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Abst rac t .  W e  have used two y e a r s  of  s t r a i n  
t i d e  d a t a  t o  s tudy t h e  response of  t h e  Ear th  t o  
t h e  d i u r n a l  and semidiurna l  t i d a l  e x c i t a t i o n s .  
Our r e s u l t s  show t h a t  t h e r e  i s  s i g n i f i c a n t  s t r u c -  
t u r e  i n  t h e  response  of t h e  e a r t h  t o  t i d a l  exc i -  
t a t i o n s  n e a r  one c y c l e f s i d e r e a l  day. This  s t r u c -  
t u r e  a g r e e s  w i t h  t h e  resonance behavior  p r e d i c t e d  
from t h e  c a l c u l a t i o n s  o f  t h e  forced  e las t ic-  
g r a v i t a t i o n a l  response  of a n  e l l i p t i c a l ,  r o t a t i n g  
e a r t h  w i t h  a l i q u i d  o u t e r  core .  
a l s o  b e  used t o  test f o r  p o s s i b l e  p r e f e r r e d  
frames and s p a t i a l  a n i s o t r o p i e s .  We f i n d  t h a t  
upper bounds on t h e  parameter ized post-Newtonian 
(PPN) parameters  which c h a r a c t e r i z e  t h e s e  e f f e c t s  
are a2 5 0.007 and 5, 2 0.005. 

I n t r o d u c t i o n  

The d a t a  can 

We have analyzed approximately two y e a r s  of 
s t r a i n - t i d e  d a t a  obta ined  u s i n g  t h e  30-meter 
laser strainmeter w e  have previous ly  descr ibed  
(Levine and H a l l ,  1972) .  

Data A c q u i s i t i o n  

The d a t a  were obta ined  us ing  a 30-meter long  
laser strainmeter l o c a t e d  i n  t h e  Poorman Mine, 
a n  unworked gold  mine l o c a t e d  approximately 8 km 
w e s t  of  Boulder, Colorado a t  l a t i t u d e  40,03"N, 
and l o n g i t u d e  254.67"E. 

The h e a r t  of  t h e  strainmeter is  an evacuated 
30-meter Fabry-Perot i n t e r f e r o m e t e r  l o c a t e d  a long  
t h e  l e n g t h  of t h e  tunnel .  The a x i s  of  t h e  i n t e r -  
fe rometer  i s  7" w e s t  of North. 

helium-neon laser. A servo  loop p i e z o e l e c t r i -  
c a l l y  tunes t h e  laser t o  keep i t s  wavelength 
co inc ident  w i t h  one of t h e  t ransmiss ion  m a x i m a  
of  t h e  l o n g  i n t e r f e r o m e t e r .  
t h e  laser, f ,  i s  t h e r e f o r e  r e l a t e d  t o  t h e  l e n g t h  
of  t h e  i n t e r f e r o m e t e r ,  L ,  by 

The i n t e r f e r o m e t e r  i s  i l l u m i n a t e d  b y a  3.39-pm 

The frequency of  

where n i s  a n  i n t e g e r  and c i s  t h e  v e l o c i t y  of 
l i g h t .  Thus 
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A second 3.39-pm laser i s  s t a b i l i z e d  u s i n g  
s a t u r a t e d  a b s o r p t i o n  i n  methane. The b e a t  f r e -  
quency between t h e  two lasers i s  e x t r a c t e d  f o r  
f u r t h e r  process ing .  Then 
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so t h a t  a measurement of  t h e  f l u c t u a t i o n s  i n  t h e  
b e a t  frequency provides  a d i r e c t  measurement of  
t h e  f r a c t i o n a l  change i n  t h e  l e n g t h  o f  t h e  long  
path.  
and s t r a i n  h a s  no a d j u s t a b l e  c o n s t a n t s  o r  cali-  
b r a t i o n  f a c t o r s .  

The b e a t  f requency i s  d i g i t a l l y  recorded 10 
t imesfhour  a long w i t h  o t h e r  in format ion  i n c l u d i n g  
l o c a l  barometr ic  p r e s s u r e ,  etc. The d i g i t a l  d a t a  
are bandpass f i l t e r e d  u s i n g  a symmetric convolu- 
t i o n  f i l t e r  and t h e n  decimated t o  one sample 
every  two hours  f o r  comparison wi th  theory.  

