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ABSTRACT

One- and two-dim ensional fractal dim ensions of in situ  floes were determined from the dependence of 
the area and perim eter of projection of the floes on their greatest length, using an underwater camera 
and im age-analysis system. Values for the fractal dim ensions of floes in the Elbe estuary and the 
North Sea varied among the samples: D1 in the range of 1.03 to 1.14 and D2 in the range of 1.41 to 1.81. 
D2 as obtained here represents the three-dim ensional fractal dimension of floes, which has been 
obtained in previous studies from the dependence of settling velocity or porosity of floes on their 
characteristic length. Comparisons of environm ental factors showed no relationships between the 
fractal dimension and fluid shear. Salinity effects on the fractal dimension were probably also insignif­
icant in our samples. The relationship of D-j w ith the concentration of suspended matter was fairly  
convincing and suggests that the floes had a rougher edge of projection at high than at low concentra­
tions.
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1. IN TR O D U C TIO N

Floes in suspens ion  in estuarine  and coasta l w a te rs  
have recen tly  been investigated  by m eans o f in  s itu  
unde rw a te r pho tography (E ism a e t al., 1991a; E ism a 
& Li, 1993; C hen  e t al., 1994). Such floes co n s is t of 
m inera l g ra ins, b iogen ic  debris  and ra ther flu ffy  
o rgan ic  m ateria l. P ictures from  an in s itu  cam era  and 
from  scann ing  e lectron ic  m icroscopy show  them  to  be 
of a h igh ly  irregu la r shape and d iso rdered  nature , 
w ith  th e  a rea -equ iva len t s izes ranging from  a few  
m icron to a  few  m m . O ur resu lts so far have ind ica ted  
tha t w ith  respect to  s ize  d is tribu tion , th e  fo rm ation  of 
th e se  floes is typ ica lly  a physica l process in w h ich  
aggrega tion  by d iffe ren tia l se ttling  of pa rtic les /flocs  
and by flu id  shea r p lay key ro les (E ism a & Li, 1993; 
C hen e ta !.,  1994). Th is find ing  strong ly  suggests  tha t 
d iffe rences in the  geom etric  s tructure  of floes in estu- 
a rine  and coasta l w a te rs  can be d is tingu ished by 
app ly ing  fracta l theory  (M eakin , 1991).

T h e  structu res of real frac ta l floes a re  scale in va ri­
ant o r se lf-s im ila r in the s ta tis tica l sense. The  num ber 
o f pa rtic les  (N) in a fracta l floe is proportiona l w ith 
som e pow er to the cha rac te ris tic  length of the  floe  (!)

(M eakin , 1988). Th is re la tionsh ip  can be expressed 
as

N ~ l °  (eq. 1)

w here  D is th e  fracta l d im ension  o f the floe. For a 
E uc lidean ob ject such as a sphere , D=3. Floes a gg re ­
ga ted  by random  processes have fracta l d im ensions 
s ign ifican tly  less than the Euclidean 3. For instance, 
Li & G ancza rczyk  (1989) have de te rm ined  the e ffec­
tive  fracta l d im ens ion  fo r a va rie ty  o f aggregates gen ­
era ted  by w a s te w a te r trea tm ent using published data 
fo r the  dependence  of the se ttling  ve loc ity  on the 
ch a rac te ris tic  aggrega te  radius. V a lues o f D in the 
range of 1.4 to  2 .8  w ere  ob ta ined. For the  e ffec tive  
fracta l d im ens ion  o f floes in aqua tic  system s, Logan & 
W ilk inson  (1990) estim ated 1.26 fo r in  s itu  m arine  
snow , 1 .78  fo r es tuarine  floes and 1.94 to 2 .14 for 
ocean ic  b io log ica l aggregates, ind ica ting  th a t the 
orde r o f th e  fracta l d im ensions is: in  s itu  m arine snow  
<  es tua rine  floes <  ocean ic  aggregates.

B es ides  quan tify ing  the  com p lex structures of floes, 
fracta l th e o ry  dea ling  w ith floccu la tion  p rocesses can 
p o ten tia lly  iden tify  the  aggregation  m echanism  as 
w ell as th e  cohes ive  effic iency of the  partic les com -
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Fig. 1. Map of sampling positions. Three samples were 
taken from an anchor platform in the Elbe estuary and seven 
samples were taken from the North Sea.

posing th e  floes. In the  case of co llo ida l aggregation  
of inorgan ic  partic le  system s, tw o  distinct, lim iting  
types  have been cha racte rized  by the  fracta l d im en­
sion (Lin e t al., 1989). O ne typ e  of aggregation  is 
rapid and resu lts  in h igh ly te nuous  structures of 
aggregates. It is re fe rred  to  as  d iffus ion-lim ited  co llo i­
dal aggregation  (DLCA) because  of the neg lig ib le  
repu ls ive fo rce  betw een co llo ida l partic les. The fracta l 
d im ens ions fo r th is  type  of agg rega tes  are around 
1.8. A no the r type  of aggrega tion  is s low  because its 
rate depends on the  tim e  requ ired  fo r the co llo ida l 
partic les to overcom e a subs tan tia l repu ls ive barrier. 
Th is  aggrega tion  is c lass ified  as  reaction-lim ited  co l­
lo idal aggrega tion  (RLCA) and fo rm s aggregates w ith 
D va lues a round  2 .1 . For floes in aqua tic  system s, a 
fracta l c lass ifica tion  w ith  re spec t to  partic le  re la tive  
m otion resu lting  in aggrega tion  w as g iven by J iang  & 
Logan (1991 ). The  au thors ca lcu la ted  from  theore tica l 
s teady-s ta te  s ize  d is tribu tions th a t fracta l d im ensions 
of aggrega tes fo rm ed so le ly  by flu id  shear are h igher 
than 2.4, and tha t those  fo rm ed so le ly  by d ifferentia l 
se ttling are be tw een 1.6 and 2.3.

