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A b s t r a c t

The colour o f the ocean, photosynthetically active radiation (PA R ) and some opti­
cal properties o f the surface waters o f the north-western Tropical Atlantic were 
measured during the cruise o f r /v  ‘ Akademik Vernadski’ in June and July 1987. 
The superposition o f the downwelling irradiance attenuation coefficients in the blue 
(425 nm), green (535 nm) and PAR (400-700 nm) spectral bands in the spatial 
distribution o f optical water types in the region are presented (Fig. 5). Except for 
the area directly influenced by the Amazon river, the waters in the region were 
found to be extremely clear, i.e. belonging mainly to classes I to IB in Jerlov’s 
classification.

The colour indices obtained from measurements o f sea surface spectral reflec­
tance were compared with the chlorophyll a concentration in the optical penetration 
depth layer. The low chlorophyll concentration and its small variability were proba­
bly the reason why these dependences were weak in comparison to those previously 
reported for Class 1 waters.

If the cloudiness does not exceed 7, the maximum possible daily PA R  ranges 
from 1200 to 1800 /iEm - ^ “ 1 just under the sea surface, from 500 to 800 pE m - 2s_1 
at a depth o f 10 m, and from 250 to 400 /jE m - 2s-1  at 25 m (Fig. 8).

1. Introduction

T h e international undersatellite experim ent ‘ A tlan tic 87 ’ took  place b e ­
tween 18 M ay and 12 A ugust 1987 w ith the participation  o f  the Ukrainian
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research vessel ‘ A kadem ik V ern adsk i’ and the Russian orb ita l shuttle 
‘ Salut 7

T h e aim o f  the experim ent was to study som e physical param eters o f  sea 
w ater using op tica l m ethods within the water and ju st over the sea surface 
in the area where clear A tlan tic and A m azon  waters m ix.

T he results were intended to  be a basis for interpreting satellite-sensed 
m aterial as a source o f  inform ation  abou t ch lorophyll concentration  in o ce ­
anic surface w aters. U nfortunately, the w idespread cloudiness occurring 
during the w hole experim ent m ade it im possible to  receive even one g o o d  
satellite im age o f  the ocean  surface.

T h e  m easurem ents were carried out within an area betw een longitudes 
34° and 5 5 °W , and latitudes 12°N and 0.5°S from  4 June 1978 to  21 July 
1987. T h e positions o f  the m easuring stations are shown in Figure 1.

T h e nature o f  the m easured param eters required the investigations to  be 
carried out only during the daytim e, i.e. under appropriate light conditions. 
T h e Polish  team  m ade m easurem ents at 120 o f  the 262 m easuring stations.

T h e follow ing param eters were m easured at every station : the sea surface 
a lbedo in 16 spectral bands, the absolute downw elling irradiance in the 
photosynthetica lly  active part o f  the solar spectrum  (P A R ), and the relative 
downwelling irradiance in the 425 and 535 nm  spectral bands1. T h e  last tw o 
param eters were m easured dow n to  a depth o f  30 m  (th e  technically feasible 
depth ).

2. Oceanographical characteristics of the investigated area

T h e area o f  investigation  as defined by Terziev et al. (1986 ) lies within 
the E nergy-active Zone o f  the Tropica l A tlan tic (E Z T A ). T h e m ain clim a- 
tologica l features giving rise to  physical processes in this part o f  the ocean 
are the trade winds and the positive radiation budget. B oth  strongly influ­
ence the therm odynam ics o f  the surface water layer. T h e m ean annual wind 
speed ranges from  6 to  10 m - s - 1 , the prevailing directions being N E and E. 
In June and July the winds are slightly weaker (75%  from  3 to  5 m - s - 1 ). 
It is a region o f  high precip itation  ( <  3000 m m  annually), high hum idity 
( >  80% ) and considerable cloudiness. T h e cloud cover is 70 -10 0%  for 50%  
o f  the year.