The r e l a t i o n s h i p  between b e a t  frequency 

Data Analysis  

We have used a l l  of  t h e  components publ ished 
by Car twr ight  and Edden (1973) i n  o u r  a n a l y s i s .  
For each component w i t h  frequency f k  w e  c o n s t r u c t  
a t i m e  series of  t h e  form 

where ak  i s  t h e  ampli tude g iven  by Car twr ight  and 
Edden, f$k i s  t h e  phase of t h e  component, Y: i s  
t h e  s p h e r i c a l  harmonic computed a t  t h e  s t a t i o n  
c o - l a t i t u d e  0 and East Longitude 9. The q u a n t i t y  
T i s  a f u n c t i o n  c o n v e r t i n g  p o t e n t i a l  t o  s t ra in  
a long  t h e  a x i s  of  t h e  strainmeter 8, (Levine and 
Harr i son ,  1976) .  
i s  odd and i s  zero  o therwise  (Cartwright  and 
T a y l e r ,  1971). 

The t h e o r e t i c a l  series w e r e  f u r t h e r  modif ied 
by a f u n c t i o n  t o  c o r r e c t  f o r  l o c a l  topography, 
l o c a l  c r u s t a l  inhomogenei t ies ,  c a v i t y  e f f e c t s  and 
ocean l o a d s  (Levine and Harr i son ,  1976). We as- 
sumed i n i t i a l l y  t h a t  t h e s e  e f f e c t s  do not  v a r y  
r a p i d l y  w i t h  frequency,  so t h a t  a l l  o f  t h e  d i u r -  
n a l  components have t h e  same c o r r e c t i o n  a s  01, 
and t h a t  a l l  of  t h e  semidiurna l  components have 
t h e  same c o r r e c t i o n  as Mg. 

frequency group c o n t a i n s  a l l  of t h e  terms (re-  
g a r d l e s s  of  parentage)  which d i f f e r  by l e s s  t h a n  
one c y c l e f y e a r  from each o t h e r .  

T h i s  process  produces 48 t i m e  series. We f i t  
t h e s e  series t o  our  d a t a  by t h e  least-squares 
method us ing  a n  a d j u s t a b l e  ampli tude and an arl- 
j u s t a b l e  phase f o r  each c y c l e f y e a r  group. 

The r e su l t s  of  t h i s  process  a r e  shown i n F i p . l  
f o r  t h e  d i u r n a l  ampl i tude ,  Fig. 2 f o r  the  d i u r n a l  
phase,  and Fig. 3 f o r  t h e  semidiurna l  ampli tude 
and phase.  The e r r o r  b a r s  r e p r e s e n t  one s t a n d a r d  
d e v i a t i o n  and a r e  obta ined  from e s t i m a t e s  of  t h e  

*Fellow, J o i n t  I n s t i t u t e  f o r  Laboratory Astro- 

The q u a n t i t y  ak i s  - 9 0 " i f  ( n h )  

The term a r e  then grouped by frequency. Each 

p h y s i c s  o f  t h e  N a t i o n a l  Bureau of Standards and 
t h e  Univers i ty  o f  Colorado. 
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F R E Q U E N C Y  (CYCLES/  DAY) 

Fig. 2. Normalized t r a n s f e r  f u n c t i o n  phase f o r  
t h e  d i u r n a l  t i d e s .  For c l a r i t y  only t h e  major 
components are p l o t t e d .  The e r r o r  b a r s  are one 
s t a n d a r d  d e v i a t i o n .  
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F R E Q U E N C Y  ( C Y C L E S / D A Y )  

Fig. 4 .  Normalized t r a n s f e r  f u n c t i o n  ampli tude 
f o r  t h e  d i u r n a l  t i d e s  when t h e  frequency-depen- 
dent  Love numbers are i n s e r t e d  i n t o  t h e  f i t t i n g  
func t ion .  The dashed l i n e  i s  obta ined  by f i t t i n g  
a s t r a i g h t  l i n e  t o  t h e  t r a n s f e r  f u n c t i o n  ampli- 
tudes  weighted by t h e i r  r e s p e c t i v e  u n c e r t a i n t i e s .  
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Fig. 3. Normalized t r a n s f e r  f u n c t i o n  ampli tude 
( lower curve)  and phase  (upper  curve)  f o r  t h e  
semidiurna l  t i d e s .  
components are p l o t t e d .  
s tandard  d e v i a t i o n .  

