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Significant time scales of long-term variability in the plankton 
and the environment

J. M. C olebrook and A. H. Taylor
In stitu te  fo r  M arine  E nv ironm en ta l R esearch  
P rospect P lace, T h e  H oe, P lym outh P L I 3 D H , E ngland

H igh reso lu tion  m ethods o f  spectra l and  cross-spectral analysis a re  used to  provide 
in form ation  in th e  frequency  dom ain abo u t year-to -y ear fluctuations in th e  p lank ton  
o f  th e  N o rth east A tlan tic  and th e  N o rth  Sea, com pared  w ith changes in tem p era tu re , 
salin ity , and  a tm o sp h e ric  clim ate. M ost o f  th e  d a ta  refe r to  th e  period  from  1948 to 
th e  p resen t.

C h aracteristic  tim e scales a re  involved in m any re la tionsh ips w ithin th e  p lank ton  
and betw een  th e  p lan k to n  and env ironm en ta l variables. T h e  longest w avelengths 
ap p ea r to  be  associated  w ith th e  m ajor ocean  curren t system s, and  fluc tuations with 
w aveleng ths o f 3 —4 y ears m ay b e  associated with su rface-h ea t exchange phenom ena. 
O th e r  characteristic  periodicities with w avelengths o f  1 0 - 1 2  years and  5 - 6  years 
have no t, as yet, been  iden tified  with particu lar processes.

Introduction
T his p ap e r p resen ts analyses o f tim e series of the abun­
dance  o f p lank ton  and variations in sea surface tem per­
a tu re  and clim ate fo r th e  N ortheast A tlan tic  and the 
N orth  Sea fo r the  last th ree  decades. P attern s o f re ­
lationship  w ithin and betw een most o f these variables 
have been  studied  using correlation m ethods by C o le­
brook  (1978), C olebrook and T ay lo r (1979), and 
T ay lo r and S tephens (1980 a). R ecently , high res­
olu tion  m ethods o f  spectral and cross-spectral analysis 
have becom e availab le  th a t perm it a m ore detailed  
exam ination  o f these relationships through a  study of 
frequency structures.

S truc tu re  in the  spectrum  of a tim e series can arise in 
a num ber o f ways. T he m ost in teresting  in the con tex t of 
this study is th a t due  to  external forcing operating  over 
lim ited tim e scales. S tructure  can also result from in te r­
nal associations betw een  variables, usually in the form  
of persistence, w here the  value at a given tim e is influ­
enced by p reced ing  values.

In addition , th ere  are  a num ber o f ways in which 
frequencies can be  echoed at w avelengths differing 
considerably from  th a t of th e  prim e forcing.

It is inheren t in th e  m ethods o f analysis tha t any non- 
sinusoidal period ic  variability will generate  harm onics. 
In th e  series involved in this study, how ever, th e  only 
clear exam ples o f harm onics tha t have been detec ted  
have periods o f less than  a year and are  associated w ith 
the seasonal cycle. T he tim e series have been derived 
from  th e  original da ta  in  ways which avoid aliasing as far 
as possible. T h e re  may, how ever, be  beat frequencies in 
the series due to  in teractions betw een  th e  seasonal cy­

cle, w hich is th e  m ajor m ode o f variability o f m ost o f the 
series, and variability at frequencies close to  the sea­
sonal cycle.

T he spectra  o f m any o f th e  variables included in this 
study show  a clear structure , and th ere  are  a  num ber of 
characteristic  frequencies in the fluctuations in the 
abundance  o f the p lank ton , in th e  sea surface tem p era­
tures, and  in th e  clim ate variables. T hese  will be  dis­
cussed in th e  results in re la tion  to  the  possible sources of 
stru c tu re  outlined above.