T he therm odynam ic fields in the upper ocean layer are quasi-stationary. 
T he water tem perature ranges betw een 25° and 28°C , the salinity betw een 
35.5 and 36.2 psu. T h e greater ranges and gradients occu r on ly within 
a belt along the South A m erican coast and are directly connected  w ith the

1 All the optical values used in the paper are in accordance with the ones used by Dera 
(1992).



inflow  o f  A m azon  w ater. T h e  influence o f  the A m azon  R iver is particularly 
evident w ithin the shelf area and surface layer dow n to  1 5 -20  m  (Terziev 
e t al., 1986). O utside the shelf area but inside the E Z T A  region there is 
rather weak con vection al m ixing. W ind-generated  m ixing reaches depths o f  
6 0 -70  m  and the therm ocline occurs at depths o f  100 to  140 m .

T h e  South E quatorial C urrent, the E quatorial C ountercurrent, and the 
N orth  Brazil and G uyana Currents are the m ain com pon en ts o f  the surface 
circulation  in the region. T h e last o f  these has a particu larly strong influence 
on  the m ixing o f  A m azon  and ocean ic w aters, carrying the form er n orth ­
w ards up to  1000 km  from  the river m outh  (B ow den , 1983; C adee, 1975). 
O f great im portan ce to  heat transport within the investigated  area is the 
quasi-stationary anticyclone, centred at latitude 5°N  and longitude 4 2 ° -  
4 4 °W . T h e  heat transport is the result o f  sm all, hot anticyclones escaping 
from  this m ain vortex  and m igrating further northw ards w ith the G uyana 
Current (T erziev  et al., 1986).

Fig. 2. Statistics2 o f chlorophyll a concentration in the surface waters o f the north­
western Tropical Atlantic in June and July 1987

2 John Tukey’s (1981) 1 Box-and-W hisker ’ P lot. The central boxes cover the middle 
50% o f the data values, between the lower and upper quartiles. T he ‘ whiskers ’ extend 
out to the extremes, while the central line is at the medium. T he whiskers extend only 
to those points that are within 1.5 times the interquartile range. The outlier values are 
plotted as separate points.
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Prim ary p rodu ction  in E Z T A  waters is said to  be am ong the low est in 
the W orld  Ocean. A ccord in g  to  R aym on t (1983 ), the daily prim ary p rod u c­
tion here ranges from  ca  100 to  150 m g C  -m - 2 . C adée (1975) shows that 
it can be even low er than 100 m g C -r n “ 2. On the other hand, K oblentz- 
M ishke (O cea n ob io log ia ..., 1988) points out the possible occurrence o f  loca l 
patches connected  with cooler cyclon ic eddies where the daily prim ary p ro ­
duction  exceeds 250 m g C - m - 2 . T h e distribution o f  ch lorophyll concentra ­
tion obtained  from  satellite data  (C Z C S  radiom eter) shows that it does not 
exceed 0.15 m g -m -2  in the study area. A t som e places it decreases below  
0.05 m g -m - 2 , i.e. to  the value characteristic o f  the Sargasso Sea, which is 
know n as ‘ the sea desert ’ (O cean  C olor (19 89 )). Figure 2 shows the m ain 
statistical characteristics o f  ch lorophyll concentration  in the ocean  at depths 
o f  0, 20 and 50 m obtained  during the expedition . Clearly, these are rather 
larger than those cited  above.

3. Measurements of the sea surface albedo

Sim ultaneous m easurem ents o f  the downwelling irradiance Ed and 
upw elling radiance L u in IG spectral bands betw een 436 and 1000 nm  were 
carried ou t. C onsecutive spectral intervals were cut o ff  by  interference fil­
ters w ith a half-w idth  o f  ca  10 nm . T h e device was suspended abou t 5 m 
over the sea surface on the sunny side o f  the ship. E very m easurem ent con ­
sisted o f  10 to  25 single sensings. A fter filtering the values exceeding ± 0 .5  
o f  the standard deviation (to  elim inate sun g litter), the results were used to 
calculate the sea surface albedo.