The resu lts  in troduced above, as well as m any 
com pu te r s im u la tions  (see rev iew  by M eakin, 1988) 
have dem onstra ted  tha t the  app lica tion  of fracta l th e ­
ory to floccu la tion  p rocesses p rov ides a un ique

approach  to cha rac te riz ing  the  com p lex s tructu res of 
floes in q u an tita tive  te rm s  and, m ore sign ificantly, is 
qu ite  p rom is ing  to unders tand  the aggregation  m ech­
an ism s by w h ich  the floes are fo rm ed. M ost floes in 
es tua rine  and coasta l w a te rs  are found to be frag ile  
and are  agg rega ted  by  random  processes (E ism a et 
a l. , 1991 a; E ism a & Li, 1993; Chen e t a i ,  1994). It is, 
the re fo re , m ost like ly th a t these floes are fracta l. T he ir 
agg rega tion  p rocesses m ay be ana logous to the  s im ­
ple lim iting -oase  m ode ls  such as D LC A and RLCA.

It shou ld  be em phasised  tha t an in s itu  techn ique  is 
necessa ry  to dea l w ith  the  fracta l d im ension  of floes 
in es tua rine  and coasta l w aters. B ecause of the  frag ­
ile na tu re  of the  floes, they  are easily broken up due 
to shear c rea ted  du ring  sam pling  and experim enta l 
m easurem ents . B es ides floe break-up, restructuring  
of floes m ay be caused  by inevitab le  d is tu rbances 
during  th e  sam p ling  and m easurem ents, w hich 
changes th e  fracta l d im ens ion  (M eakin, 1988). For 
exam p le , som e va lues o f fracta l d im ension  obta ined 
from  b iogen ic  agg rega tes  cu ltu red  in a labora tory 
reactor w e re  though t to  be too high because  o f agg re ­
ga te  res truc tu ring  during  experim ents w ith strong 
m ix ing  (Logan &  W ilk inson , 1990). It seem s tha t the 
fracta l d im ens ion  of floes is sens itive  to the  su rround­
ing hyd rodynam ic  cond itions w hen, as  well as after, 
the  floes a re  fo rm ed.

2. M ATER IAL AND  M ETH O D S

2.1. THEORETICAL CONSIDERATIONS

In  s itu  s ize  m easurem en ts  of floes by underw ater 
pho tog raphy a re  being done extens ive ly  at present. 
Im age ana lys is  o f photographs of floes can g ive quite 
accura te  d a ta  fo r the  area, perim ete r and grea test 
length o f p ro jection  of the  floes. Based on data 
ob ta ined  from  such in  s itu  m easurem ents , we 
assum e tha t the  scaling re la tionsh ips be tw een the 
pe rim e te r (P) o f the  im age o f a p ro jected  floe and its 
g rea tes t length (/), and betw een the  area (A ) o f the 
im age and I a re  g iven, respective ly , by

P ~ / D1 (eq. 2)

and

A  ~ 102 (eq. 3)

w here  D-j is de fined  as the  one-d im ensiona l fracta l 
d im ens ion  of th e  pro jection  o f the  floe and D2 as the 
tw o -d im ens iona l fracta l d im ens ion . T he  va lue  of D-, 
(or D2) can be ca lcu la ted  from  the  s lope  in a log-log 
p lo t o f A  (or P) versus I. F o r a perfect, in fin ite  fracta l, 
D2 is equal to  th e  th ree-d im ensiona l d im ension , D3, of 
the pa re n t fracta l, if D3 <  2; bu t it is reduced to d im en­
sion 2, if D3 > 2 (M eakin, 1988). This p roperty  p ro ­
v ides  a w ay to obta in  the d im ensions o f frac ta ls  w ith 
D3 <  2 from  the ir p ro jection d im ensions, and is 
app lied  here.
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TABLE 1
Sampling information and environmental factors of samples.

sample sampling
location

sampling
date

sampling
depth

water depth 
(m)

salinity
(Ho)

current velocity 
(m -s1)

concentration
(mg-dm'3)

organic content 
(%)

E1415 Elbe estuary 6-11-91 surface - 9.1 0.06 71 15.5
E1530 Elbe estuary 6-11-91 surface - 7.3 0.85 63.3 10.9
E1520 Elbe estuary 6-11-91 bottom - 7.4 0.70 156 13.5
JCH1 southern N.S. 6-23-93 5 m 29.5 35.15 - 9.6 21
92WT34 southern N.S. 1-27-92 surface 42.7 35.00 - 30 12.6
92WT34 southern N.S. 1-27-92 bottom 42.7 35.00 - 51.7 11.3
93SP18 central N.S. 3-26-93 surface 67.5 35.05 - 3.1 22.6
93SP18 central N.S. 3-26-93 bottom 67.5 35.05 - 2.6 15.7
93SP34 southern N.S. 4-1-93 surface 43.0 34.73 - 7 8.2
93SP34 southern N.S. 4-1-93 bottom 43.0 34.75 - 38.2 12.1