D ata
A  rou tine , m onthly, synoptic survey o f the p lankton  of 
the N orth  A tlan tic  and th e  N orth  Sea has been carried 
ou t each  year since 1948, using C ontinuous P lankton 
R eco rders (G lover, 1967). T he data  from  th e  survey 
provide inform ation about year-to -year changes in the 
abundance of Zooplankton for each o f a standard  set of 
areas show n in F igure 1. In  this p ap er da ta  for th e  years 
1948 to  1980 are  used, a period of 33 years.

F o r com parison w ith th e  p lankton , tim e series o f da ta  
for a  n um ber o f environm ental variables have been ac­
quired. Sea surface tem pera tu res (data  supplied by 
IC E S and th e  U .K . M eteorological Office) have been 
processed to give m onthly and annual m eans fo r each of 
the areas show n in F igure 1. A nnual m eans of sea-level 
a tm ospheric  p ressure fo r th e  N orth  A tlan tic  betw een 
20° and 80°N have been  calculated from  the data  in 
N am ias (1975). Indices o f the m ain w eather pa tterns 
over th e  U nited  K ingdom  have been derived from  a 
classification o f daily w eather m aps (L am b, 1972) and
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Figure 1. C h a rt o f s tan d ard  areas used in th e  p resen ta tio n  of 
annual m eans in the abun d an ce  o f  p lank ton  and o f  se a  surface 
tem pera tu re .

expressed as varia tions in the  frequency (days p e r year) 
of anticyclonic, cyclonic, westerly, easterly, and n o rth ­
erly w eather.

D a ta  fo r tem p era tu re  and salinity at O cean W eather 
S tation  Ind ia  have been assem bled from  several sources 
(Pflugbeil and S teinborn  (1963); IC ES; and th e  U .K . 
M eteorological Office). H ea t fluxes and evaporation  
rates a t O W S Ind ia  w ere com piled by the late A ndrew  
B unker o f  th e  W oods H ole O ceanographic Institu tion , 
using bu lk  form ulae.

M ethods
Spectral analysis subdivides th e  variability o f a tim e 
series o f observations am ong frequency bands. Cross- 
spectral analysis produces tw o spectra, a coherence 
spectrum , w hich, in this context, behaves as a  set of 
correlation  coefficients, one  for each frequency band, 
and a phase spectrum , which shows how  the tim ings of 
the sets o f observations are re lated  a t each frequency 
band.

T he techn iques used in this study are  M axim um  E n ­
tropy S pectra l and C ross-Spectral analyses, in which the 
derivation  o f a spectrum  is a  tw o-stage process. F irst, a 
filter is derived which will reduce  the original tim e series 
to  w hite noise, and then  th e  spectrum  is calculated  as 
the response  o f the  filter to  sine waves over th e  re levant 
range o f frequencies.

It was convenient, given th e  available com puting 
facilities, to  calculate th e  spectra  and cross-spectra fo r 
the longer series o f m onthly  data  using a m ethod  d e ­
veloped by S trand  (1977 ); fo r the annual series th e  
cross-spectra w ere derived using a m ethod by N uttall 
(1976) and  the  individual spectra  using a m ethod  by 
B arrodale  and E rickson (1980). T here  is an elem en t of 
trial and e rro r in choosing th e  num ber o f coefficients in

th e  filters; w ith too few the spectra  are  highly sm oothed, 
while too  m any produce spurious detail. In  all the 
analyses described h ere  filter lengths o f abou t 20 % o f 
th e  length o f the series have been  used.

