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1.3A MST RADAR DETECTION OF MIDDLE ATMOSPHERE TIDES 

3. M. Forbes 

Department of Physics, Boston College 
Chestnut H i l l ,  MA 02167 

SUMMARY 

Meteorological and dynamical requirements pertaining t o  the spec i f i ca t ion  
of middle atmosphere t i des  by the MST radar technique a r e  outlined. Major is- 
sues addressed include: (1) t he  extract ion of t i d a l  inforination from measure- 
ments covering a f r a c t i o n  of a day; (2) t he  ramifications of t r ans i en t  e f f e c t s  
(" t idal  va r i ab i l i t y" )  on the determination and in t e rp re t a t ion  of t ides;  (3) re- 
quired temporal and s p a t i a l  resolut ions and; (4) desired global d i s t r ibu t ions  of 
of MST radars,  so as t o  complement exis t ing MST, meteor wind, and p a r t i a l  re- 
f l e c t i o n  d r i f t  radar locations.  

Specif ic  conclusions are a s  follows: 

(1) A height resolut ion of 2 km i s  considered necessary t o  resolve a l l  t i d a l  
s t ructures  t h a t  might reasonably be expected throughout the middle atmosphere 
(10-100 km). 

(2) Time resolut ions of about 30 minutes i n  the s t ra tosphere and 5 minutes i n  
the  meso-thermosphere a r e  required t o  determine with acceptable accuracy t i d a l  
Fourier components from a s ingle  day's measurements. ( I t  i s  assumed t h a t  data  
above 50 lan are avai lable  only during daytime f o r  12 hours.) Alternat ively,  one 
t o  three weeks of data  a t  30 minute in t e rva l s  would enable determination of 
semidiurnal and diurnal components above 50 km t o  roughly the same accuracy. 
(These estimates assume nominal values of diurnal  and semidiurnal amplitudes and 
standard deviations r e l a t i v e  t o  the standard deviation of uncorrelated noise i n  
the data ,  and may require adjustment t o  r e f l e c t  ac tua l  conditions.) 

(3)  Nominal accuracies necessary for the de l inea t ion  of middle atmosphere tidal 
s t ructures  are about 2 m sec-1 ( . 5  m sec-1) fo r  a l t i t u d e s  above (below) 60 km. 

(4) Since the set-up time fo r  t i des  i s  typical ly  several  days o r  more, i t  i s  
not meaningful t o  speak of "day-to-day va r i ab i l i t y"  of a t i d e  (which implies a 
steady-state response a t  a period exactly a subharmonic of a so l a r  or lunar 
day), Four-day vector averages are recommended f o r  comparison with models, 
other data ,  and del ineat ing the v a r i a b i l i t y  of t i d a l  components. 

( 5 )  The geographical d i s t r i b u t i o n  of radars  i s  an extremely important f a c t o r  i n  
determining the s c i e n t i f i c  r e tu rn  of global t i d a l  measurement. 

(6) Data base management and standardization of reduction and analysis  
techniques are extremely important issues  with regard t o  t i d a l  s tudies ,  which 
require  coordination and in t e rp re t a t ion  on a global scale. 

INTRODUCTION 

Atmospheric t i des ,  o s c i l l a t i o n s  i n  meteorological f i e l d s  a t  subharmonics of 
a solar and lunar day, comprise an important component of middle atmosphere 
dynamics. Solar t i d a l  components observable by MST radars  are primarily excited 
by in so la t ion  absorption by E20 and 03  i n  the tropospheric and s t ra to-  
mesospheric regions,  respectively.  Tidal o s c i l l a t i o n s  i n  the middle atmosphere 
can t o  f i r s t  order be viewed a s  the superposit ion of several  "quasi-modes" each 
with somewhat distinguishable and i d e n t i f i a b l e  horizontal  s t ruc tu res  and v e r t i -  
cal wavelengths. The modifier "quasi" i s  used here  t o  suggest possible devia- 
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t i ons  from "true" model s t ructures  ( t h a t  is ,  corresponding t o  the eigenfunctons 
of Laplace's t i d a l  equation) due t o  t r ans i en t  e f f ec t s  or the influence of l a t i -  
tudinally varying background propagation conditions. The spec i f i c  mixture of 
these s t ructures ,  which might be comprised of migrating and non-migrating, ver- 
t i c a l l y  propagating and evanescent, and symmetric and asymmetric components, de- 
termines the global s p a t i a l  v a r i a b i l i t y  of the t i d a l  o sc i l l a t ions .  