2.2. SAMPLING

T hree  sam ples w ere  taken from  the  E lbe estuary  in 
June  1991 and seven sam ples from  two reg ions in 
the  N orth  S ea during 1992-93. S am p ling  pos itions 
a re  show n in Fig. 1. P hotographs th a t g ive  the  p ro jec­
tion  of floes w ere taken w ith a  1:1 in  s itu  underw ate r 
cam era  deve loped  at N IO Z (E ism a e ta !.,  1990). D ur­
ing pho tograph ing , the floes w ere  no t d is tu rbed  so 
tha t th e ir geom etric  s tructures rem ained in the ir na tu ­
ral s ta te . A t least five  photographs w e re  taken fo r one 
sam ple  from  the  surface w a te r as w ell as from  the 
bottom  w ater: the tim e  interval be tw een two pho to ­
graphs w as around 12 sec and be tw een  tw o sam pling 
dep ths 3  to 4 min.

A long  w ith photograph ing , sa lin ity  and cu rren t 
ve loc ity  w ere  m easured in s itu  a t 5 m w a te r depth (for 
the  E lbe estuary on ly). W ater sam p les  w e re  co llected 
w ith  a N iskin bo ttle , around 10 min be fo re  or a fte r the 
pho tog raphs w ere  taken. F iltra tion of th e  w a te r sam ­
p les w ithou t net screen ing  w as ca rried  ou t on board, 
using p re -w e ighed  0 .4-|im  N uclepore  filte rs. In the 
laboratory, the  concentra tion o f suspended  m atter 
w as de te rm ined  by dry w e igh t (the sam p les  w ere  
dried  at 55°C fo r a  few  days). The  o rgan ic  con ten t 
w as estim ated by w e igh t using a com bustion  m ethod: 
the  sam p les w ere  ashed at 550°C  over 8 hours. 
T hese  environm enta l factors and o the r sam pling  
in fo rm ation  are show n in Table 1.

2.3. IMAGE ANALYSIS

T o  avo id  photograph varia tion , a t leas t fou r pho to ­
graphs o f each sam ple  w ere  ana lysed  using an 
im age-ana lys is  system . The system , deve loped  at 
N IO Z (E ism a e ta /., 1990), cons is ted  of a  m icroscope, 
v ideo cam era , m onitor, persona l co m pu te r and 
im age-ana lys is  so ftw are  (TIM , ve rs ion  3.36, D ifa 
M easu ring  S ystem s). The T IM  p rov ided  a  w indow  of 
512 by 512 p ixe ls  on the m onitor. O ne  pixel w as ca li­
bra ted to  be a 10.87 by 7.549 jim  rectang le  on the

base  o f a  m icroscop ic  lens and th e  1:1 cam era  pho to ­
graph. A  com p le te  photograph w as d iv ided in to  24 
sections and th e se  w e re  ana lysed one by one. Before  
the  ana lys is , the  section  to be analysed was am plified  
by the  m ic roscope  and transfe rred  to the  m on ito r by 
the  cam era . T he  p ic tu re  on the m on ito r w as then co n ­
verted  in to  256  g ray sca les and w as th resho lded  to a 
b inary im age (b lack and w hite) by the  TIM . A th resh ­
o ld ing  va lu e  w as chosen  to de fine  floe Im ages from  
the  o rig ina ls  w h ich  w e re  m eanw hile  seen on the  m on­
itor. B ecause  o f d iffe rences in con trast be tw een the 
floes in th e  pho tograph , it w as im possib le  to ob ta in  all 
floe im ages from  th e  p ic tu re  w ithou t exaggerating the 
size  of th o se  of high contrast. W e chose those  o f high 
con tras t fo r th e  th resho ld ing , and thus a num ber of 
floes o f low  con tras t w ere  lost. Besides, the  floe 
im ages ly ing on the  border betw een the  sections 
w ere recogn ized  and rem oved because they w e re  not 
com p le te . Both these  losses in obta in ing  floe im ages, 
how ever, w e re  equ iva len t to tak ing  a lower num ber of 
floes from  a sam ple , and w ill not have in fluenced the 
resu lts  as  long as th e  num ber o f floes analysed is for 
su ffic ien t s ta tis tica l purposes. An exam ple of the  
th resho ld ing  p rocedure  is shown in Fig. 2.

O nce  th e  th resho ld ing  va lue w as chosen, the  T IM  
coun ted  th e  num ber of p ixels in the  im age to obta in 
the  a rea . The  pe rim e te r and grea test length w ere  
com puted  by the T IM  from  the p ixe ls  a long the  con­
to u r of th e  im age, w h ile  the non-square  pixel effect 
w as ca lib ra ted . B ecause  the reso lu tion w as poo r in 
sm all floes, da ta  ob ta ined  from the  small ones {e.g. 
m ostly  <  100 jim  a rea-equ iva len t d iam eter) w ere  
inaccu ra te  in tha t the  grea test length w as shorte r than 
the  a rea -equ iva len t d iam eter. A ll these incorrect da ta  
w ere  exc luded  from  the  results. A s an exam ple, Fig. 3 
show s d a ta  ob ta ined  from  a m easurem ent of one 
com p le te  pho tog raph , ind icating a linear corre la tion  in 
log-log  p lo ts  of the  area versus  the  grea test length, 
and o f th e  pe rim e te r versus  the  greatest length, 
respective ly.
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Fig. 2. Part of photograph of floes (above) taken with the 1:1 
underwater camera; sketchy figure (below) illustrates floe 
images obtained from the photograph and the loss of a 
number of objects of low contrast after thresholding.

