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Earth Rotation Measured by Lunar Laser Ranging 

Abstract. The estimated median accuracy of 194 single-day determinations of the 
earth's angular position in space is 0.7 millisecond (0.01 arc second). Comparison 
with classical astronomical results gives agreement to about the expected 2-millisec- 
ond uncertainty of the 5-day averages obtained by the Bureau International de 
l'Heure. Little evidence for very rapid variations in the earth's rotation is present in 
the data. 

A regular program of pulsed laser 
measurements of the distance to retro- 
reflectors on the moon has been carried 
out at the McDonald Observatory in Tex- 
as since 1969 (1-3). The total number of 
successful runs obtained is about 1800. 
The averaged results from each run 
through 1973 have been published (4). 
The accuracy was usually 30 to 45 cm be- 
fore the installation of a new calibration 
system late in 1971. Since then, the typi- 
cal accuracy for a run has been between 
10 and 20 cm. 

The lunar laser range data give infor- 
mation on the rotations of the earth and 
moon about their centers of mass, as 
well as about the lunar orbit. Progress on 
analyzing the data through early 1973 is 
described in (1). Further major improve- 
ments have enabled us to fit the data at 

present within 41 cm root-mean-square 
(r.m.s.) (5). In the previous work we 
used the classical astronomical results of 
the Bureau International de l'Heure 
(BIH) for universal time (UT1), the 
earth's angular position in space, and po- 

lar motion. Since the uncertainties in the 
BIH values are expected to contribute at 
least 30 cm r.m.s. to the residuals, and 
the weighted r.m.s. range measurement 
errors are 12 cm, the errors in the pres- 
ent lunar orbit, librations, reflector 
coordinates, and so on, are estimated to 
contribute 25 cm r.m.s. or less. 

For data from a single station, we can- 
not separate errors in UT1 from errors in 
the component of polar motion per- 
pendicular to the meridian through the 
station. The combined effect of UT1 and 
this component of polar motion can be 
measured, and this combination is desig- 
nated UTO (local apparent universal 
time). An error AUTO gives a range error 
Ap which is approximately 

Ap - (Re cos> cos8 sinH)AUT0 (1) 

Here Re is the earth's radius, ~ the geo- 
centric latitude, 8 the lunar declination, 
and H the lunar hour angle. Since errors 
in the lunar part of the problem give no 
significant range errors with periods of 
less than 13 days, one can use the diurnal 
variation in the range residuals to deter- 
mine AUTO. This sharp spectral separa- 
tion should make the effective range er- 
ror for rotation determination much 
smaller than the overall 41 cm r.m.s., 
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Fig. 1 (left). (a) (e) BIH raw 5-day average values of UTO - UTC (coordinated universal time), with a linear term subtracted. (o) Vondrak- 
smoothed BIH values. (b) Differences between linearly interpolated BIH raw values and individual day LLR values. (c) Same, except using 
Vondrak-smoothed BIH values. Fig. 2 (right). Same as Fig. 1, except for a different time period. 
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Fig. 3. Lunation means of the differences between the Vondrak-smoothed BIH values and the 
LLR values. The bars represent r.m.s. departures from the means. 

and close to the measurement error esti- 
mate of 12 cm r.m.s. 

We have analyzed the data acquired 
between 20 August 1969 and 30 Novem- 
ber 1974 to obtain 194 single-day values 
of AUTO. Only days on which measure- 
ments were made at times differing by at 
least 3 hours were included. Corrections 
to UTO and the earth-reflector distance 
were solved for on each day, the latter 
strongly reducing the effect of uncer- 
tainty in the geocentric range to the retro- 
reflectors. A correction to the meridian 
component of polar motion was not 
solved for (6). 