Results
B y the standards of tim e-series analysis, a period  of 33 
years is relatively short, and the  results of th e  spectral 
and  cross-spectral analyses have to  be trea ted  w ith som e 
caution. N evertheless, in the large num ber o f analyses 
th a t have been perfo rm ed  there  are  recurren t peaks in 
the  spectra a t a num ber o f w avelengths. F igure 2 is a 
histogram  of the frequency o f peaks in 120 spectra  for 
10 Zooplankton taxa in each o f th e  12 areas shown in 
F igure 1. T he results are  sim ilar to  those show n in a 
previously published diagram  (C olebrook , 1979) which 
was based  on pow er spectra  for d a ta  up to  1975. C om ­
pared  w ith th e  earlier diagram , the  M axim um  E ntropy  
m ethod, com bined w ith the longer data series, has re ­
su lted  in the resolution of a single peak at th e  longest 
w avelengths in to  two, associated w ith periods longer 
than  40 years and betw een 10 and 20 years. T he re ­
m aining peaks at 5 - 6 - 5  years, 3 - 3 - 5  years, and
2 - 2 - 2  years are com m on to b o th  presentations.

W ith the exception of the peak at 5 - 6 - 5  years, the 
peaks a t the o th e r w avelengths occur in e ith e r the sea 
surface tem pera tu res o r in the  clim atic variables or 
both. T hese relationships have been  studied  in some 
detail.

C olebrook  (1978) show ed that th e  annual fluctua­
tions in th e  abundance o f Zooplankton w ere correlated  
w ith the changes in the frequency o f w esterly w eather. 
F igure 3 shows the  coherence and phase spectra  for 
w esterly w eather against the first principal com ponent
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F igu re  2. H istog ram  of th e  frequency at d ifferen t w avelengths 
o f  p eaks in 120 m axim um  en tropy  sp ec tra  o f th e  annual fluc­
tuatio n s in th e  abundance  for 1948 to  1980, o f 10 Zooplankton 
tax a  in each of th e  12 areas show n in F igu re  1.
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Figure 3. Plots o f coherence (solid lines) and  phase (dashed  lines) sp ec tra  o f th e  frequency  o f  w esterly  w ea th er over the U .K . for 
1948 to  1980 against th e  first p rincipal com ponen t o f th e  annual fluctuations in abundance  o f 17 Zooplankton taxa fo r a rea  C2 
(see Fig. 1) and th e  first principal co m ponen t o f  th e  annual fluctuations in th e  abun d an ce  o f  copepods in all the areas show n in 
F igure 1.

of the annual fluctuations in th e  abundance o f 17 Z o o ­

plankton taxa in a rea  C2 (see Fig. 1) and also against 
th e  first principal com ponent o f th e  abundance of total 
copepods in all 12 areas show n in F igure 1.

T hese are typical o f a num ber o f spectra  which ind i­
cate th a t the relationship  betw een th e  w esterly w eather 
and the Zooplankton tends to  be  confined to  tw o fre ­
quency bands, at th e  longest w avelengths and a t 3 - 4  
years, corresponding with two o f  th e  peaks in F igure 2. 
T he fluctuations a t the longest w avelengths are  in 
phase, while those a t 3 - 4  years a re  best regarded  as 
being out of phase w ith the w esterly w eather.

T he elem ent of virtually linear tren d  in the westerly

w eather appears to  be  o f considerable im portance in 
re la tion  to the p lankton. B oth  th e  w esterly and easterly 
w eather a re  rela ted  (bu t w ith opposite  phases) to  fluc­
tuations in sea-level a tm ospheric  p ressure associated 
w ith a  geographical pa tte rn  show n in Figure 4, but, 
ra th e r surprisingly, th e  easterly  w ea ther shows a higher 
coherence at th e  longest w avelengths.

F igure 5 shows p lo ts of the tim e series o f w esterly and 
easterly  w eather. T hese indicate th a t on the w hole the 
two variab les are  negatively re la ted , as would be  ex­
pected , except for a period from  1970 to  about 1975 
when th e  negative relationsh ip  b reaks down. This co r­
responds to  a period o f fairly consistent high frequen-
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Figure 4. C hart o f th e  first p rincipal com ponen t o f annual m eans o f sea-level a tm ospheric  p ressu re  fo r 1948 to  1975 with 
observations on  a staggered  5° grid  at 35°N  (10°) 65°N, 65°W  ( -1 0 ° )  10°E and 40°N (10°) 60°N, 70°W  ( -1 0 ° )  10°E.
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Figure 5. Plots o f  th e  frequencies o f w esterly , easterly , and 
anticyclonic w ea th e r  (as days p e r  year s tandard ized  to  zero 
m ean and  unit variance) over th e  U .K . fo r th e  years 1948 to 
1980.

