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Bay, Sidney ,  B.C., 18-20 A pri l  1978, a n d  r e p ro d u c e d  by  k ind  p e r m is s io n  of the  C onfe rence  
O rgan ize rs .  A l th o u g h  L oran -C  is n o t  a g lobal  sys tem , its coverage  is ex tens ive ,  i t s  use  
in prec ise  b a th y m e t r i c  su rv e y in g  is n o t  u n u s u a l  a n d  severa l  c o u n t r i e s  c h a r t  i t s  la t t ices .  
T he  .varia t ion  fo u n d  in l a n d / s e a  in te r face  d i s to r t io n  p a t t e rn s  a n d  the  exper ience  of 
h e l ic o p te r  use  fo r  c a l ib ra t io n  a re  p a r t i c u l a r ly  called  to  the  a t t e n t i o n  o f  h y d r o g ra p h e r s .  
(E d i to r ’s N o te ).

ABSTRACT

Unless the Loran-C lattice has m uch  the same accuracy  as any  o ther 
featu re  shown, the cha rt  is out of balance. There is not m uch  point in  
charting  hazards  w ith  great precision if the m arine r  m u s t  allow a large 
m arg in  for positioning erro r  in his navaid.

The Canadian H ydrographic  Service’s calibration p ro g ram  aims event­
ually  to im prove our knowledge of radio  wave p ropagation  so th a t  we can 
re ly  on a calculated lattice w ith  only a very  few check points to verify the 
predictions. W h ile  we w ork  tow ards this, we also m ap  the  lattice in  the  
field so th a t  we can p u t  it on the cha rt  accurate ly  now.

W e calibrated the Canadian W est  Coast Loran-C cha in  in th e  Spring 
of 1977, using S atnav  offshore to give th e  ±  150 m  accu racy  needed for 
lattic ing small scale charts .  W e looked for and  found the predic ted coasta l 
“ phase recovery ” using T risponder and  sextant fixing. And we m ade 
observations on shore by  helicopter and  calibration van  to give propagation  
da ta  fo r fu tu re  predictions.

INTRODUCTION

In an old h is to ry  of Newfoundland, one of those  19th cen tu ry  tomes 
four inches thick, th e re  are m aps  dating  from Jo h n  Cabot’s discoveries 
onwards. The early  ones are quain t  and  imaginative —  the sort of th ing



you see reproduced  on a Chris tm as card or Kleenex box. Then ab ru p tly  you 
come across one as correct in shape and detail as any th ing  from  the  20th 
century . It is Jam es  Cook’s m ap, based on his surveys from  1765-68.

In a m uch  smaller way, we aim  to do for chart  lattices w h a t  Cook did 
for New foundland. On past  ch a r ts  the sm ooth hyperbolas w7ere m a th em a­
tically correct, bu t  in fact som ew hat imaginary. The reason is th a t  na tu re  
is not tidy. Because the rad io  wave is slowed down by land the Loran-C 
position line is not a plane hyperbo la  bu t an ir regu la r  curve. T he k in k s  in 
it can be both large and  abrupt.

F or example, the Y position line of the W est Coast Canadian  Loran-C 
chain  is shifted 2 ju,s (450 m) in 20 km at the en trance to the Strait  of Ju an  
de F uca  by the land effects i l lu s tra ted  in figure 4. (Note th a t  450 m  —  1/4 n. 
mile —  is the advertised m a x im u m  position erro r  for Loran-C).

A nother example : in St. Johns, Newfoundland, a fisheries officer  
recently  re la ted  how  a Portuguese  f isherm an  anchored east of the Virgin 
Rock, on the G rand Banks, com plained th a t  the Decca readings pu t h im  to 
the west of the Rock. He was quite  right, and  if he had  looked up “ Radio 
Aids to Marine Navigation ”, he would have found a correction to Decca 
P u rp le  th a t  moves the fix two miles to the east. But how m an y  m ariners  
look up correction tables ?

C om puter controlled lattice draw ing now allows us to w arp  the lattice 
to follow7 the real position line across the e a r th ’s surface. Using this tech­
nique, the Loran-C lattice should  be correct to 1 m m  on the ch a r t  like any 
o ther feature. After all, there  is not m uch  point in finding all hazards  to 
navigation and positioning them  w ith  high precision, if the navigator cannot 
re ly  on the Loran-C lattice on the chart  to keep h im  clear of them .