T h e  spectroa lbedom eter, which enabled absolute values o f  Ed and L u 
to be obtain ed , was calibrated in a few steps. T h e calibration  data  from  
the ‘ B lack Sea 8 5 ’ experim ent,3 obtained  in the laboratory , and the d o ­
wnwelling irradiance m easured under ideal atm ospheric conditions at som e 
m easuring stations during the expedition  were used. T h e  dow nw elling ir­
radiance m easured under a clear sky were com pared  w ith those calculated 
using Bird and R iordan ’s (1986 ) spectral m odel for irradiance at the E arth ’s 
surface for a cloudless atm osphere -  S P E C T R A L  2.

Table 1 shows som e m easurem ents m ade at one o f  the m easuring sta ­
tions, after filtering and calibration.

T h e sea surface reflectance (p s ) was calculated from  

rcLu(\ )

p* = ^ w ·  (1)

3During the expedition on the Black Sea, the spectroalbedom eter was calibrated aga­
inst the German MI\S spectrom eter described by Sumnich (1987).
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Fig. 3. Examples o f sea surface reflectance spectra p, (eq. 1) for different envi­
ronmental conditions (St. N. -  station number, W . T . -  Jerlov’s water type) 

cloudiness solar zenith distance
a <2 d 2-7 a <40° d <80
b <2 e <7 b >80° · e <40
c 2-7 f >7 c <40° f >80
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T a b le  1. Examples o f optical measurements over the sea surface at station 
No. 6099; Date: 18 June 1987; Time: 11:45 GM T; Latitude: 11°00’N; Longitude: 
38°30’W ; Solar Zenith Distance: 40°00’ ; Sea state (Beaufort scale): 4; Cloudiness 
(tenths): 0.7;
Colour Indices: J(436, 546): 1.665; J(436, 554): 2.026; J(480, 546): 1.464; J(480, 
554): 1.782

No. A Lu E d Ps
[nm] [pW cm ~'inm-1 sr~I] [/iW cm ~2nm-1 ]

1 436 0.4322 34.7499 0.03907
2 480 0.4497 41.1159 0.03436
3 500 0.4298 38.8495 0.03475
4 510 0.3450 41.6451 0.02603
5 546 0.3008 40.2619 0.02347
6 554 0.2483 40.4463 0.01928
7 578 0.1902 29.9187 0.01997
8 589 0.1849 28.6003 0.02031
9 625 0.1667 26.6074 0.01968

10 656 0.1710 29.8489 0.01800
11 671 0.1544 28.2741 0.01715
12 700 0.1604 29.5618 0.01704
13 750 0.0802 19.9892 0.01261
14 800 0.0591 18.9163 0.00982
15 900 0.0221 9.9946 0.00696
16 1000 0.0219 12.9251 0.00533

E xam ples o f  spectra  o f  these reflectances under different environm ental con ­
ditions are show n in Figure 3.

T able  1 additionally gives the colour indices J (436, 546 ), J (436 , 554), 
J (480, 546) and J (480, 554) calculated from  the form ula

J ( A i ,  A 2 )  =  ^ 4 t 4 · ( 2 )
Ps(  A 2 )

Because o f  the rather com plicated  and not very precise calibration  p ro ­
cedure, the error inherent in the determ ination o f  L u and E j  was estim ated 
at abou t 15% ; in the case o f  very low  values, this cou ld  be even greater. 
M oreover, the lim ited capabilities o f  the m easuring device m ade a reliable 
calculation  o f  L u ju st under the sea surface im possible. This is p robab ly  one 
m ore source o f  error in determ ining the colour index dependence on ch loro­
phyll concentration  in sea w ater. T h e prelim inary m easurem ents, exam ples 
o f  which are show n in Table 1, were used for further analysis. Its aim 
was to  find the dependence o f  the appropriate colour indices on ch lorophyll 
concentration  in the surface layer o f  the ocean , as well as on other optica l 
param eters determ ined within this layer. T he sea state, cloudiness, tim e o f  
m easurem ent etc. were also included in this analysis.



4. Underwater measurements

irrad iance I re l. uni

Fig. 4. Depth profiles o f downwelling irradiance in the blue (425 nm), green 
(535 nm) and PAR spectral bands at station No. 6017

4A bout 90% o f the diffusely reflected radiance leaving the sea surface originates within 
the layer o f  the first optical attenuation length (G ordon, M cCluney, 1975).