For  c l a r i t y  only  t h e  major 
The e r r o r  b a r s . a r e  one 
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noise .  

shows a s t a t i s t i c a l l y  s i g n i f i c a n t  s t r u c t u r e .  
There appears  t o  be a s i g n i f i c a n t  d e c r e a s e  i n  
t h e  t r a n s f e r  f u n c t i o n  f o r  the  lower frequency 
d i u r n a l  components. We a t t r i b u t e  t h i s  t o  a 
slow change i n  t h e  c o n t r i b u t i o n  of t h e  ocean 
load  t o  o u r  observed d a t a .  

t r a n s f e r  f u n c t i o n  n e a r  one cyc le lday  (we have 
n o t  p l o t t e d  t h e  S1 ampli tude a t  one cyc le lday  
s i n c e  i t  i s  h e a v i l y  contaminated by t h e r m o e l a s t i c  
p r o c e s s e s ) .  T h i s  d i p  i s  c o n s i s t e n t  w i t h  t h e  e f -  
f e c t s  o f  t h e  n e a r l y  d i u r n a l  resonance a s s o c i a t e d  
w i t h  t h e  l i q u i d  core.  The cons is tency  can be  
shown more c l e a r l y  by i n s e r t i n g  t h e  resonance 
d i r e c t l y  i n t o  t h e  f i t t i n g  func t ion .  
done u s i n g  t h e  frequency dependent Love numbers 
publ i shed  by Molodensky (1961) and Shen and 
Mansinha (1976). These Love numbers produce 
changes i n  t h e  t r a n s f e r  f u n c t i o n  a t  a l l  of  t h e  
d i u r n a l  f requencies  b u t ,  except  n e a r  one c y c l e /  
day, t h e  new t r a n s f e r  f u n c t i o n  l i e s  w i t h i n  one 
s tandard  d e v i a t i o n  o f  t h e  o l d  one. The modif ied 
t r a n s f e r  f u n c t i o n  i s  shown i n  Fig. 4. A s  c a n  b e  
seen  from t h e  f i g u r e  t h e  resonance models account  
f o r  t h e  d i p  i n  t h e  t r a n s f e r  f u n c t i o n  n e a r  one 
cycle/day.  Unfor tuna te ly ,  t h e  d a t a  cannot  b e  
used t o  i n f e r  t h e  f i n e  s t r u c t u r e  n e a r  the reso-  
nance. Furthermore, t h e  i n s e r t i o n s  of r ea l i s t i c  
estimates f o r  t h e  energy l o s s  i n  t h e  n e a r l y  d iur -  
n a l  band may a f f e c t  t h e  shapes p r e d i c t e d  by a l l  
of t h e  models somewhat. It i s  u n l i k e l y  we  w i l l  
b e  a b l e  t o  test any o f  t h e s e  e f f e c t s  us ing  o u r  
d a t a .  The s t r o n g e s t  test f o r  t h e  resonance ob- 
t a i n a b l e  from o u r  d a t a  comes from t h e  components 
P1 and K1 which are r e a l l y  on t h e  t a i l  of  the 
resonance func t ion .  Our measurements a t  $1 and 
$1 (where t h e  resonance h a s  t h e  l a r g e s t  e f f e c t )  
have e r r o r  b a r s  whose s i z e  probably does n o t  per-  
m i t  them t o  be  used i n  a q u a n t i t a t i v e  comparison 
between theory  and experiment o r  i n  a t t e m p t s  t o  
d i f f e r e n t i a t e  among t h e  v a r i o u s  c a l c u l a t i o n s  of 
t h e  e f f e c t  o f  t h e  resonance.  

These r e s u l t s  may b e  compared w i t h  t h e  analy-  
sis of Warburton and Goodkind (1977) u s i n g  d a t a  
from a cryogenic  grav imeter ,  w i t h  t h e  grav imeter  
d a t a  a n a l y s i s  of Abours and Lecolazet  (1978) and 
w i t h  t h e  a n a l y s e s  of Lecolaze tandMelchior  (1977). 
Thei r  r e s u l t s  are g e n e r a l l y  i n  agreement w i t h  
o u r s ,  confirming t h e  g e n e r a l  shape of t h e  reso-  
nance. None of t h e  a n a l y s e s  i s  a b l e  t o  make a 
q u a n t i t a t i v e  comparison w i t h  theory  because of  
t h e  r e l a t i v e l y  poor s igna l - to-noise  r a t i o  i n  t h e  
measurements of  t h e  c r u c i a l  components $1 and $1. 