The problem  is to know  exactly w'here the position line runs. W e 
would like to be able to predic t th is  mathem atically , but we d on’t yet know- 
enough about radio  wave p ropagation  to do so. W e therefore m u s t  go out 
and  m ap  the lattice using an independent positioning system, in m uch  the 
same w ay  as w7e m ap the dep th  contours. It is practicable to do this for 
offshore w'aters, w here  radio  propagation is more predictable and  the small 
scale of the ch a r t  hides sm all errors, so th a t  we don’t need very m any 
samples. But inshore, the propagation  anom alies are sh arp er  and  much 
more variable. Mapping them  everywhere would be prohibitively expensive, 
and  we are  forced to leave the  lattice off the ch a r t  until we learn  more 
about p ropagation  so tha t  we can predict coastal anomalies from  a small 
num ber of observations.

L O R A N -C

Loran-C is a m edium  accu racy  hyperbolic navaid, which combines long 
range w ith  relatively low cycle am biguity  by m aking phase com parison 
type m easu rem en ts  on a pulsed groundwave. Its range is limited by the 
reliability of cycle selection to about 750 n miles over sea w ater, and to 
considerably  less over land. T he repeatab ility  of a shipborne receiver is



0.2 /ms, w h ich  is 30 m  on the hyperbolic baseline, an d  th is  sets a limit on the 
accuracy  to w hich  the  chart  lattice need be calibrated.

Loran-C h as  been adopted by the U.S. Coast G uard as their  s tan d a rd  
coas ta l/confluence  zone aid to navigation, and by 1980-81 the en tire  U.S. 
Pacific and  A tlan tic  Coasts and  the Gulf of Mexico will be covered, p lus  the 
Canadian Pacific  Coast and  the Great Lakes. The C anad ian  Coast G uard  is 
considering a fu r th e r  Loran-C expansion over the Canadian  A tlantic  Coast 
to p a r t  w ay up the L ab rad o r  Sea.

W hile  the Coast G uard  in each coun try  is responsible  for providing and  
operating  rad io  navaids, the U.S. N ational Ocean Survey and  the C anadian  
H ydrographic  Service are responsible for the lattices on the charts ,  w ith o u t  
w hich  the nava id  is useless. The calibration  we describe here was done by 
the Canadian  H ydrograph ic  Service in the spring  of 1977 to produce offshore 
charts  of the a reas  covered by the W est Coast C anadian  Loran-C chain.

R A N G E  M E A SU R E M E N T  V E R S U S  TIM E D IF F E R E N C E  M E A SU R E M E N T

The n o rm a l  ship-borne Loran-C receiver m easu res  the  time difference 
between the a rr iva l  of the m aster  and the slave signal. Over this short  
period of less th an  a ten th  of a second a s tan d a rd  low cost oscillator gives 
adequate  t im ing accuracy.

At the Loran-C transm it te rs ,  however, very precise a tom ic clocks 
(frequency s tan d ard s)  are used to control the slave coding delays and  the 
preset interval a t  w hich  the Loran-C transm iss ions  a re  repeated. W e  have a 
sim ilar atom ic clock a ttached to our calibration receiver. If we synchronise  
our receiver to the arrival of one transm ission , and  to the pulse repe ti tion  
rate, we can then  pred ic t when the next and  all succeeding transm iss ions  
will arrive ; if a transm iss ion  arrives early, we have moved tow ards  the 
transm it te r ,  if it arr ives  late we have moved away.

T ak ing  th is  a step fu r ther,  if at the s ta r t  we set up a t a know n po in t 
close to the t ran sm it te r ,  we can calculate the travel t im e (At) of the rad io  
wave, f rom  the k n o w n  distance from  the t ran sm it te r  (A d ) and  ou r  best 
estim ate of the propagation  velocity (u) :

1
A r=  -  Ad  

v

W e then  synchronise  the receiver to the in s tan t  of t ran sm iss io n  in s tead  
of to the in s tan t  of reception. At this short distance, an  e r ro r  in the assum ed  
velocity will m ak e  only  a very small e rro r in the synch ron isa tion  travel time.