The best, worst, and median accu- 
racies for the lunar laser ranging (LLR) 
values of UTO are 0.21, 1.53, and 0.50 
msec. This includes the effect of the 

range measurement uncertainties plus an 
allowance for the uncertainty in the BIH 
value for the meridian component of the 
pole position. When an allowance is also 
made for the uncertainty in orientation of 
our present lunar ephemeris with respect 
to the earth's equatorial plane, we esti- 
mate that the median uncertainty in the 
LLR values of UTO is increased to about 
0.7 msec. The 5-day mean values pub- 
lished by the BIH are currently believed 
to be accurate to +40 cm (?0.013 arc sec- 
ond) for each component of polar motion 
and ?2 msec (?0.030 arc second) in UTI 
(7), which gives an expected uncertainty 
in the BIH value of UTO at McDonald of 
about 2 msec. 

In the work described above, we took 
as a starting point a 44-parameter Jet Pro- 

pulsion Laboratory (JPL) fit to the data 
through November 1974. In this fit, lin- 

early interpolated values of UT1 and po- 
lar motion based on the BIH Circular D 
smoothed values were used (8), and cor- 
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rections were made for: short-period 
variations in UT1, assuming the Love 
number k2 for the earth is 0.29 [(9); see 
also (10, 11)]; the effects of the deform- 
able earth and the fluid core on the nuta- 
tion series (12); diurnal polar motion (13, 
14); atmospheric refraction (1); and the 
vertical component of the solid earth 
tides. We do not yet correct for the ef- 
fects of ocean loading or the horizontal 
component of the tides. 

Three of the parameters solved for 
were the two components of an annual 
term in UTO - UTO(BIH) and a linear 
drift term intended to represent possible 
long-period model deficiencies. The cor- 
rections found were 

UTO - UTO(BIH) = -0.007 sinL' - 

0.023 cosL' + 0.01 l(t - t,) (2) 

where L' is the solar mean longitude, t is 
time (years), and UTO is given in arc sec- 
onds. It should be noted that the least- 

squares solution procedure led to the 
McDonald longitude being chosen to 

give zero weighted average offset with re- 

spect to UTO(BIH) over the period cov- 
ered by our data, so that the value of t, is 

roughly 1973. A subsequent analysis for 
differences between BIH and LLR val- 
ues of UTO was done at the Joint Insti- 
tute for Laboratory Astrophysics with re- 
siduals from the JPL solution. Thus the 
BIH values referred to in the remainder 
of this report actually are modified by the 
addition of the terms from Eq. 2 and the 

short-period variations. 
In comparing our results with those of 

the BIH, we started by using the BIH 
Circular D smoothed values, but we 
have also employed (i) the 5-day raw val- 
ues based on astrometric data only and 

(ii) additional smoothed values provided 
by B. Guinot, director of the BIH. In the 
smoothing done by the BIH, Vondrak's 
method (15) was used, with the smooth- 
ing parameter E = 10-10 for the two com- 
ponents of polar motion x and y and 10-1 
for UT1. We found that the Vondrak- 
smoothed data agreed best with our de- 
terminations. We obtained r.m.s. differ- 
ences between the BIH and LLR values 
of 1.77, 1.52, and 1.37 msec, respective- 
ly, for the BIH raw data, the Circular D 
smoothed values, and the Vondrak- 
smoothed values. We did not remove the 
corrections for the short-period varia- 
tions in UTI (9) when using the 5-day 
raw values, which should have been 
done. Correcting for this would reduce 
the r.m.s. difference for the 5-day raw 
values to 1.63 msec. 

An important question concerning the 
classical astronomical results is whether 
a substantial part of the short-period fluc- 
tuations in the 5-day average values is 
due to real variations in the earth's rota- 
tion. In Figs. la and 2a we have plotted 
the BIH raw values and Vondrak- 
smoothed values for two periods when 
the differences were large and we had 

good LLR data. In Figs. Ib and 2b we 
show the differences between the linear- 
ly interpolated BIH raw values and the 
LLR values, while in Figs. lc and 2c we 
show the differences from the LLR val- 
ues if the Vondrak-smoothed BIH values 
are used. The latter differences are small- 
er than those obtained for the BIH raw 
values, and the changes in the differ- 
ences over a few days are considerably 
smaller. We thus conclude that the Von- 
drak-smoothed BIH values fit the real ro- 
tation of the earth better than the raw val- 
ues do. 