The semidiurna l  t r a n s f e r  f u n c t i o n  ampli tude 
shows f a r  less s t r u c t u r e ,  and t h e  agreement be- 
tween experiment and theory  i s  q u i t e  good. 
i s  no evidence of anomaly a t  Sg (two cyc les /day)  
confirming t h a t  t h e  anomaly a t  S1 i s  almost  cer- 
t a i n l y  of t h e r m o e l a s t i c  o r i g i n .  

We may p l a c e  upper l i m i t s  on t h e  v a r i o u s  PPN 
parameters  by c a l c u l a t i n g  t h e  magnitudes o f  t h e  
anomalous t i d a l  components i n  terms of t h e  PPN 
parameters  a2 and 5,. In t h i s  way w e  conclude 
a2 2 0.007 and 5 2 0.005. 

The ampli tude of  t h e  d i u r n a l  t r a n s f e r  f u n c t i o n  

More s i g n i f i c a n t l y  t h e r e  i s  a d i p  i n  t h e  

T h i s  may b e  

There 

Conclusions 

These r e s u l t s  confirm t h e  g e n e r a l  c o r r e c t n e s s  
of t h e  v a r i o u s  publ i shed  e a r t h  models. F r o m  t h e  
p o i n t  of  view of  the c u r r e n t  d i s c u s s i o n  they a r e  
a l s o  s i g n i f i c a n t  i n  t h a t  they  i l l u s t r a t e  t h e  
s o r t  of measurements t h a t  can be  performed wi th  
laser strainmeters. These measurements show 
t h a t  w e  can make meaningful  measurements of 
d i u r n a l  s t r a i n  changes a t  t h e  lo-’* l eve l ,  and 
t h a t  a lmost  cont inuous  o p e r a t i o n  f o r  s e v e r a l  
y e a r s  i s  p o s s i b l e .  

on t h e  u t i l i t y  of  laser strainmeters arises from 
t h e i r  s e n s i t i v i t y  t o  l o c a l  e f f e c t s ,  e s p e c i a l l y  t o  
s p u r i o u s  motions n e a r  t h e  p i e r s .  

Spur ious  motions of  t h e  p i e r s  a t  t h e  l e v e l  of 
m i l l i m e t e r s  w i l l  even p lay  a s i g n i f i c a n t  r o l e  i n  
g e o d e t i c  measurements made over  much longer  base- 
l ines.  Motions of t h i s  magnitude r e p r e s e n t  f r a c -  
t i o n a l  changes of  p a r t s  i n  l o 8  even over  50 km 
b a s e l i n e s ,  so  t h a t  such e f f e c t s  w i l l  make s i g -  
n i f i c a n t  c o n t r i b u t i o n s  t o  t h e  e r r o r  budget of 
any g e o d e t i c  ins t rument  now i n  o p e r a t i o n o r  under 
c o n s t r u c t i o n .  

It i s  impor tan t  t o  compare t h e  d a t a  obta ined  
w i t h  laser strainmeters w i t h  measurements ob ta ined  
u s i n g  e lec t romagnet ic  d i s t a n c e  measuring equipment 
o p e r a t i n g  over  p a r a l l e l  b a s e l i n e s .  I f  t h i s  com- 
p a r i s o n  shows t h a t  t h e  two provide  a c o n s i s t e n t  
p i c t u r e  of t h e  r e g i o n a l  s t r a i n  f ie ld . ,  then laser 
strainmeters may prove u s e f u l  i n  measuring re- 
g i o n a l  s t r a i n  a t  f i x e d  o b s e r v a t o r i e s .  I n  t h i s  
service they  can provide  s i g n i f i c a n t l y  h igher  
s e n s i t i v i t y  t h a n  any o t h e r  technique.  

From t h e  g e o d e t i c  p o i n t  o f  view, t h e  l i m i t a t i o n  
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