T hen  we move out to ano ther  know n point a t a m u ch  g reater  d is tance 
from  the tran sm it te r ,  calculate the d istance from  the t ran sm it te r ,  p red ic t  
the travel tim e of the rad io  wave to th a t  d is tan t point. Because a  small 
difference in p ropagation  velocity will have a p ropor tiona te ly  larger effect 
a t long range, th is  com parison  should give us a very sensitive m easu rem en t  
of propagation velocity.

A range  m easu r in g  receiver is strongly  affected by a change in p ro p a ­
gation velocity. B ut if you look a t the difference in  a rr iva l  t im e betw een 
transm iss ions  f ro m  two stations, the effect is very m u ch  smaller, p a r t ic u ­



larly  if the s tations are nearly  equ id is tan t from the receiver. In addition, 
vou canno t separate  propagation  velocity along the pa th  to the m as te r  from  
velocity along the pa th  to the slave. Hence a s tandard  time difference 
receiver is not of m uch  use in ca libration  if you are looking for in fo rm ation  
on  propagation velocity. This is w hy we use rho-rho (in navigation these 
receivers fix the ship by m easu r in g  two ranges, hence the nam e “ pp " or 
“ rho-rho  ”) receivers with  atom ic clocks. In addition, our A ustron  rho-rho  
receiver gives us the time differences provided by a s tandard  receiver, plus 
aux ilia ry  in fo rm ation  on signal s trength, signal to noise ratio, and  pulse 
shape.

M easuring travel times requ ires  some special precautions. Even an 
atomic clock is not perfect, and  we are looking a t very small t im e differences
—  3 nanoseconds (10~Hs) per m etre  change in distance. There will inevit­
ably be a very small difference in t imekeeping between our atom ic clock and 
the one ru n n in g  the chain. It will only be a few parts  in 1013, but th is  is 
enough to in troduce an  unknow n  clock rate of some 50 ns (15 m) per day. 
W e  have to determ ine this clock ra te  carefully, by re tu rn ing  to the same 
point a t in tervals  and  finding out the ra te  at which the range m easu red  to 
the t ran sm it te r  is changing. W e  can then eliminate clock ra te  erro r from 
our calibration  results.

P R O P A G A T IO N  V E L O C IT Y  A N D  TH E P H A SE  L A G  C U R V E

A Loran-C receiver m easu res  time, but the c h a r t ’s d im ensions are 
nautical miles, not microseconds. Only one position line, the baseline 
biscclor along which m as te r  and  slave arc equidistant, is independent of 
the propagation  velocity. All o ther hyperbolas move across the chart 
depending  on w hat value of v is adopted in :

Ad  =  vA t
Because we are in terested  in the corrections to a ch a r t  lattice, we tend 

to th ink  in term s of shifts  in metres, which we call phase lag, ra th e r  than 
of different velocities of propagation . The two are equivalent. F o r  example, 
imagine you have two receivers set out so th a t  they are both 500 km  from 
the tran sm it te r ,  b u t  one has  an all seawater path  and the o ther a p a th  over 
m ounta ins .  T he wave travels so m uch faster over seawater th a t  the pulse 
a t the seaw ater receiver will be 1 /3  way th rough  the first  cycle by the time 
the same pulse is ju s t  beginning a t the land receiver.

T he  “ overland phase lag ” is 1/3 cycle, w hich  is 3.3 p.s, or about 
1 000 m at the Loran-C w avelength  of 3 km. A hyperbolic lattice for the 
area  a ro u n d  the land  receiver, w hich  was based on the seaw ater velocity, 
w ould be in e rro r  by 500-2 000 m, depending on the geometric spread of the 
hyperbolic position lines. In fact we would not use the seaw ater velocity 
for a land  signal path , bu t choosing the correct a lternative is not easy. 
F igure 1 shows how  much the phase lag depends on ground conductivity, 
which is the m ain  com ponen t of ground impedance. For example, at 
100 k m  from the t ran sm it te r  there  is 350 m (1 /*s) difference in phase lag 
between the  middle curve for hilly land of conductivity 0.002 mho in -1 
(such as New England) and the upper curve for m ounta ins  of equivalent



conductivity  0.0005 m ho m -1 (such as the B.C. Coast Range). Note how the 
phase lag offshore, represented  by the  r igh t-hand  half  of the curves on 
figure 1, depends on the im pedance of the land  over the firs t  p a r t  of the 
signal path.