We have also considered the fluctua- 
tions during each lunation in the differ- 
ences between the LLR results and the 
Vondrak-smoothed BIH results. Only 
the lunations for which we had deter- 
mined four or more values of UTO were 
used. We do not find any systematic vari- 
ations. The weighted r.m.s. difference 
from the lunation mean for all our data is 
0.70 msec. Since the median accuracy of 
our results is 0.50 msec if the ephemeris 
orientation question is ignored, we con- 
clude that there is only a small amount of 

power at periods shorter than I month in 
the differences between the true values 
of UTO and those deduced from the 
smoothed BIH data. Moreover, the quot- 
ed error budget of the lunar range mea- 
surements is probably realistic. The luna- 
tion mean values are shown in Fig. 3, 
along with the r.m.s. departures from the 
means. 

A second U.S. lunar ranging station at 
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the Haleakala Observatory on Maui has 
begun operation. It has an accuracy goal 
of 2 to 3 cm for each normal point. The 
Australian station at Orroral Valley near 
Canberra and the Japanese station at the 
Dodaira Observatory are nearing com- 
pletion. A new French station is being es- 
tablished at the Calern Observatory near 
Grasse, and the West German satellite 
ranging station at Wettzell will be ca- 
pable of ranging to the moon also. Mea- 
surements in the Soviet Union are ex- 
pected to continue. A 1974 COSPAR 
resolution (16) referring to LLR recom- 
mended "the establishment of a coordi- 
nated international program to determine 
variations in the Earth's rotation .. ." 
An initial observing campaign called 
EROLD (Earth Rotation by Lunar Dis- 
tance) is scheduled to start in 1977 and to 
continue for 1 year. 

We have demonstrated that lunar laser 
ranging is capable of accurately deter- 
mining the earth's rotation. The cov- 
erage will be substantially improved 
when the data obtained during the 
EROLD campaign are available. Values 
for both UT1 and polar motion should be 
obtained. In the future, if one or two 
Southern Hemisphere sites are added 
and if all of the observing stations 
achieve a normal point accuracy of 2 to 3 
cm, we expect UTI and polar motion to 
be determined with similar accuracy 
(17). Data obtained from lunar ranging 
and from other new techniques (18) thus 
should give valuable new information on 
short-period changes in the earth's rota- 
tion and on the excitation and damping 
of the Chandler wobble. 

A. STOLZ* 
P. L. BENDER, J. E. FALLER 

Joint Institute for Laboratory 
Astrophysics, University of Colorado, 
and National Bureau of Standards, 
Boulder 80309 

E. C. SILVERBERG 
J. D. MULHOLLAND 

P. J. SHELUS 

University of Texas McDonald 
Observatory, Austin 78712 

J. G. WILLIAMS 
Jet Propulsion Laboratory, 
Pasadena, California 91103 

W. E. CARTER 

University of Hawaii LURE 
Observatory, Kula, Maui 96790 

D. G. CURRIE 
Department of Physics and Astronomy, 
University of Maryland, 
College Park 20742 

the Haleakala Observatory on Maui has 
begun operation. It has an accuracy goal 
of 2 to 3 cm for each normal point. The 
Australian station at Orroral Valley near 
Canberra and the Japanese station at the 
Dodaira Observatory are nearing com- 
pletion. A new French station is being es- 
tablished at the Calern Observatory near 
Grasse, and the West German satellite 
ranging station at Wettzell will be ca- 
pable of ranging to the moon also. Mea- 
surements in the Soviet Union are ex- 
pected to continue. A 1974 COSPAR 
resolution (16) referring to LLR recom- 
mended "the establishment of a coordi- 
nated international program to determine 
variations in the Earth's rotation .. ." 
An initial observing campaign called 
EROLD (Earth Rotation by Lunar Dis- 
tance) is scheduled to start in 1977 and to 
continue for 1 year. 