3. R ESULTS

3.1. THRESHOLDING EFFECT

The th resho ld ing  procedure  w as crucia l to  de fin e  floe 
im ages from  the  orig ina ls in pho tog raphs. A lthough  
the  co n tra s t betw een pho tographed  floes and the ir

backg round  was sha rp , there w ere d iffe rences in con­
tra s t be tw een the floes. Because of th is, it w as a lways 
a d ilem m a in th resho ld ing : obta in ing  reasonab ly  pre­
cise  im ages from the  floes of high con trast w ill resu lt 
in the  loss of those o f low  contrast, o r inc lus ion  o f as 
m any im ages as seen  in the  photograph w ill obvi­
ously  exaggera te  the  s ize  of those of high contrast. A 
te s t o f the  th resho ld ing  e ffect on D-j, D2, the  num ber 
of floes m easured and m ean size by num ber o f these 
floes w as carried ou t w ith  a photograph by se tting  a 
num ber o f th e  th resho ld ing  va lues be tw een 110 and 
190 w ith  s teps o f 20. For th is  pho tograph , a  th resh­
o ld ing  va lue  of 150 proved  reasonab le  [i.e . it p ro­
duced  re la tive ly  p rec ise  floe im ages w ithou t the 
exaggera tion  of those  of high con trast). The  results 
show  (Fig. 4) tha t both  D-j and D2 w e re  changed  with 
the  th resho ld ing  va lue  irregu larly  w ith  a standard  
devia tion  of 0.03, because  the  floe im ages defined 
changed  w ith the g iven  th resho ld ing  va lue . The 
num ber of the  floes decreased  as the  g iven th re sh o ld ­
ing va lue  increased, ind ica ting  the  loss of floe im ages

perim eter (pm)
10'

10'

10'

grea test length (pm)

D =1.66

greatest length (pm)

Fig. 3. (A) Linear correlation in log-log plots of perimeter ver­
sus greatest length for the determination of D-,. (B) Linear 
correlation of area versus greatest length for the determina­
tion of D2.
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of low  con tras t. The increased m ean size resu lted  
from  the  exaggera tion  of those  of high con trast, as 
the  g iven  th resho ld ing  va lue decreased.

3.2. LENGTH SCALE EFFECT

In p rinc ip le , th e  d im ension  of a fracta l floe is de te r­
m ined by the  con figu ra tion  of partic les  w ith in the  floe, 
and is inva rian t w ith  its size. S ince the  scaling p rope r­
ties  (Eqs 2 and 3) w ere  assum ed to determ ine frac ta l 
d im ens ions o f floes, it is necessary to verify the  sca l­
ing p rope rties  w ith  the  range of length scale. F u rther­
m ore, the  fac t th a t the  floes are com posed  of va rious 
kinds of pa rtic le  com ponents w ith  the ir own fin ite  
s izes (C hen e t al., 1994) a lso suggests tha t the va l­
ues d e te rm ined  in th is  w ay m ay be som ehow  re la ted 
to the range o f leng th  scale.

To exam ine  the  length-sca le  effect on frac ta l

d im ens ion , a num ber of d iffe ren t size ranges o f data 
w e re  used to ca lcu la te  th e ir  D-, and D2. Each of the 
s ize  ranges w as derived from  the sam e m easurem ent 
o f a  pho tograph , and w as se lected  from a g iven  m in i­
m um  floe a rea -equ iva len t d iam eter to the sa m e  m ax i­
m um . T he  resu lts, show n in Fig. 5, ind ica te  tha t D2 
decreased  as the  m in im um  floe size increased  {i.e. 
th e  s ize  range becam e short) and tha t D  ̂ had a  peak 
at th e  m in im um  floe size o f 406 pm. Both corre la tion  
coe ffic ien ts  decreased  as the m in im um  floe size 
increased , ind ica ting  th a t the  sca ling p roperties  
b eca m e  poor as the  s ize  range becam e short. The 
leng th -sca le  e ffect on D2 seem s to sugges t tha t D2 
d ecreases  as the  floe s ize  increases. If th is  is true , it 
m eans  th a t the  floes do no t exh ib it a s im p le  sca ling 
b e hav iou r and tha t our assum ption o f the  sca ling 
p ro p e rties  is fa r-fe tched . On the  o ther hand , the 
leng th -sca le  e ffect m ay a lso resu lt from  the  reso lu tion
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Fig. 4. (A) The change of D1 (squares) and D2 (circles) with 
the thresholding value. (B) Changes of the number of floes 
measured (N, circles) and their mean size (squares) with the 
thresholding value, indicating the loss in floe images of low 
contrast at high thresholding values, and the size exaggera­
tion of those of high contrast at low thresholding values.