Fie.. 1. —  Secondary  p h a se  lag  o f  rad io  w ave  t rav e l l in g  over  m ix e d  lan d -sea  p a th s
(F ro m  B r u n a v s , 1976 ) .

T he  b o t to m  cu rv e  show s a n  a l l  s e a w a te r  p a th .  The  m id d le  curve  sh o w s  100 km  of 
h ig h  im p ed an ce  (rocky) lan d ,  th en  sea, w i th  a n  i s l a n d  a t  300 km. T h e  top  w av e  show s 
an  in i t i a l  200 km of ve ry  h ig h  im p ed an ce  m o u n ta in o u s  land .  N ote  t h e  “ p h a se  reco v e ry  ” 
on going f ro m  l a n d  to  sea ; i t  is la rg e  e n o u g h  to  h a v e  a se r io u s  effect on  in sh o re  c h a r t  
lat t ices .

P h a s e  lags  a re  in  m e t re s ,  in c o m p a r is o n  w i th  a re fe rence  w av e  t r a v e l l in g  th r o u g h  
the  a tm o sp h e re  a t  299 691.2 k m /s .  G ro u n d  p e r m i t t i v i ty  of 15 e.s.u. is u sed  th r o u g h o u t ,  
a n d  th e  co n d u c t iv i ty  in  m h o / m  is m a rk e d  on  th e  curve.  T he  effect of  th e  t r a n s m i t t e r  
in d u c t io n  f ie ld  is n o t  show n.

FINDING GROUND IMPEDANCE : LAND CALIBRATION

W e do not yet know  enough to predic t ground im pedance accurate ly  
from  the geology and  roughness  of the terra in . Incorrec t  estim ates have 
produced lattice e rro rs  of 2 f is, which created serious inaccuracies. At 
present the only effective approach  is to go out in  the field and  m easure  
phase lag, or propagation  velocity, by m ak ing  travel t im e observations close 
to the tran sm it te r  an d  a long way from it, as described above. F ro m  this  
we can deduce the impedance, and  then  use this in fo rm ation  to calculate 
the travel time to o ther points  (so long as we can reasonab ly  assum e the 
terra in  on the pa th  to them  has the same im pedance as the p a th  we 
m easured). After we have m easured  phase lag over a large n u m b er  of lines, 
we hope to be able to predic t impedance by m atch ing  s im ilar  paths  on the 
geological map.

This Pacific Coast calibration  w as the f irs t  on w hich  we have m ade 
land observations. W e  did so w ith  some trepidation, as we kn ew  th a t  cliffs 
and  m ounta inous  te r ra in  would cause phase anomalies, a n d  so would power 
lines and  buildings close to  the  observation points. F o r  synchron isa tion , we 
chose geodetic po in ts  close to the m as te r  and  Y slave t ra n sm it te rs  tha t



avoided these problems, and  for the d is tan t point we used the w h a rf  at 
P a tr ic ia  Bay (south end of Vancouver Island). (See figure 2). W e  also 
p lan n ed  observations a t in te rm edia te  distances.

F i g . 2. — T rac k s  fo r  offshore  c a l ib ra t io n  (f irm  l ine)  an d  in sh o re  c a l i b ra t io n  (pecked line).

W e decided to move by  helicopter because of the long d is tance involved, 
and  technic ian  R. L o s c h i a v o  fitted the rho-rho receiver an d  its no-break 
pow er supply  in  a C anad ian  Coast G uard  Bell 212, w here  it w orked very 
well. W e landed close to the geodetic station, pu t  out an  8 ft w h ip  on a 
board  over the  plug, an d  connected it to the receiver w ith  a shielded 
an ten n a  lead. Having tak en  the  reading  we disconnected the an ten n a  and  
moved to the next point. T here  was no need to t rack  the Loran-C signal 
while flying, so long as  we m ain ta ined  synchronisation by m eans of the 
atom ic clock.