The purpose of t h i s  report  i s  t o  ou t l ine  meteorological and dynamical re- 
quirements per ta ining t o  the spec i f i ca t ion  of upper atmosphere t ides  by the MST 
radar  technique. In a report  (LINDZJZN, 1969) prepared f o r  the Panel on Dynamics 
and Structure  of the Neutral Atmosphere of COSPAR's Working Group 11, a group of 
s c i e n t i s t s  addressed the problems of measuring t i d e s  and gravi ty  waves in the  
upper atmosphere. HAURWITZ (1964) i s  referenced extensively i n  t h e i r  report .  
Some of t h e i r  main points are as  follows: 

(1) 
a r e  needed t o  determine diurnal  and semidiurnal t i d a l  components a t  a given 
s t a t ion  (HAURWITZ, 1964). 

(2) S t a t i s t i c a l  measures of the r e l i a b i l i t y  of t i d a l  measurements, for  instance 
a s  given by the radius (R) of the probable e r ro r  c i r c l e ,  should always be pro- 
vided (HAURWITZ, 1964). 

( 3 )  
where N i s  the number of determinations. I n  order t o  reduce R t o  half i t s  value 
one needs four  t i m e s  a s  many determinations, that  i s  a four times longer ser ies .  
In  t h i s  manner i t  w i l l  be possible t o  estimate even from a f a i r l y  short  series, 
having a l a rge  R, how much longer the observation program should be continued". 

( 4 )  The question of how many rockets must be deployed i n  order t o  measure 
t i des  i s  d i f f i c u l t  t o  answer. It involves a tradeoff between cost  and the 
degree of r e l i a b i l i t y  one i s  aiming for .  

(5) 
12 km for  important diurnal  components. 
a t  l ea s t  3 km i s  needed so as  not t o  smooth out such components. 

(6 )  Meteor radars  appear capable of rout inely providing economical measurements 
of t i des  with good s p a t i a l  and temporal resolution. 

(7) 
atmosphere t i d a l  o sc i l l a t ions .  A hybrid approach involving both theory and 
experiment may be necessary t o  a r r ive  a t  a comprehensive del ineat ion of the 
phenomenon. 

( 8 )  
would be necessary for  a complete t i d a l  determination. 

A minimum of f i v e  da i ly  rocket ascents,  preferably equally spaced i n  time, 

Quoting JUURWITZ (19641, "According t o  error  theory Ii decreases as I /&  

Tides can be associated with r a the r  short  v e r t i c a l  wavelengths, as low as 
A v e r t i c a l  r e so lu t ion  on the order of 

Observations may never be su f f i c i en t ly  extensive t o  properly define upper 

Valuable consistency checks on theory can be performed with l e s s  data  than 

The above report  emphasizes the r o l e  of rocket soundings i n  detecting upper 
atmosphere t i des ,  but t h e i r  points remain va l id  i n  the context of radar measure- 
ments. Note t h a t  they d i d  recognize the po ten t i a l  r o l e  t ha t  meteor radars  could 
play i n  the observational study of t ides .  A shortcoming of the meteor radar 
technique i s  that  i t  i s  r e s t r i c t e d  t o  the 80-100 km height range. 
ciency i s  o f f s e t  by the global array of meteor radars and p a r t i a l  r e f l ec t ion  
d r i f t  r ada r s  t h a t  now e x i s t  fo r  dynamical s tudies .  The MST radar  can i n  princi-  
p l e  provide wind measurements over the 10-100 km height range, and thus add an- 
other dimension t o  the experimental determination of t i des .  