Fig. 5. (top) The decline of D2 (circles) and of the correlation 
coefficient (triangles) with increasing minimum floe size, 
(bottom) The change of D ï (circles) and of the correlation 
coefficient (triangles) with increasing minimum floe size.
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TABLE 2
Analytical variations in triple measurements of five photographs of one sample (± standard deviation).

photograph no. 1 2 3 4 5
number of floes 115±21 42±1 105±5 61 ±2 47±8
mean size (pm) 150+11 146±3 141 ±3 153±2 149±5
maximum size (pm) 1530±4 569±5 536±13 554±5 619±8
minimum size (pm) 88±5 108±4 96±4 108±4 111 ±9
size range (pm) 1441±8 460±8 440±17 445±1 508±4
fractal dimension D2 1.65±0.05 1.71 ±0.08 1.68±0.05 1.65±0.03 1.67±0.06
correlation coefficient 0.91 ±0.01 0.91 ±0.01 0.82±0.03 0.77±0.01 0.86±0.02
fractal dimension D1 1.03±0.02 1,00±0.02 1,03±0.02 1.03±0.02 1.05±0.02
correlation coefficient 0.96±0.00 0.94±0.01 0.92±0.01 0.92±0.01 0.94±0.02

in defin ing  floe im ages because it decreases w ith  the 
floe size.

3.3. VARIATION IN MEASUREMENTS

Every im age ana lys is  o f the  sam e one photograph 
m ay resu lt in a s ligh tly  d iffe ren t se t of data . A lready a 
little  change  in the  illum ination cond itions by va ria ­
tions  in the  e lectric ity  leads to a re -de fin ition  o f the 
sam e im ages. T he  position of the  boundaries 
betw een the sections is de term ined by the in itia l posi­
tion of the  photograph (i.e . negative) under the  m icro­
scope. Because th is  canno t be done exactly  the 
sam e w ay in each tim e , som e of the  floe im ages may 
touch the  border at one tim e of ana lys is  and m ay not 
at another. Th is  va ria tion  w as exam ined w ith  five  pho­
tog raphs of a sam p le  by trip le  m easurem ents, and 
the results are g iven as standard dev ia tions in Tab le  
2. The results ind ica te  tha t the varia tion  d iffered 
am ong the  pho tographs. The standard  devia tion  fo r 
D-j w as around 0.02, and for D2 w as betw een 0.03 
and 0.08.

3.4. FRACTAL DIMENSIONS

T h e  g rea tes t length o f the  floes ana lysed genera lly 
ranged from  91 to 2491 pm, w ith ind iv idual sam ples 
spann ing  one and tw o orders of m agn itude. T he  floes 
had frac ta l sca ling  p roperties in one and two d im en­
s ions  w ith  corre la tion  coeffic ien ts above  0.81 (Table 
3), and th e  frac ta l d im ensions w ere  characte rized  in 
th is  w a y  to  be betw een 1.01 and 1.14 fo r D-, and 
be tw een 1.41 and 1.81 fo r D2. T he  de ta ils  are shown 
in T a b le  3, w h ich  g ives da ta  of the  num ber of m eas­
u red floes, m ean floe s ize, size range o f m easured 
floes, fracta l d im ensions and corre la tion  coeffic ients 
of all sam p les . These va lues are averages based on 
da ta  ob ta ined  from  each photograph of one sam ple, 
and s tanda rd  devia tions representing  the  variation 
am ong  the  photographs. In th ree  of the  sam p les only 
a few  floes w ere  p resen t in the photographs, so tha t 
the  va lues  w ere  ca lcu la ted  from  da ta  ga thered from 
all pho tog raphs of one sam ple  instead o f from  each of 
the  pho tog raphs separate ly . In th is  case, a standard 
dev ia tion  for the  varia tion  is not g iven.

TABLE 3
Fractal dimensions for in situ floes in the Elbe estuary and the North Sea and standard deviations for the photograph vari­
ation.

sample sampling
depth

number of 
floes

mean size 
(\im)

size range 
(\xm)

dimension
D 1

correi.
t2

dimension
d 2

correi.
r2

E1415 surface 472±105 168±5 1157±347 1.09±0.01 0.95 1,68±0.03 0.87
E1530 surface 485±20 130±2 571±50 1.03±0.02 0.90 1.41 ±0.05 0.81
E1520 bottom 429±22 257±4 2313±268 1.14±0.01 0.97 1.70±0.03 0.95
JCH1 5 m 74 ±34 148±5 659±438 1.03±0.02 0.94 1.67±0.03 0.85
92WT34 surface 62±13 125±3 744±120 1.04±0.07 0.95 1.61 ±0.09 0.87
92WT34 bottom 170±26 208±4 1040±102 1,07±0.00 0.96 1,66±0.04 0.88
93SP18* surface 13 176 302 1.05 0.96 1.81 0.82
93SP18* bottom 92 163 604 1.01 0.92 1.76 0.84
93SP34* surface 44 142 347 1.06 0.96 1.81 0.91
93SP34 bottom 406±74 153±2 741±147 1.05±0.01 0.94 1.60±0.05 0.87

* calculated based on data obtained from all the analysed photographs.
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Fig. 6. Comparisons of (top figure) and D2 (bottom figure) 
between the surface (shaded) and bottom (white) samples.

T h e  fracta l d im ensions m ay be re la ted  to env iron ­
m enta l factors. Sam pling dep th  m ay be such a  fac ­
tor, because  o f the  type o f pa rtic le  aggregation  
p rocesses  (Jiang & Logan, 1991), i.e. the  poss ib ility  
to  fo rm  floes by the  aggregation  of flu id  shear o r d if­
fe ren tia l settling, is affected by  w a te r depth . Four 
pa irs  o f sam ples w ere  used to  com pa re  the ir D-j and 
D2 va lu e s  betw een the su rface  and bottom  w ate rs  
(sam p les  E1520 and E1530 w e re  ta ke n  at 15:20 and 
15:30 h, respective ly). The  resu lts , show n in Fig. 6, 
ind ica te  no re la tionsh ip  of D-, o r D2 w ith  sam pling  
dep th .