A fter the usual in itia l  problems all seemed to be going well w ith  this 
operation  w hen a t  one observation point we did an  overdue experim ent to 
verify the technique. W e moved the an ten n a  about 30 m  tow ards  the 
t ransm it te r ,  expecting to see the equivalent 0.1 yu,s decrease in travel time. 
In fact the read ing  increased by 5 fis. F u r th e r  tests m ade  it clear th a t  the 
read ing  varied  depending  on the orien ta tion  of the a n te n n a  lead relative to 
the t ran sm it te r ,  w ith  sh ifts  of up to half a cycle (5 jlis)  w h en  w ithin  50 km  
of the tran sm it te r ,  and  of 0.5 /j,s w hen  300 k m  from  the tran sm it te r .  The 
an ten n a  lead was perhaps  acting as an aux iliary  an tenna ,  o r  as a re -radia tor.  
We therefo re  moved the equ ipm ent into a van, w here  the  an ten n a  could 
be installed  on the roof w ith  a very short  lead directly  to the receiver. W e 
found no m easu rab le  varia tion  in  reading as the van tu rn e d  th rough  diff­
erent headings relative to the direction of the t ransm it te r .

W e repeated  the land  calibration w ith  this set-up un ti l  over-heating in 
the van (which w as not air-conditioned) s topped w ork  for the sum m er. The 
results were reliable, b u t  still not as accura te  as we had  hoped. Agreement 
between repeated  travel-tim e m easu rem en ts  was in the w o rs t  case ±  1 /as 
over a travel time of about 1 000 /jls, ins tead  of the ±  0.1 we a im ed  for. The 
value for land conductiv ity  deduced from  these m easu rem en ts  varies, 
depending on the path , from  0.0006 to 0.0015 mho m —1 w ith  an estim ated 
reliability of ±  0.0005 m ho  m -1 .

W e expect to im prove on this reliability in  fu ture ,  us ing  the experience 
of the firs t  test. W e suspect th a t  the clock ra te  of the  a tom ic frequency  
s tan d ard s  is one source of error ; we have to determ ine it very  carefully, 
and in the calibration  van it m ay vary  due to v ibration  an d  tem p era tu re  
changes. W e need to learn more about selecting good observation sites 
where the phase read ing  is not affected by buildings, trees, power lines, 
ra ilw ay tracks, or nearby  m ountains . F inally , because the  real life phase 
lag curve is not smooth, as shown in figure 1, b u t  varies as the  g round 
im pedance changes slightly along the line, we m ust observe at a series of 
points along the curve an d  not ju s t  a t both ends (as w as  p lanned  for this 
test before time ran  out).

OVER-WATER PHASE LAGS — OFFSHORE CALIBRATION

In the land  ca lib ration  we a ttem pted  to tie down the left-hand  over­
land p a r t  of the phase  lag curve (figure 1), w ith  some success. Next, we 
looked at the flat r ig h t-h an d  over-water p a r t  of the curve —  passing over 
the ab ru p t  ju m p  at the la n d /se a  boundary , w hich  we will come back  to 
later. The im pedance of sea w ater  h a rd ly  varies and, so far as cha rt  
latticing is concerned, th a t  p a r t  of the g raph  is really  as  sm oo th  as it looks. 
However the level of the curve depends on the  conductiv ity  of the  land  in 
the firs t p a r t  of the signal path , and  as noted we canno t  yet p red ic t  th a t  
from geological in form ation . Therefore we calibrated  all a long the B.C. 
coastline to m easure  th is  level, ru n n in g  a double line in  o rde r  to verify  any  
unexpected readings (see t rack  of Parizeau  on figure 2), an d  using Satnav  
as the position reference. As figure 3 shows, we could expect ±  150 m



accuracy  from  satellite fixes ; since the scale of the charts  for which we 
were ca lib ra ting  was 1 : 150 000, th a t  would limit errors to ±  1 mm.

N

F ig. 3. —  E r r o r s  in S a tnav  f ix  u n d e r w a y  a t  sea.
A p lo t  of  th e  d ifference  in  p o s i t io n  be tw een  s im u l ta n e o u s  “ T r i s p o n d e r  ” p rec is ion  

m ic ro w a v e  f ixes  h a v in g  a b o u t  ‘20 m  accuracy ,  a n d  S a tn av  f ixes,  obse rved  on CSS H u d so n  
in L a n c a s te r  Sound ,  S e p te m b e r  1A76.