We have demonstrated that lunar laser 
ranging is capable of accurately deter- 
mining the earth's rotation. The cov- 
erage will be substantially improved 
when the data obtained during the 
EROLD campaign are available. Values 
for both UT1 and polar motion should be 
obtained. In the future, if one or two 
Southern Hemisphere sites are added 
and if all of the observing stations 
achieve a normal point accuracy of 2 to 3 
cm, we expect UTI and polar motion to 
be determined with similar accuracy 
(17). Data obtained from lunar ranging 
and from other new techniques (18) thus 
should give valuable new information on 
short-period changes in the earth's rota- 
tion and on the excitation and damping 
of the Chandler wobble. 

A. STOLZ* 
P. L. BENDER, J. E. FALLER 

Joint Institute for Laboratory 
Astrophysics, University of Colorado, 
and National Bureau of Standards, 
Boulder 80309 

E. C. SILVERBERG 
J. D. MULHOLLAND 

P. J. SHELUS 

University of Texas McDonald 
Observatory, Austin 78712 

J. G. WILLIAMS 
Jet Propulsion Laboratory, 
Pasadena, California 91103 

W. E. CARTER 

University of Hawaii LURE 
Observatory, Kula, Maui 96790 

D. G. CURRIE 
Department of Physics and Astronomy, 
University of Maryland, 
College Park 20742 

W. M. KAULA 
Department of Geophysics 
and Space Physics, 
University of California, 
Los Angeles 90024 

10 SEPTEMBER 1976 

W. M. KAULA 
Department of Geophysics 
and Space Physics, 
University of California, 
Los Angeles 90024 

10 SEPTEMBER 1976 

References and Notes 

1. P. L. Bender et al., Science 182, 229 (1973). 
2. E. C. Silverberg, Appl. Opt. 13, 565 (1974). 
3. P. L. Bender, Rev. Geophys. Space Phys. 13, 

271 (1975). 
4. R. I. Abbot, etal., Astron. J. 78, 784 (1973); P. J. 

Shelus, J. D. Mulholland, E. C. Silverberg, ibid. 
80, 154 (1975); J. D. Mulholland, P. J. Shelus, E. 
C. Silverberg, ibid., p. 1087. 

5. J. G. Williams, Eos 56, 236 (1975); ibid., p. 970; 
J. G. Williams et al., Phys. Rev. Lett. 36, 551 
(1976). 

6. With LLR observations from a single station, 
corrections to the meridian component of pole 
position are seriously affected by ephemeris er- 
rors. They can be separated reasonably well 
only on days when measurements before, dur- 
ing, and after meridian passage are available, 
and when the first and last runs occur roughly 8 
hours apart. Only a small percentage of the days 
analyzed so far satisfy this condition. 

7. B. Guinot, personal communication (1973). 
8. Circulaire D, distributed monthly by the Bureau 

International de l'Heure, Paris. 
9. E. W. Woolard, Astron. J. 64, 140 (1959). 

10. B. Guinot, Astron. Astrophys. 8, 26 (1970). 
11. _ , ibid. 36, 1 (1974). 
12. P. Melchior, Celestial Mech. 4, 190 (1971). 
13. E. W. Woolard, Astron. Pap. Am. Ephemeris 

Naut. Aim. 15 (1953), part 1. 
14. P. McClure, NASA Goddard Space Flight Cent. 

Rep. X-592-73-259 (1973). 

References and Notes 

1. P. L. Bender et al., Science 182, 229 (1973). 
2. E. C. Silverberg, Appl. Opt. 13, 565 (1974). 
3. P. L. Bender, Rev. Geophys. Space Phys. 13, 

271 (1975). 
4. R. I. Abbot, etal., Astron. J. 78, 784 (1973); P. J. 

Shelus, J. D. Mulholland, E. C. Silverberg, ibid. 
80, 154 (1975); J. D. Mulholland, P. J. Shelus, E. 
C. Silverberg, ibid., p. 1087. 