This defi- 

There have also been s ign i f i can t  advances i n  s t a t e  of the art  modelling a s  
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w e l l  as upper atmosphere measurements techniques since the report  by Lindzen and 
h i s  colleagues. 
ments of MST radars  necessary t o  provide useful t i d a l  information, and assesses 
the  ove ra l l  r o l e  of the MST radar technique i n  the fu tu re  of t i d a l  studies.  

MEASUREMENTS COVERING A FRACTION OF A DAY 

I n  t h i s  l i g h t  the present report  defines operational require- 

In the mesosphere and lower thermosphere nighttime ionizat ion l eve l s  are 
of ten so low as t o  preclude wind measurements by the MST o r  Thomson s c a t t e r  ra- 
d a r  techniques. The question then a r i s e s  as t o  the exact l imi t a t ions  imposed by 
deriving t i d a l  components from da ta  covering only a f r ac t ion  of a day. Follow- 
ing a recent treatment by CRBRP and FORBES (19831, assume t h a t  the data  consis ts  
of mean, diurnal ,  and semidiurnal components with a random noise component of 
standard deviat ion U. Consider a f i t  function of the form: 

z 
2in y ( t )  bo + i-1 1 bi s i n  (- 24 t + $i) 

and defineobi t o  be the standard deviations of the f i t  coeff ic ients .  I n  the 
case of a full-period (24-hour) f i t  of the above function it i s  w e l l  known (see, 

2 
f o r  example, SCHUSTER, 1898) t h a t  $i i s  given by ‘Tbl = 

the number of points f i t .  Thus, for  t h i s  case, a f i t  t o  even a small number of 
data points ( i>5)  reduces the e r ro r  i n  the f i t  coeff ic ients  t o  below t h a t  of the 
data  points.  I n  the case of a partial-period (< 24-hour) f i t ,  however, the 
e r r o r s  i n  the f i t  coeff ic ients  can be l a rge  enough, even fo r  r e l a t ive ly  s m a l l  
f luctuat ions,  t o  make the extract ion of meaningful r e s u l t s  from the data 
unfeasible. This problem i s  b r i e f ly  discussed by CHAPMAN and LINDZEN (1970). 
I n  order t o  i l l u s t r a t e  the preceding statements and give a rough estimate of the 
e r r o r s  involved i n  an ac tua l  f i t ,  the coeff ic ients  ubi were obtained numerically 
from random data with (I = 1. It i s  simple t o  show t h a t  the dependence on (I i s  
linear: 

= m, where N is  

- 

where T = f i t  span and N = number of points f i t .  
N = T + 1 (hourly data)  for  T = 7 through T = 20. 
fi(T,N) show the expected convergence f i ( 2 4 ,  25) = .4 for  i = 1,2.  For smaller 
values of T, however, the various f,(T,N) show a rapid increase with decreasing 
T ;  fi(T,N) 1 1 (ubi 2: a) fo r  T = 15 hours. 
ab2 2 1.8~. 
I n  t h i s  case fi(24, 97) = .2 and fi(T,N) 

Table 1 contains data fo r  T = 12 hours ( a  half-day’s measurements) fo r  
various equally spaced t i m e  i n t e rva l s  T between measurements ( T  (minutes) = 
60T/(N-1)). 
c r i t e r i o n  f o r  acceptabi l i ty ,  but i s  only a r e l a t i v e  measure. For a given u 
r e f l ec t ed  i n  the data,  one must choose N and/or T such t h a t  the u b i ‘ s  are 
acceptable.  Le t  us take a t y p i c a l  example. Suppose w e  have 12 hours of daytime 
wind measurements a t  a given a l t i t ude .  We bin these data i n  loca l  time with a 
t i m e  i n t e rva l  (T) t h a t  i s  as ye t  unspecified. 
performed and there  e x i s t s  a noise component i n  the data characterized by some 
standard deviation, U. 

and t h a t  w e  require  Obl/bl and ab2/b2 t o  be 3.1. 
sec-I might be a typical  value.) 
constraints  require  T ,$ 5 minutes. 
obtain T 3 2 minutes t o  measure both the diurnal  and semidiurnal components t o  
t h e  desired accuracy. To sa t i s fy  only t h e  semidiurnal cons t r a in t  i n  t h i s  lat ter 

Figure 1 shows fi(T,N) f o r  
For l a rge  values of T the 

For T = 12 hours ubi 2 3.10 and 
Figure 1 a l s o  shows fi(T,N) fo r  N = 4T + 1 (data  quarter-hourly). 