More th an  200 Satnav fixes along Pnrizeau’s t rack  provided corrections 
to ch a r t  lattices, and  the two lines w estw ard  to the 200 mile limit, along a 
radial from  the  m aster  t ran sm it te r ,  verified th a t  the graph  has  the shape 
pred ic ted  by the m athem atica l  model we are using. O bservations in any  
one area  agreed with  each o th e r  to 0.5 f i s ( ±  150 m in range),  which agrees 
with  th e  expected accuracy  of Satnav.

T he  corrections were cer ta in ly  significant. For example, we found an 
increase in  correction to the  X position line of 2.5 fis from  west to east 
across ch a r t  3652, w hich  covers the approaches to the S tra it  of J u a n  de 
Fuca. If a m ean  correction  were applied to this chart, the residual error 
of ±  1.2 fj.s a t e ither side w ould  move the position line 3 m m  on the chart  
or 450 m  on the ground. T he ch a r t  alone would be con tribu ting  the m axi­
m u m  1 /4  n. mile e r ro r  advertised  for Loran-C. Fo rtunate ly ,  com puter 
d ra u g h tin g  m akes it feasible to w arp  the lattice and pu t  th e  line in the 
r igh t place.

T here  is one erro r  in an y  phase com parison  system, Decca or Loran-C, 
th a t  sw am ps all others. T he receiver m u s t  m ake the correc t decision on 
w hich  whole cycle to track . A cycle selection erro r in Loran-C  is 10 {is, 
which could be ca ta s troph ic  w hen  close to hazards. L and  p a th  from  the 
t ran sm it te rs  d is to r ts  the Loran-C  pulse and  m akes such e rro rs  m ore  likely, 
pa r t icu la r ly  a t  long range, and  this chain  has  far more land  p a th  than  any  
of the earlier Loran-C chains.

W e h ad  twro s tan d a rd  hyperbolic receivers onboard, and  at about half  
h o u r  in terva ls  the w a tch k eep er  switched them  both on for a cycle selection 
test. T he resu lts  were a la rm in g  ; in the centre  of the coverage area  cycle 
selection tests were only 80-90 % correct, in Dixon E n tran c e  w ith  the 
sou thern  Y slave at m ax im u m  range only 70 % correct, and  in the Strait of



J u a n  de F uca  where the  signal from  the n o r th e rn  X slave has  to struggle 
over the Coast Range ne i ther  receiver would acquire  groundw ave ( M o r t i ­
m e r , 1977). A d ju s tm en ts  a t  the t ran sm it te rs ,  m ade a f te r  our tests, appear 
to have im proved perfo rm ance  in the cen tra l  p a r t  of the cha in  ; subsequent 
tests by th e  Coast G uard  have show n 100 % correct cycle selection there, 
w hich  is in  line w ith  extensive tests we have m ade on the A tlan tic  Coast. 
To rem edy  problem s in  th e  S tra it  of J u a n  de F u ca  and  in  Dixon Entrance, 
a th i rd  slave will p robab ly  be built  a t the n o r th e rn  end of V ancouver Island. 
Meanwhile cautions on the ch a r t  w a rn  m ariners  of cycle selection problems 
in these areas.

PHASE RECOVERY AT THE COASTLINE : INSHORE CALIBRATION

The m ost in tr igu ing  fea tu re  of the phase  lag curve in figure 1 is the 
s tr ik ing  “ phase  recovery ” a t  the coastline as the  wave passes from  land 
to sea.

V isualising the w ave fron t  in three d im ensions, the lower p a r t  of the 
wave, slowed by the d rag  of the ground, lags fu r th e r  an d  fu r th e r  behind 
the u p p er  p a r t  as the wave crosses the land. At the coastline it suddenly  
encounters  the m u ch  lower im pedance of the sea, and  in  a very  short  
d istance the bottom  tr ies  to catch up w ith  the top, as th o u g h  the whole 
wave f ro n t  were an  elastic balloon.

P hase  recovery is pred ic ted  by the m a them atica l  m odel we use, as a 
consequence of the “ reciprocity  principle ”, w hich  requ ires  th a t  the  effective 
phase lag be the m ean  of the  phase  lag calculated from  tra n sm it te r  to 
receiver w ith  th a t  ca lcu la ted  from  the receiver back to the t ran sm it te r  
( M i l l i n g t o n , 1949 ; B i g e l o w , 1963).

