •

23.

24.

25.

26.

27.

1

1

1

1

1

1

1

1

1

1

i4

1

1

1

1

1'

1

1

,

1&

1
1

1

1

1

1

1

1 0
12

2 0
12

3 rtu
1 D1 c

4 0
12

5 0
12

6 0
12

7 0
12

8 0
12

9 0
12

10 0
12

11 ;0
12

1 P '01C ;V

rp1 C
13 0

12
14 0

12
15 0

12
16 0

12
17 0

12
18 0

12
19 0

12
? A. neU U

1 31 c
21 0C i V

1 31 c
?? ftCC V

1 3X C

23 0
12

24 0
12

25 0
12

26 0
12

27 0
12

1.3182
1.2973
1.2421
1.2610

1.3073
1.2771
1.3048
1.3212
1.3135
1.3532
1.3198
1.3100
1.3118
1.3383
1.3317
1.2659
1.2813
1.3032
1.3153
1.3902
1 ^Qfcll1 * J 7 O *t

1 TSflP1 • J J O C

1.3923
1.3820
1.3968
1.3828
1.3892
1.4116
1.4344
1.4504
1.4598
1.4620
1.4712
1.4476
1.4493
1.4229

i ash^1 . H JO J

1 UK^AJl . ̂  w J O

1 Sfl^Q1 . J ** W 7

1 Si??I . J 1 CC

1.5312
1.5839
1.5578
1.5540
1.5423
1.5288
1.4728
1.4701
1.4474
1.4829

28.

29.

-r f\30 .

31.

32.

33.

34.

35.

36.

37.

38.

•toj" .

40.

41.

42.

43.

44.

45.

46.

/I 74 ' .

a A*»o .

a OH** .

50.

51.

52.

53.

54.

1

1

1

2

2

2

2

2

2

2

2

2

2

2

2

2

2

..

2

2

2

2

2

28 0
12

29 0
12

1 A A30 0
4 ̂Ic

31 0
12

1 0
12

2 0
12

3 0
12

4 0
12

5 0
12

6 0
12

7 0
12

8 A
VI

13C
9 0
12

10 0
12

11 0
12

12 0
12

13 0
12

14 0
12

15 0
12

1 £. ftp _0
« 3Ic

17 nIf V

I 3
1 C

1a ft
0 U
| 3
1 C

19 0
12

20 0
12

21 0
12

22 0
12

23 0
12

1.4760
1.5051
1.5115
1.4697
1 C 3 ft T.Dc03
1/i 7 o a. Hi 98
1.5203
1.4798
1.4666
1.4579
1.4427
1.4929
1.4761
1.4322
1.4167
1.4464
1.4922
1.4853
1.5140
1.5159
1.5208
1,4335

1.4480
1.4490
1.4187
1.3718
1.4225
1.3678
1.3602
1.3450
1.3404
1.3459
1.3167
1.3606
1.3151
1.2614
1 3 A O /I,CO'»'»

1 3-704»c / ol
1 ? K^hi . C O j O
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