1 fo r  T 12-14 hours. 

B e  aware t h a t  ubi or ab2 = u i s  not necessarily a good absolute 

A Fourier f i t  t o  the data  i s  

For the sake of argument, assume b l  = 1Ou and b2 = 50 
(At 90 km a l t i t u d e  u = 5 m 

It i s  evident from Table 1 t h a t  these 
Similarly,  f o r  b1 = 5u and b2 = 100 w e  
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I I 1 I 
I I 1 1 I 

T (HOURS) 
Figure 1. fbi vs T for hourly data (N=T+l) 
and quarter-hourly data (N=4Tfl) where N = 
number of data points and T = fit span 
(hours). 

example would requi re  T 2 20 minutes. 

required t o  obtain the same accuracies. 
bl = 100 and b2 = 5U, Ubl = 2 . 1 9 ~  and ab2 = 1 . 2 7 ~  for  one day's measurement. 
To obtain u 
1 .27 /a2  
w e  must take the l a rge r  of N 1  and N2, or N 
and b2 = 100, 2.19/h1 = 15 and 1.271 N2 = 1; hence N1 
BO t ha t  N 20. 

Alternat ively,  w e  can examine how many days (N) of data  €or a la rger  T a re  
For r = 30 minutes, and the case where 

i u w e  requi re  2,19/l/hl = 1, and for  ab2 i .!io w e  require  
sb?5; therefore  N1 = 4.8 and N2 = 6.5. To sa t i s fy  both constraints  

7. Similar ly ,  when bl = 5 u  and 
19.2 and N 2  = 1.6, 

Table 1, Standard deviat ions of Fourier components 
fo r  12-hour f i t  span 

3.10 2.19 1.55 .89 .57 

1.80 1.27 .90 .52 .33 %2/0 
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It must be emphasized t h a t  these r e s u l t s  a r e  derived f o r  noise which i s  
uncorrelated over the t i m e  i n t e rva l  between data  points. Actual data,  of 
course, may or may not r e f l e c t  t h i s ;  the above i s  intended only a s  a guideline 
f o r  minimum c r i t e r i o n  fo r  r e l i a b i l i t y .  

VART.MIL ITY 

Observations of atmospheric t i d e s  a r e  often characterized as being va r i ab le  
on a day-to-day basis.  However, BFXNARD (1981) points out t h a t  i f  the i n t r i n s i c  
t i m e  (Ts) t o  set up s t a t i o n a r i t y  around the ear th  fo r  a pa r t i cu la r  mode i s  
greater  than a c h a r a c t e r i s t i c  t i m e  s ca l e  associated with the v a r i a b i l i t y ,  then 
t r ans i en t  e f f e c t s  w i l l  exer t  some influence over the observed ' t i d a l '  behavior. 
Therefore, it may only be meaningful t o  r e f e r  t o  the v a r i a b i l i t y  of a t i d e  over 
t i m e  scales  greater  than T ~ .  Furthermore, t heo re t i ca l  models should be compared 
with a steady s t a t e  or "average" t i d a l  component uncontaminated by t r ans i en t  ef- 
f ects. 

A s  a guide t o  in t e rp re t ing  observations, BERNARD (1981) has calculated 
c h a r a c t e r i s t i c  propagation times ( T ~ )  around the ear th  of various per t inent  
t i d a l  modes (see Table 2 ) .  
( V g ~ ,  a function of l a t i t u d e )  determined by an "equivalent gravi ty  wave (EGW)" 
approximation (SPIZZICHINO, 1969; RICHMOND, 1975)  wherein the value of V g ~  i s  
evaluated the l a t i t u d e  (0,) where the v e r t i c a l  group v e l o c i t i e s  of the t i d a l  
mode and EGW a r e  equal. These propagation t i m e s  provide some measure, a t  l e a s t  
a r e l a t i v e  one, of the set-up times ( T ~ )  f o r  various modes. Note t h a t  T~ i s  
on the order of ten days fo r  the ( 2 , 6 )  and (1,l) modes, and hence the condition 
of s t a t i o n a r i t y  may not be frequently r ea l i zed  i n  practice.  