cies of anticyclonic w eather (also show n in F igure 5). 
T hus it would appear th a t the apparen tly  system atic 
trend  in the  occurrence o f w esterly w eather may be due 
to  processes tha t are n o t constant w ith time.

O n th e  assum ption th a t th e re  is a causal link betw een 
the w esterly w eather and the p lank ton , it would be  ex­
pected tha t th e  p lank ton  would be m ore variable within 
th e  wave bands associated w ith th e  relationship. O n the 
whole, how ever, the p lank ton  show  a higher p roportion  
o f long w avelength variability than  does the westerly 
w eather.

C olebrook (1981; 1982) has show n that persistence 
in stocks from  year to  year is a  fea tu re  o f several species 
o f Zooplankton. T h e  ex ten t o f persistence is a  function 
o f th e  size of overw intering  stocks and may also be re­
la ted  to developm ent tim es. T he effect o f persistence is 
to  increase the p ropo rtion  o f long w avelength variability 
in year-to -year fluctuations in abundance. It seems 
probable, therefo re , th a t th e  high p ropo rtion  o f long 
w avelength variability in the  p lank ton  is due  to  a com­
bination  o f forcing at these  w avelengths and persistence 
in stocks from  year to  year.

W ith respect to  th e  variability at 3 —4 years, there  is 
som e evidence th a t it can be linked  to  a  definite process
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Figure 6. C ross-spectra  fo r tem p era tu re  and  salinity a t O cean  W eather S tation  Ind ia and coherence  spec tra  fo r tem p era tu re  and 
heat flux and fo r salinity and  evapo ra tio n . P eak s at 12 and 6 m onths a re  m arked , and  an arrow  ind icates th e  frequency band 
corresponding  to  a w avelength o f  abo u t 3 years. In  th e  graphs o f coherence, 10 %  and 5 %  levels o f p robab ility  a re  indicated .
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F igu re  7. P lo ts o f  th e  coherence (solid lines) and phase  (dashed  lines) sp e c tra  for: (top ) sea surface tem p era tu re  (1948 to  1980) 
fo r areas C 5 and  D 5 (see  Fig. 1); (cen tre) sea surface tem p era tu re  in a re a  D 2 and  th e  frequency  o f  cyclonic w eather over the 
U .K .; (b o tto m ) th e  sam e tem p era tu re  d a ta  and th e  fluc tuations in sea-level a tm ospheric  p ressu re  associated  with the d istribution  
p a tte rn  show n in F igu re  4.

involving heat flux and evaporation . This can b e  illus­
tra ted  using m onthly  data from O cean W eather S tation 
India. F igure 6 shows the coherence and phase spectra 
for tem p era tu re  and salinity and the  coherence spectra 
fo r tem p era tu re  and heat flux, and salinity and  evap­
oration .

T he cross-spectra  betw een salinity and tem pera tu re  
show  a band  w ith a w avelength o f about 3 years in 
which th e re  is a  peak in coherence bu t the salinity and 
tem p era tu re  are nearly  out of phase. T he o ther co h er­
ence spectra  show  that variations in su rface-heat ex ­
changes are  an im portan t source o f variability in this 
w ave band. A lso, th e  spectra o f heat flux and ev ap o ra ­
tion  have peaks at about 3 years, indicating tha t th e re  is 
forcing a t this w avelength. V arying surface fluxes can be 
expected  to cause variations in salinity and tem pera tu re  
tha t d iffer m arkedly  in phase and can also be p resum ed 
to  influence th e  vertical density struc tu re  in the surface 
layers, which m ay in turn be the source o f varia tions in 
the  abundance  o f the plankton in th is frequency band.