5. J. G. Williams, Eos 56, 236 (1975); ibid., p. 970; 
J. G. Williams et al., Phys. Rev. Lett. 36, 551 
(1976). 

6. With LLR observations from a single station, 
corrections to the meridian component of pole 
position are seriously affected by ephemeris er- 
rors. They can be separated reasonably well 
only on days when measurements before, dur- 
ing, and after meridian passage are available, 
and when the first and last runs occur roughly 8 
hours apart. Only a small percentage of the days 
analyzed so far satisfy this condition. 

7. B. Guinot, personal communication (1973). 
8. Circulaire D, distributed monthly by the Bureau 

International de l'Heure, Paris. 
9. E. W. Woolard, Astron. J. 64, 140 (1959). 

10. B. Guinot, Astron. Astrophys. 8, 26 (1970). 
11. _ , ibid. 36, 1 (1974). 
12. P. Melchior, Celestial Mech. 4, 190 (1971). 
13. E. W. Woolard, Astron. Pap. Am. Ephemeris 

Naut. Aim. 15 (1953), part 1. 
14. P. McClure, NASA Goddard Space Flight Cent. 

Rep. X-592-73-259 (1973). 

Cloud condensation nuclei (CCN) are 
those aerosols in the air which serve as 
nuclei upon which cloud and fog droplets 
form. Although CCN form only a small 
fraction of the total atmospheric aerosol, 
they are important in determining the 
stability of clouds and the formation of 
precipitation (1). Some anthropogenic 
sources of CCN have been identified, for 
example, paper mills and oil refineries, 
although not all sources of air pollution 
are sources of CCN (2). However, urban 
areas in general appear to be CCN 
sources (3, 4). The relative importance of 
natural and anthropogenic sources of 
CCN on regional and global scales is still 
a matter for debate. 

We present here the results of mea- 
surements of the concentrations of CCN 
and the optical extinction coefficient b 
obtained from an aircraft flying just off 
the Atlantic Coast from Cape Charles, 
Virginia, to Long Island, New York, on 
19 November 1973. During the period of 
the measurements there was a stable 
northwesterly airstream over the region; 
therefore, the sampled air was continen- 
tal in character and had passed over the 
heavily industrialized and urban areas of 
the northeastern states. For most of the 
time the aircraft flew within a surface 
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haze layer at an altitude of 600 m and at a 
distance of 10 to 15 km east of the Atlan- 
tic Coast. Periodically, however, vertical 
profile measurements were obtained to 
the top of the haze layer. At 11:45 E.S.T. 
the top of the haze layer of Delaware 
Bay was at an altitude of 1000 m. At 
12:45 E.S.T. off Sandy Hook (south of 
New York City) there were two distinct 
haze layers with tops at 1000 and 1500 m. 

The CCN concentrations were mea- 
sured with an automatic thermal gradient 
diffusion chamber (5). The value of b, 
due to both aerosol and gas molecules, 
was measured with an integrating neph- 
elometer over a broad band of wave- 
lengths centered on 500 nm (6). The air 
intake to the nephelometer was heated in 
order to evaporate any water on the aero- 
sol; therefore, the measured b value 
should be that due to the dry aerosol. 
The visibility range Lv is related to b by 
Lv = 3.9/b (7). 

The main results of the measurements 
are shown in Fig. 1, where the magni- 
tudes of the CCN concentrations and b 
are indicated by the lengths of lines 
drawn perpendicular to the direction 
of the flight path. At 0.2 percent super- 
saturation (8), the CCN concentra- 
tions ranged from 1000 to 3500 cm-3 and 
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Cloud Condensation Nuclei on the Atlantic Seaboard 

of the United States 

Abstract. Concentrations of cloud condensation nuclei measured along the 
East Coast from Virginia to Long Island rangedfrom 1000 to 3500 per cubic centime- 
ter as compared to 100 per cubic centimeter in clean maritime air and 300 per cubic 
centimeter in continental air. The global anthropogenic production rate of cloud 
condensation nuclei may be comparable to the natural production rate; in some 
industrial areas cloud condensation nuclei are dominated by anthropogenic sources. 
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