P h ase  recovery w as verified du r in g  tests on Decca t ransm iss ions  across 
the south  coast of E ng land  by P r e s s e y , A s h w e l l  and  F o w l e r  (1956). They 
also found  th a t  the change w ith in  half  a wavelength (1.5 km ) of the 
coastline was larger and  sh a rp e r  th an  pred ic ted  ; and  th a t  there were 
varia tions  from  theory  of about 1/100 cycle (0.1 fxs or 30 m  for Loran-C) 
out to five w avelengths (15 km ) from  the shore.

All th is  is u n fo r tu n a te ,  because m ost hazards  to navigation  lie w ith in  
15 k m  of the shore. A lthough  m arine rs  can use ra d a r  there , identification 
of the po int re tu rn in g  the  echo is often uncerta in , p a r t icu la r ly  on a fea tu re ­
less or low-lying coastline, and  it w ould  be very valuable if th e  Loran-G 
lattice could be located reliably  enough to p u t  it on the chart .

The inshore ca lib ra t ion  of last spring was in tended  to explore th is  
problem  ra th e r  th an  to solve it, w hich  m ay  take years. W e  a im ed  to check 
th a t  phase  recovery ac tua l ly  does occur w ith  Loran-C  ; to  see how  closely 
it follows the pred ic tions  ; an d  to find out w h a t  effect the extrem e topo­
g raphy  of a  B.C. coasta l f jo rd  has  on phase  lag an d  per fo rm an ce  in general.

T he firs t test in  the Vector  consisted of ru n n in g  out f ro m  Vancouver 
Is land  across the en tran ce  to the S trait  of J u a n  de Fuca  p a s t  Cape F la tte ry ,  
shown as a  pecked line on figure 2. W e p lanned  to use T r isp o n d er  posi-



tioning, bu t  had  trouble w ith  one tran sp o n d er  and  so used sextant fixing 
for p ar t  of the track.

Kid. 4. - -  O bserved  v a r ia t i o n s  in phase  lag close to  shore .
T he  to p  cu rv e  show s a  p h a se  recovery  of a m ic rosecond  in 30 km  as  th e  sh ip  s team s  

a w a y  f rom  th e  l an d  a lo n g  a r a d ia l  f ro m  the  M aste r  t r a n s m i t t e r .  T h e  b o t to m  curve  show s 
a n  a b r u p t  increase  in p h a se  lag  as the  sh ip  p asse s  f ro m  the  s t ra i t ,  w h e re  t h e  Y slave is 
seen  o v e r  w a te r ,  in to  t h e  sh a d o w  o f  Cape F la t t e ry .

T he  t r ac k  fo l low ed  is sh o w n  on f ig u re  2.

The two lines ru n n in g  out to sea from  V ancouver Is land are radia is  
from  the m aster  t ran sm it te r ,  and  both  showed clear evidence of phase 
recovery. T he reduction  in phase  lag on leaving the shore w as 1.0 yu,s for 
30 k m  increase in distance from  the tran sm it te r ,  as show n on the top curve 
of figure 4. T h a t  is double the predic ted  phase recovery, pe rhaps  due in 
p a r t  to the influence of the 1 000 m high m ounta ins  on Vancouver Island, 
w h ich  accentuate  the  la n d /s e a  b oundary  effect.

The p a th  from  the Y slave changes ab rup tly  along the longer line 
ru n n in g  sou thw est f rom  Vancouver Island. Initially, the  signal arrives up 
the s trait .  Then as the  ship comes u n d er  the “ shadow ” of Cape F la tte ry  
the p a th  changes sudden ly  to land (figure 2). This shows up graphically  on 
the lower curve of figure 4, w ith  a 2 jus increase in phase  lag over 20 km.

Finally , to test the perfo rm ance  of Loran-C am ong steep-to islands and  
in a m o u n ta in  fjord, Vector  spent four days in the S tra it  of Georgia, and  up 
Howe Sound, ju s t  n o r th  of Vancouver. Howe Sound is on ly  3 k m  wide and  
the m o u n ta in s  go s t ra ig h t  up to 1 500 m  ano ther 3 k m  back from  the shore, 
an d  so it w as not su rp r is in g  the signal s treng ths  were m arg ina l and  the 
receiver lost lock on m ak in g  the tu rn  a t the head of the  fjord. However, 
envelope shape diagnostics  on the m onitor receiver indicated  th a t  the signal 
w as m erely  w eak an d  not distorted.