T h e  sa lin ity  of w a te r m ay a lso be  a fa c to r de te rm in ­
ing frac ta l d im ension . Th is can be th e  case fo r salt 
flo ccu la tion  of co llo idal partic les, in w h ich  the  salt 
d e te rm ines  the  type  of agg rega tion  {e.g. D LC A and 
R LC A) and hence the  fracta l d im ens ion  o f floes (Lin 
e t al., 1989). Fig. 7  show s th a t th e  va ria tions  o f D-, 
and D2 w ith salin ity w ere irregu lar. A lthough  sa lin ities  
w e re  ve ry  d iffe ren t betw een th e  E lbe  w a te r (low) and 
th e  N orth  S ea w a te r (high), a  re la tionsh ip  of fracta l 
d im ens ions  w ith sa lin ity  cou ld  no t b e  observed .

S am p les  E1415 and E1530 w e re  taken  from  the

90p
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surface w a te r a t 14 :15 and 15:30 h, a fte r high w ater 
s lack tide. D uring the  period be tw een the two sam ­
plings, cu rren t ve loc itie s  increased from  0.06 to 0.85 
m -s '1 and the  w a te r becam e very tu rbu len t. D 1 and 
D2 w ere h igher at low  cu rren t ve loc ities  than at high 
cu rren t ve loc ities  (Table 3); the  m ean floe s ize  indi­
cates tha t floes g e n e ra lly  becam e sm aller, because of 
b reak-up of la rge  floes  a t increasing  cu rren t ve loc ities 
(Chen e t al., 1994).

A  re la tionsh ip  o f D-| w ith  th e  concen tra tion  o f sus­
pended m atte r w as fa irly  obvious: the  fracta l d im en­
sion increased w ith  the  concen tra tion  (Fig. 8). A 
re la tionsh ip  of D2 w ith  the  concen tra tion , however, 
w as not so good bu t the re  appeared  to  be a s lightly  
decrease of D2 as th e  concen tra tion  increased (Fig. 
8). If the  th ree  sam p les  from  th e  E lbe estuary w ere 
considered separa te ly , D2 increased w ith  the  concen­
tration, w hich is oppos ite  to the  genera l re la tionsh ip .

D-, and D2 d id  no t show  a  re la tion w ith  the  organic 
con ten t o f the  suspended  m atte r (F ig. 9), and the  cor­
relation coe ffic ien ts  w e re  ra ther low  (< 0.1), w hereas 
the slopes of the  regress ion  lines w ere  flat. The  three
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Fig. 7. Variations of D-, (top figure) and D2 (bottom figure) 
with salinity. Low salinities from the Elbe water (7.3 to 9.1 
%o) and high salinities from North Sea water (around 35 %o).
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Fig. 8. Relationships between the fractal dimensions D-, 
(top) and D2 (bottom) and the concentration of suspended 
matter (in mg-dm'1). Samples from the Elbe estuary 
(squares) and from the North Sea (circles).

sam p les  from  th e  E lbe estuary, how ever, show ed an 
increase o f both fracta l d im ens ions w ith the  organ ic  
content.

4. D ISC U SSIO N

4.1 ABO UT D2 AND D3

In th is  paper, th e  firs t m easurem ents are g iven o f D-] 
and D2 of floes in estuarine  and coasta l env iron ­
m ents, by use  of an in  s itu  techn ique  of underw ate r 
pho tography. F racta l d im ens ions o f floes in aquatic  
system s have  been obta ined by Li &  G anczarczyk
(1989) and Logan & W ilk inson (1990) using da ta  of 
the ch a rac te ris tic  length and se ttling  ve loc ity  (or 
porosity). V a lues  ob ta ined  here fo r D2 are the  d im e n ­
s ions o f p ro jec tions  o f in  s itu  floes, o r a  tw o -d im en ­
sional frac ta l d im ens ion ; there fo re , they  a re  not equal 
to  the th ree -d im ens iona l fractal d im ension , D3, o f the 
floes, if D3 > 2, w h ich  is the  lim it o f the  m ethod applied 
here. For floes w ith  D3 <  2, how ever, these  tw o- 
d im ensiona l va lues  can be taken to  represent D3,

because  fo r theo re tica l reasons they are equal 
(M eak in , 1988).

To take  the tw o -d im ens iona l va lue  as D3, w e m ust 
firs t assum e  tha t flo e s  in our sam p les had D3 va lues <
2. A lthough  the  theo re tica l ca lcu la tions  by J iang & 
Logan (1991) in d ica te  som e fracta l d im ensions >  2 
fo r floes in a q u a tic  system s, Logan & W ilk inson
(1990), using expe rim en ta l data , g ive va lues <  2 for 
D3 o f va rious  k inds o f floes in aquatic  system s, except 
fo r one  ocean ic  sa m p le  w ith a D3 of 2.14. Th is excep ­
tion m ay be an ove res tim a te  because the  data 
ob ta ined  w ere  not based  on in s itu  m easurem ents. A 
fracta l d im ens ion  ob ta ined  from  labora to ry  experi­
m enta l da ta  m ay be h igher than th a t from  in  s itu  data, 
b ecause  floe restructu ring  may happen during the 
expe rim en ts , w h ich  increases the  fracta l d im ension  
(L indsay e t a i ,  1987; M eakin, 1988; Logan & W ilk in ­
son, 1990). For exam ple , am ong all the  va lues fo r D3 
g iven  by Logan & W ilk inson (1990), the  low est one 
w as ob ta ined  from  in  s itu  data . It is, there fo re , rea­
sonab le  to assum e th a t the  floes in our sam p les had 
D3 va lues  <  2.