T he histogram  o f the frequency o f peaks in the 
spectra  of Zooplankton (Fig. 2) show s a fairly high fre ­
quency o f peaks relating  to  periods o f  10 to 20 years.

Peaks at w avelengths of 10 to  12 years occur reg ­
ularly  in th e  spectra  and cross-spectra o f year-to -year 
varia tions in sea  surface tem pera tu re , particularly  in the 
areas in F igure 1 south of 59°N (tha t is, all the C  and D

areas). A s an exam ple, F igure 7 (top) shows the spectra 
and cross-spectra  for areas C5 and D 5. A  peak a t about 
the  sam e w avelength also occurs in th e  spectrum  fo r the 
frequency o f cyclonic w eather over the  U nited  K ingdom  
which is generally  in phase w ith the variability in the 
tem peratures. A s an exam ple, F igure 7 (centre) shows 
the cross-spectra for cyclonic w eather and tem pera tu re  
in a rea  D 2. F igure 7 (bo ttom ) shows th e  cross-spectra 
fo r tem p era tu re  in a rea  D 2 and th e  fluctuations in a t­
m ospheric p ressure associated w ith th e  geographical 
pa tte rn  show n in F igure 4. T h e  coherence shows a 
m arked  dip corresponding to th e  peak in the coherence 
w ith th e  cyclonic w eather.

A lthough  peaks corresponding to  this w avelength 
occur occasionally for som e species of Zooplankton, the 
m ost system atic rela tionsh ip  is, how ever, w ith five 
species o f phytoplankton, all belonging to th e  genus 
Ceratium. F igure 8 shows th e  first principal com ponents 
o f th e  annual fluctuations in abundance of each o f these 
species fo r the 12 areas show n in F igure 1, together w ith 
plots o f sea surface tem p era tu re  and the  frequency of 
cyclonic w eather. D a ta  for the  Ceratium  species are 
available only since 1958 and, given the sh o rt tim e 
series, coherence spectra  have no t been calculated. In 
F igure 8, fitted  polynom ial curves em phasize the long­
term  variations and suggest tha t th e  five species are  
negatively re la ted  to  bo th  tem p era tu re  and cyclonic 
w eather.
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Figure 8. P lo ts o f  sea  surface tem p era tu re , frequency  of cyc­
lonic w ea th er, and  th e  first principal com ponents o f  Ceratium  

fu su s  (C FS), C eratium  fu rc a  (C FC ), Ceratium lineatum  (C L N ), 
Ceratium horridum  (C H R ) and Ceratium tripos (C T R ) in all 
the areas show n in F igure 1. A ll the plots refe r to  th e  period  
1958 to  1980, and  all a re  s tandard ized  to zero  m ean  and  unit 
variance; su p e rim posed  (dashed  lines) a re  fitted  fo u rth -o rd e r 
polynom ial curves.

M ost o f th e  variables considered in this study  show 
clear seasonal cycles and, in the plankton and th e  sea 
surface tem pera tu res , th e  am plitude o f th e  seasonal 
changes is fa r larger than  th e  year-to -year changes. 
T here  is, th ere fo re , the possibility o f in teraction  b e ­
tw een th e  seasonal cycle and periodic variability at 
longer w avelengths producing beat frequencies w ith 
w avelengths o f  less than  a  year and betw een 1 and 2 
years. Since th e  N yquist frequency of the annual da ta  
series is 0 ■ 5 cycles p e r year, beat frequencies can only 
be d e tec ted  in the m onthly  series. F igure 9 shows a 
portion  o f the spectrum  o f  tem pera tu re  in a rea  C5 and 
th e  coherence spectrum  for areas C5 and B5 (see F igure 
1). In add ition  to  th e  clear peak o f the seasonal cycle 
b o th  spectra  show  peaks at about 2 • 3 to  2 • 7 years and 
also a t 1 • 6 years, which is the expected w avelength of 
the beat frequency. T here  should also be  a second beat 
frequency at ab o u t 0 ■ 7 years, but this does no t occur in 
e ither o f th e  spectra. F igure 9 also contains a portion  of 
the spectrum  o f an artificial random  variable containing 
a seasonal cycle m odulated  by a cycle o f 2 • 8 years co r­
responding w ith  the peak  in the tem pera tu re  data . In