These are obtained from horizontal  group v e l o c i t i e s  

It i s  d i f f i c u l t  t o  draw spec i f i c  quan t i t a t ive  information from these 
A recent unpublished calculat ion by Forbes indicates  t h a t  for 

3-5 days, d i s to r t ions  of the ( 1 , l )  modal shape are typical ly  15% i n  
estimates. 
T~ 
amplitude and 1 hour i n  phase, suggesting t h a t  the tabulated values of T~ may 
be too high by more than a f ac to r  of two with regard t o  estimating the onset of 
'beasurable" e f f ec t s .  Given the uncertaint ies  inherent i n  these estimates, it 
appears reasonable t o  say i t  i s  meaningful t o  r e f e r  t o  va r i a t ions  i n  most t i des  
over periods of over 4 days, whereas va r i a t ions  over shorter  t i m e  scales  may 
r e f l e c t  t r ans i en t  e f f ec t s .  To achieve the  highest  degree of consistency between 
data sets and provide a meaningful comparison with theo re t i ca l  models, it i s  
therefore  recommeuded t h a t  t i d a l  measurements from MST radars  be represented as 
vector averages of no less than 4 day's observations. 

Table 2." 

0, V h(km h r  -1 ) a t  0, T (days) Mode 

(2 ,2> 35.4 662.4 2.50 

( 2 , 4 )  43.3 273.6 6.08 

( 2  , 6) 46.4 165.6 10.1 

(1 , 1) 21.2 140.4 11.9 

(1 , 3 )  21.1 61.2 27.3 

0' 'gh' 'p' After BERNARD (1981). See t e x t  f o r  de f in i t i ons  of 8 * 
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VERTICAL RESOLUTION AND ACCURACY 

Vertical wavelengths associated with t i d a l  modes expected t o  be observable 
i n  the mesosphere and lower thermosphere (50-100 km) generally f a l l  i n  the range 
30-70 lun. (See FORBES, 1983, f o r  a l i s t  of references.)  Values as low as 20 km 
associated with diurnal  propagating t i d e s  might be found a t  t rop ica l  l a t i t u d e s  
( ( 3 0 ' ) .  However, t he re  exists evidence from observations and theo re t i ca l  models 
t h a t  the superposit ion of modes, pa r t i cu la r ly  i n  the 80-100 km region, can 

cancel and r e in fo rce  so as t o  produce s t r u c t u r a l  f ea tu re s  with sca l e s  of the 
order of 10 km. 

I n  the stratosphere,  observations (GROVES 1980; FUKAO e t  al., 1978; and 
WALLACE and TADD, 1974) are frequently characterized by short  v e r t i c a l  wave- 
lengths (-10-20 km), par t i cu la r ly  i n  connection with the diurnal  component. 
KAT0 et  al .  (1982) investigated the generation and propagation of t i d e s  due t o  
geographically localized sources of exci ta t ion,  and a r e  able  t o  explain many 
cha rac t e r i s t i c s  of the observed s t ructures ,  which are apparently non-migrating 
t i d a l  components. Stratospheric  t i d a l  amplitudes a r e  typ ica l ly  much smaller 
than i n  the mesosphere, and may r e f l e c t  t r ans i en t  e f f e c t s  due t o  va r i a t ions  i n  
source cha rac t e r i s t i c s .  Both of these f ac to r s  suggest t h a t  data  series of a 
week or more may be necessary t o  properly define the s t ra tospheric  t i d a l  compon- 
ent ,  assuming t i m e  resolut ions of 15-30 minutes and 24 hours of measurements per 
day. 