A lthough  a D3 o f floes can be obta ined  from  the ir 
p ro jection  (if the ir frac ta l d im ension  is <  2), the  fin ite  
s ize  o f the  floes causes  a reduction  in the  d im ension  
of th e ir p ro jection  (N elson e t a i ,  1990). There fo re , the 
va lu e s  ob ta ined  in th is  w ay fo r D3 are an apparen t 
fracta l d im ension  In w h ich  the true  D3 is underesti­
m ated. In an exam p le  g iven by N elson e t al. (1990), 
th e  d iffe rence  betw een the  apparen t (1.83) and true 
(1.90) d im ensions is not large. It is assum ed tha t for 
our sam p les  the d iffe rence  is of the  sam e order.

4.2. EFFECTS ON FRACTAL DIMENSION

P revious stud ies, inc lud ing com pu te r s im u la tions and 
labo ra to ry  expe rim en ts  of various co llo ids, have dem ­
onstra ted  tha t the  fracta l d im ens ion  o f floes depends 
on th e  type  of aggregation  k inetics, no m atte r w hat 
k ind o f partic le  com ponen t th e  floes cons is t of 
(M eak in , 1988; Lin e t a i ,  1989). A lthough the  know l­
edge  on aggregation  k ine tics  o f the  form ation  o f floes 
in aqua tic  system s is still lacking, it has been sug­
gested  th a t fracta l d im ens ions of the  floes vary 
am ong  d iffe ren t env ironm ents  (i.e. re flected by d iffe r­
en t typ e s  o f floes, Logan & W ilk inson , 1990) and vary 
w ith  th e  type  of aggregation  in re lation to re la tive  par­
tic le  m o tion  (Jiang & Logan, 1991).

W ith  respect to re la tive m otion of partic les in estua- 
rine  and coasta l w aters, tw o types  o f aggregation  
p rocesses  dom inate  in the  form ation  of floes stud ied 
here: d iffe ren tia l se ttling and flu id  shear. A ccord ing  to 
th e  agg rega tion  orders of floes g iven by Krone 
(1986), B row nian m otion is probab ly on ly im portan t 
fo r the  fo rm ation  of the  firs t-o rde r floes during  the  ini­
tia l s ta g e  o f aggregation. O nce  th e  floes grow  above 
a  few  pm  in size, Brow nian m otion w ill no longer in flu­
ence  th e  aggregation process. In the  E lbe estuary 
and th e  North Sea, m ore than 90%  of vo lum e con-
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cen tra tion  of suspended m atter is com posed  of parti- 
c les /flocs  larger than  4 p.m, as de term ined by C ou lte r 
coun te r (Chen e ta !., 1994; unpublished data from  the 
N orth  Sea). It has been hypothesized tha t these  parti- 
c les /flocs  a re  the  basic units com posing  the  la rger 
floes s tud ied  here. A lthough partic les /flocs sm a lle r 
than 4  jim , as m easured by a C oulter counter, m ake 
up a very high proportion  (> 95%  by num ber) in sus ­
pended m atter in our s tudy  areas, B row nian m otion 
can the re fo re  be regarded as ins ign ifican t fo r the  fo r­
m ation of large floes s tud ied  here.

T h e  type  of aggregation  process in estuarine  and 
coasta l w a te rs  is s trong ly  a ffected by environm enta l 
fac to rs , such as w a te r depth and tida l curren t. The 
aggregation  through d iffe ren tia l se ttling is cons idered  
to be  dom inan t during  s lack tide  (E ism a & Li, 1993; 
C hen e ta ! . ,  1994; Ten Brinke, 1994), w he reas  flu id  
shea r is s ign ifican t du ring  high cu rren t ve loc ities 
(S ch röder & S iedler, 1989) and dec lines strong ly  w ith 
the  he igh t above sed im en t bed (N akagaw a &  Nezu, 
1975). There fo re , a  re la tive  strength  of the  shea r at 
our sam p les can be assum ed by com paring  w a te r 
depth and cu rren t ve loc ity  data, a lthough m easure ­
m ents of flu id  shear w ere  not carried ou t in th is  study. 
A com parison of fo u r pa irs  of sam p les co llected  in 
su rface  and bottom  w a te rs  ind ica tes tha t the  fracta l 
d im ens ions have no re la tionsh ip  w ith  the  w a te r 
dep ths (Fig. 6). C om parison  of sam p les E1520 and 
E1530, and E1415 and E1520, respective ly, from  the  
E lbe estuary does not suggest a re la tionsh ip  o f the  
fracta l d im ension w ith shea r (Tables 1 and 3). Thus 
the  fracta l d im ension  is not re lated to the  type  of 
aggregation  process in re lation to partic le  re la tive 
m otion , a lthough th is  w as s ta ted in a  theore tica l s tudy 
by J iang  & Logan (1991).