Howe Sound is aligned alm ost exactly in the direction of the m aster  
t ran sm it te r ,  so tha t  the signal was travelling along a channel one wave­
length wide, w ith m o u n ta in s  on both  sides a t  the head and  all the way for



35 k m  down one side. One m ight have expected confused phase effects 
under these c ircum stances , bu t in  fact the m as te r  signal show ed a reaso n ­
ably sm ooth phase  recovery curve from  2 km  sho rt  of the head  of the 
fjo rd  ou t in to  open water, w ith  undu lations of about 0.3 yus w h ich  m ay have 
been p a r tly  due to problem s in sex tan t fixing on tangen ts  of land  ( M o r t i ­
m e r , 1978).

The signal from  the Y slave crosses the f jo rd  at about 60°, so th a t  the 
ship w as w ith in  the half w avelength (1 1/2  km ) zone of very h igh  phase 
change m ost of the time. This  phase change tu rn ed  out to be a sensitive 
indicator of how close to the  shore the ship was, ind icating  th a t  the  change, 
though steep, is regular.

Howe Sound widens a t  the entrance, w ith  a large is land  in the  middle. 
Visualised in th ree  d im ensions, the phase  lag in the vicin ity  of th is  island 
looks like a tree s tum p, w ith  a large bu ttress  root falling aw ay  in  a sou th ­
w esterly  direction, rep resen ting  the phase recovery in the m as te r  signal. W e 
ran  a series of lines across this “ bu ttress  ”, and  did in fact find  a ridge 
of phase lag in the lee of the island, decreasing in am pli tude  as we got 
fu r th e r  away. As before, the phase lag was g reater  th an  predic ted , bu t the 
excess decayed in a regu la r  fashion :

T ab le 1

Excess o f  observed phase lag over predicted phase lag close in to mountainous
B.C. coastline

Distance from coast-line 
(km)

Excess of observed phase 
change over predicted 

Os)

<  1 1.5
2 0.5
7 0.4

10 0.2
25 0.0
32 0.0

The resu lts  from  this inshore ca libration agree qu ite  closely with  
P r e s s e y ’s conclusions quo ted  above. T hey  indicate  th a t  some k in d  of 
scaling effect, p robably  associated with  the ruggedness of the te rra in ,  should 
be applied to predic tions for the nearshore  zone. An ex tension of P .  B r u - 
n a v s ’ w o rk  on approx im a ting  the effect of te rra in  by ad ju s t in g  the g round 
impedance ( B r u n a v s , 1976) m ay  be successful in m odelling this, as m ight 
the app roach  of J o h l e r  and  D o h e r t y  in modelling th e  “ D eath  Valley 
Anom aly ” ( D o h e r t y , 1974).

The resu lts  indicate th a t  the  coastal effect depends m a in ly  on the  land 
on the direct line to the t ran sm it te r ,  and  does not ap p ea r  to be m uch  
affected by reflections from  the land on e ither side. W e need m ore  evidence 
to be sure of th is  point, b u t  it  is a hopeful conclusion, as it w ould  be im ­
possible to pred ic t phase lags if  reflections had  strong  effect.



CONCLUSIONS

T his  ca libration  again dem onstra ted  the effectiveness of Satnav in 
m ap p in g  *;he Loran-C lattice for sm all and  m edium  scale charts ,  to 150 m 
accuracy.

W e had  m odera te  success in determ ining  ground im pedance from  land 
observations ; we lea rned  a lot, and  expect improved resu lts  from fu tu re  
w ork .

W e verified the general shape of the predicted phase  lag curve, includ­
ing phase  recovery a t  the  coastline.

W e confirm ed earlier observations th a t  the phase  change at the 
coastline is as m uch  as 2 |u.s g reater  th an  predicted, b u t  found  tha t  even 
u n d e r  the extreme conditions of the B.C. fjo rd  coastline, the excess phase 
change appears  to be regular.  This  raises our hopes th a t  extensions to the 
existing m athem atica l  model will enable us to p red ic t  nearshore  phase 
recovery, at least in  less rugged  te rra in  where the effect is not so p ro ­
nounced.
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