It is accepted  (G ord on , M cC luney, 1975) that the thickness o f  the water 
layer from  where the op tica l signal sensed at the satellite level originates is 
approxim ately  the inverse o f  the dow nw elling irradiance attenuation  coe f­
ficient Kd- K now n as the penetration  depth , it is denoted  b y  z90·4 This 
is w hy the downw elling irradiance within the surface layer was m easured at 
the sam e tim e as its spectral op tica l characteristics.

T w o  m easuring devices were used -  an irradiance m eter enabling the 
relative dow nwelling irradiance in tw o spectral bands o f  425 and 535 nm  to 
be m easured, and a quanta m eter for m easuring P A R . T h e  m easurem ents 
were m ade in approxim ately  stable light conditions at 5 m  depth intervals. 
T h e dow nw elling irradiance attenuation  coefficient was calcu lated  from

K  ____ 1 ln-ErfQgx)
d A z l n £ d(z 2) ’

where
z\ and Z2 ~ denote tw o different depths, obtained  from  the definition o f  this 

coefficient, i.e.

_  1 dEd
E d dz  ‘ (4 )



T h e  m ean coefficients o f  K& w ithin the 0 -1 0  and 10 -30  m  layers were 
ca lculated  using the least square m eth od . These layers were adopted  after 
analysis o f  the results, w hich were relatively uniform  there. T h e m axim um  
depth  o f  m easurem ents was lim ited by  the length o f  the m easuring cable.

Figure 4 shows exam ples o f  the vertical distribution  o f  the dow nwelling 
irradiance in the 425, 535 nm  and P A R  spectral bands m easured at station  
N o. 6017. T h e  P A R  values obtained  were used to  calculate the depth  o f  the 
euphotic zone. This param eter to o  is within the orb it o f  interest o f  rem ote 
sensing m ethods (G ord on , M orel, 1983).

5. The optical classification of the north-western Tropical
Atlantic

T h e spatial d istributions o f  op tica l types o f  water (F ig . 5 ) 5 and o f  
the depth  o f  the euphotic zone (F ig . 6 ) were prepared from  the calculated 
A 'd (425), 7 0 (5 3 5 )  and A '</(PAR) coefficients.

Fig. 5. Distribution o f optical water types in the north-western Tropical Atlantic

saccording to Jerlov’s classification (Jerlov, 1976).



longitude W

Fig. 6. The depth o f the euphotic zone [m] in the north-western Tropical Atlantic

T h e  waters o f  the eastern part o f  the investigated area belon g  to  classes 
from  I to  IB , i.e. w ith  Ard(425), K d (535) and A 'd (P A R ) lying within the 
intervals 0 .021 -0 .06  m - 1 , 0 .043 -0 .07  m -1  and 0 .045-0 .075  m -1  respectively. 
In the north -w estern  part o f  the area, the w ater typ e  decreases to  class III 
or even 1 (i.e . Kd — 0.25 m  -1  for A =  425 nm , 0.14 m “ 1 for A =  535 nm  
and 0.20 m -1  for P A R ). O w ing to  the participation  o f  A m azon  waters and 
to  the nature o f  the w ater circulation in the area.

W aters w ith higher Kd  values intrude into  clearer ocean ic waters in the 
form  o f  em baym ents. These are caused by  sm all eddies form ing on  the edges 
o f  the G uyana Current w hich transports A m azon  waters northw ards. Som e 
o f  these waters are intercepted  by  the m eandering N orth -E quatoria l C oun­
tercurrent (S ch ott, B oning, 1991) and are identified as lenses further along 
its route. T h e  op tica l properties o f  such lenses are described b y  R od ion ov  
et al. (1986 ). These general features o f  w ater ‘ q u a lity ’ d istribution  can 
also be gleaned from  the sum m er m aps o f  surface w ater salinity in this area 
(R iih le and Zalewski (ed s .), 1982).

T h e histogram s in Figure 7 illustrate the predom inance o f  highest optica l 
purity waters over low er-class waters within the area under investigation  in 
sum m er 1987.