S a lin ity  p robably has little  e ffect on the  fracta l 
d im ens ions of floes in es tua rine  and coasta l w a ters. 
As an exam ple  o f sa lt floccu la tion  of co llo ida l silica 
g iven by Lin et al. (1989), D LC A and R LC A w e re  ca r­
ried ou t w ith NaCI concen tra tions  of 1.7 and 0.6  M, 
respective ly. In these  cases, the  sa lt concentra tion  
w as a crucia l fac to r con tro lling  the  aggrega tion  rate 
and hence de te rm in ing  the  fracta l d im ens ion  o f the 
floes. For the  floes s tud ied  here, how ever, sa lin ity  is 
un like ly  to  play an im portan t ro le  in con tro lling  the 
aggregation  rate: the  e lectrica lly  repu ls ive  barrie r 
be tw een partic les w h ile  th e y  approach  each o the r is 
p robab ly  not s ign ifican tly  decreased  w ith in  the  sa lin ity  
range of our sam p les (S =7 to 35). H unter (1983) 
m easured e lec tropho re tic  m obilities o f suspended  
partic les  in the Taieri estuary, N ew  Zea land: th e  va l­
ues decrease  s teep ly  as  sa lin ity  increases up to S=5, 
but hard ly  change  as sa lin ity  fu rthe r increases. A s im ­
ila r resu lt from  suspended  partic les (>  1 (xm in size) 
has a lso been found  in the C hang jiang  estuary 
(unpub lished data). N e ithe r has a c lea r ind ica tion  of 
sa lt floccu la tion  been found  in five  w este rn  European 
estuaries (E ism a e t a!., 1991a). S a lt floccu la tion  may 
take  p lace at the co n ta c t be tw een fresh  and seaw ate r
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Fig. 9. Relationships between the fractal dimensions D-, 
(top) and D2 (bottom) and the organic content of suspended 
matter (in %). Samples from the Elbe estuary (squares) and 
from the North Sea (circles).

(G ibbs e t al., 1989), but th is  m ay not be the  case in 
the  low  reaches of estuaries and in coasta l w a ters. 
F loccu la tion  in ou r study areas is m ore  likely to hap­
pen b ecause  o f th e  presence o f long-cha ined organ ic  
com p o u n d s  as coatings on the  suspended  partic les  
com pos ing  th e  floes (Gregory, 1987; E ism a e t al., 
1991b). Salin ity, therefore, is not a fac to r affecting the 
frac ta l d im ens ions  o f the floes s tud ied  here. In fact, 
o u r resu lts  do  no t indicate a re la tionsh ip  of the  fracta l 
d im ens ion  w ith  sa lin ity  (Fig. 7).

T h e  resu lts  show  that the fracta l d im ensions vary 
w ith  th e  concen tra tion  of suspended  m atte r and w ith 
its o rgan ic  con ten t, a lthough the  re la tionsh ips a re  
ra the r p o o r (excep t one betw een D 1 and the concen ­
tra tion ). T h e  reason  for the organ ic  con ten t a ffecting  
th e  frac ta l d im ens ions  is poss ib ly  tha t the cohes ive ­
ness  o f pa rtic les  com posing the  floes is a fac to r 
a ffec ting  the  aggregation  ra te  and hence the s tructure  
of floes. B u t th is  is uncertain in th is  study, s ince the 
co h e s iven e ss  of partic les has not been determ ined. 
T h e  re la tionsh ip  o f D-j with the  concen tra tion  is re la ­
tive ly  conv inc ing  and indicates th a t the  edge of p ro­
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jection  of the floes is rougher a t high than at low  
concen tra tions. The floes w ith a rough edge are p rob ­
ably those  in a c lus te r-c lus te r fo rm  and these  occur 
m ore a t high than at low concen tra tions . A lthough th is 
form  o f floe can easily b reak up in s trong ly  tu rbu len t 
water, the  form ation rate o f such floes is p robab ly  
g reatly  increased by the  concen tra tion . The concen ­
tra tion, then, becom es a m ore dom inan t fac to r than 
flu id  m otion.

5. C O N C LU S IO N S

-1. T he  one - and tw o-d im ensiona l frac ta l d im ens ions 
o f in  s itu  floes in estuarine  and coasta l w a te rs  have 
been estim ated by using im age  ana lys is  of pho to ­
graphs. T he  values for D2 can rep resen t the  th ree - 
d im ensiona l fractal d im ens ion  of the  floes, if D3 <  2. 
V a lues ob ta ined in th is w ay fo r D3, how ever, rep re ­
sent appa ren t d im ensions w h ich  are  s ligh t underes ti­
m ates of the true d im ensions.
-2. F loes in the Elbe estuary  and th e  N orth  S ea have 
D-, va lues in the range of 1.03 to 1.14 and D2 va lues 
in the  range of 1.41 to 1.81. In genera l, the  estuarine  
floes are  m ore fractal than th e  coasta l ones.
-3. T he  resu lts  suggest th a t the  fracta l d im ensions 
vary am ong the sam ples. No re la tion w as found 
betw een fracta l d im ension  and flu id  shear. A lso  a 
sa lin ity  e ffect on the fracta l d im ension  could not be 
dem onstra ted . The re lation of D  ̂ w ith  the  partic le  
concen tra tion  w as fa irly  conv inc ing  and suggests tha t 
the floes had a rougher edge of p ro jection  at high 
than a t low  concentra tions. Th is is poss ib ly  because  a 
c lus te r-c lus te r form of floes occurs  m ore at h igher 
concen tra tions.
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