this spectrum  bo th  o f the expected  b ea t frequencies, 
w ith w avelengths o f 1 • 8 and 0 ■ 7 years, occur and these 
also appear in th e  coherence spectrum  o f a  pair o f such 
variables. T he phase relationships in the tem pera tu re  
cross-spectrum  fo r areas C5 and B 5 a re  in agreem ent 
w ith those o f th e  sim ulated  data confirm ing th e  identifi­
cation of th e  beat frequencies.

In the  annual series it is possible th a t such beat fre ­
quencies m ay be  aliased to  p roduce peaks at 
w avelengths of ju s t over 2 years, and th is m ay account 
fo r a t least som e o f the peaks in the p lank ton  data  in this 
wave band  (see Fig. 2).

Y e a r s

B5 and C5 T e m p era tu re s
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CYCLES PER YEAR

F igu re  9. S pectra  show ing b ea t frequencies from  in teractions 
w ith th e  seasonal cycle, (a) S im ulated  data , (b) T em p era tu re  
fo r 1948 to 1980 fo r a rea  C5 (see Fig. 1). (c) C oherence 
sp ec tra  fo r tem p era tu res fo r areas B 5 and C5. T h e  p eaks at 33 
m on ths and  12 m onths a re  indicated  to g e th e r w ith th e  beat 
frequencies.

3 - ,  CFS 

w - 3  ^ - i ------- 1-------1------- 1------- 1

Simulated Data

C 5  T e m p e r a t u r e s

2.7Yrs 1.6Yrs

25



Conclusions
T he presen tation  o f  spectra o f tim e series raises the 
question o f the  existence o f rea l cyclical fluctuations. 
A ll the tim e series considered in this study represent 
sm all sam ples from series tha t are  p robably  stationary 
over very m uch longer periods, and none  of the charac­
teristic frequencies can be regarded  as p roo f o f real cyc­
lical behaviour.

T he spectra are, nevertheless, useful in a num ber of 
ways. C learly the num ber of possible com binations of 
variables is very m uch larger than  th e  num ber of var­
iables and their spectra  provide “ finger p rin ts” useful in 
the search for relationships betw een variables.

T he cross-spectra provide valuable inform ation about 
the natu re  o f relationships and , in particular, how the 
extent o f relationsh ip  varies w ith wavelength.

It would appear th a t characteristic tim e scales are in­
volved in m ost o f the  relationships and som e of these 
can be associated w ith particu lar processes. I t  has been 
show n that the peaks in the  spectra  a t wavelengths of
3 - 4  years may be  associated w ith surface heat ex­
change phenom ena , and it seem s likely tha t th e  longest 
w avelengths are associated w ith varia tions in the m ajor 
current systems (C olebrook and T aylor, 1979; Taylor 
and S tephens, 1980 b). In the p lank ton  the long 
w avelength variations are p robably  enhanced by p e r­
sistence.

The 1 0 - 12-year peaks in sea surface tem pera tu re  
and clim ate and th e  5 -6 - y e a r  peaks in the plankton 
have not, as yet, been identified w ith any process.

T here  are  still problem s in th e  in terp re ta tion  o f the 
nature o f re lationships as displayed by coherence and 
phase spectra. W hat has been p resen ted  here  is based 
on the clearest and sim plest p a tte rn s in the spectra  and 
is far from being a com plete study o f  th e  available in­
form ation.
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