The above information indicates  t ha t  a v e r t i c a l  resolut ion of 2 km through- 
out the 0-100 km height region would be necessary t o  resolve a l l  t i d a l  struc- 
t u re s  t h a t  might reasonably be expected. In  addi t ion,  observations suggest t h a t  
nominal accuracies necessary fo r  the del ineat ion of middle atmosphere t i d a l  
s t ructures  a r e  about 2 m sec-l (.5 m sec-l)  fo r  a l t i t u d e s  above (below) 60 km. 

RADAR NETWORKS 

Our understanding of middle atmosphere t i des  can best be improved and 
tested with simultaneous global  measurements , preferably covering a week o r  
more a t  a t i m e .  I t  i s  important t o  span a range of l a t i t u d e s  within a longitude 
Sector, o r  vice-versz, i n  order t h a t  modes (migrating and non-migrating) be sep- 
arated.  Insofar as it i s  f eas ib l e ,  the placement of newly proposed MST radars  
should complement ex i s t ing  MST, meteor wind, and p a r t i a l  r e f l e c t i o n  d r i f t  radar  
locations.  Tidal theory and theo re t i ca l  simulation models of t i d e s  can play an 
important r o l e  i n  defining the locations and operating requirements of radars so 
a s  t o  der ive the optimum s c i e n t i f i c  return.  

Ideal  t i d a l  campaigns would include observatories geographically conjugate 
about the equator and a t  least one equator ia l  radar. A MAP Study Group under 
the d i r ec t ion  of Prof. S. Kato i s  current ly  examining the s c i e n t i f i c  aspects of 
an equator ia l  radar. Recently, geographically symmetric radars  a t  Kyoto (35"N) 
and Adelaide (35'5) have delineated strongly asymmetric t i d a l  behavior about the 
equator i n  both diurnal  and semidiurnal components, between 80 and 100 km 
a l t i t u d e  (AS0 and VINCENT, 1982). For "true" modes ( tha t  is, eigenfunctions of 
Laplace's t i d a l  equation), asymmetric t i des  a r e  characterized by nonzero N-S 
ve loc i t i e s  and zero E-W ve loc i t i e s  a t  the equator, whereas the reverse i s  t rue  
f o r  symmetric components. A properly placed equator ia l  radar could, therefore,  
contribute s ign i f i can t ly  t o  the deconvolution of t i d a l  s t ructures  i n  the middle 
atmosphere. 

Tidal observations a t  the equator could a l s o  contribute s ign i f i can t ly  t o  
o the r  aspects  of middle atmosphere dynamics. For instance the graveat symmetric 
diurnal  propagating ( 1 , l )  mode i s  thought t o  be capable of producing s ign i f i can t  
turbulence v i a  nonlinear cascade or convective i n s t a b i l i t y  mechanisms, and a 
mean eas t e r ly  j e t  (-50 msec-I) peaking near 105 km due to  momentum deposit ion 
i n  the region where the t i d e  i s  diss ipated (MIYAEARA, 1981). An equator ia l  
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radar would, therefore,  a l so  provide the opportunity t o  observe the important 
middle atmosphere processes of wave-mean flow in t e rac t ion  and wave/turbulence 
coupling fo r  a known wave forcing. 
above 75 km, so t h a t  it i s  imperative t h a t  measurements extend as f a r  i n t o  the 
lower thermosphere as possible,  preferably above 105 lan. Therefore, placement 
of the radar  must avoid possible  interference by the equator ia l  e l ec t ro j e t .  

Howwer, these phenomena primarily occur 

Given the necessi ty  of global coordination, it is important t h a t  some 
consensus be reached concerning the appropriate method of extract ing t i d a l  
components from da ta  t i m e  series, expressing an appropriate 'average' t i d a l  
s t ruc tu re  f o r  comparison with models, and describing v a r i a b i l i t y  about mean 
monthly o r  mean seasonal behaviors. I n  addi t ion,  the importance of data  ex- 
change and data  base management cannot be overemphasized €or the global study of 
t i d a l  phenomena. 
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