Fig. 7. I\d(A) coefficients in the surface waters o f the north-western Tropical 
Atlantic in June and July 1987



6. Photosynthetically Active Radiation

T h e results o f  abou t 130 vertical soundings w ith  the quantam eter ena­
b led  the range and character o f  P A R  variability in the study area in June 
and July to  be described. T he basic statistical characteristics o f  this radia­
tion  and the m easurem ent conditions are show n in Table 2.

cloudiness

cloudiness

cloudiness

Fig. 8. PAR vs depth and cloudiness in the surface waters o f the north-western 
Tropical Atlantic in June and July 1987



T a b le  2. Photosynthetically Active Radiation in the north-western 
Tropical Atlantic

Variable 0 oss 0 uss 10 m 25 m SZD Cloud.
Sample size 128 128 128 125 128 128
Average 939 709 280 138 40.6 6
Median 838 646 23 116 36.2 7
Mode 1650 1265 275 176 29.6 10
Standard deviation 642 489 204 102 18.3 3
Minimum value 44 37 9 4.3 9.9 0
Maximum value 2750 1705 715 396 77.8 10
Range 2706 1668 706 392 69.9 10

where
PAR -  in [mEm~2s_1] over (0 oss) and under (0 uss) sea surface, and at depths 

o f 10 and 25 m,
SZD -  solar zenith distance in [deg],
Cloud. -  cloudiness on a 0 -  10 scale.

T h e  graphs in Figure 8 illustrate P A R  variability versus cloudiness and 
depth . It was possible to  com pare the m easurem ents m ade at different 
tim es o f  the day, i.e . at different solar elevations, in that all the values 
were reduced to  those fulfilling the SZD  =  0 cond ition . T h e dependence 
on cloudiness decreases w ith  increasing depth . P A R  values decrease rapidly 
w hen < 7 0 %  o f  the sky is cloudy. This is due m ainly to  the decreasing 
probab ility  that direct solar radiation  will reach the sea surface.

7. Optical penetration depth in the 425 and 535 nm bands

T h e spatial d istributions o f  the op tica l penetration  depth  were obtained  
from  the results o f  ii ’d(A) calculations. These d istributions for wavelengths 
o f  425 and 535 nm  are shown in Figures 9 and 10. A s m entioned  earlier, 
the signal reaching the sensor above the sea surface originates w ithin the 
layer from  0 to  z$q m . A ccord in gly , the d istributions in Figures 9 and 10 
show  the depth  o f  the layer where the param eters whose characteristics are 
to  be determ ined rem otely ought to  be m easured. In the study area this is 
the surface layer dow n to  50 m  for the ‘ blue ’and 25 m  for ‘ green ’ spectral 
channel.



8. Relationships between some physical properties of sea 
water and colour indices

T h e ch lorophyll a concentration  and the tota l beam  attenuation  coe f­
ficient c (420 n m ) were the other m easured param eters w hich cou ld  be o f  
interest from  the rem ote sensing poin t o f  view .

C hlorophyll was m easured at depths o f  0, 20 and 50 m . This enabled 
the so-called  equivalent concentration  C s w ithin the surface layer dow n to  
a depth  o f  z90 m  to  be calculated under certain lim iting cond itions. A c ­
cord ing to  G ordon  and Clark (1980) and Sathyendranath  and P latt (19 89 ), 
w hen the p igm ent, C (z )  is not uniform ly d istributed w ithin  the op tica l pe­
netration  layer, the effective signal sensed by  the upw elling radiance m eter 
is equal to  that originating within a similar layer w ith a uniform  pigm ent 
distribution  C s defined by

f f W  C ( , ) f ( z ) d z  
C * « -  k ^ l ( z ) i z  ' (5 )  

where
T rz

(6)f ( z ) =  exp | -  2 K d(\ , z ')d z '

In order to  find the relationships betw een the colour indices and the 
ch lorophyll a con cen tration , the values o f  C s , calculated  accord ing to  G or­
d on ’s m odel, have been used. I was assum ed that /vd(A ) =  con st, and the 
ch lorophyll a concentration  varied linearly betw een the m easuring depths.

In order to  elim inate certain events d isturbing the C s =  A2)] re­
lationship, the dependence o f  the colour indices on the solar zenith distance 
(S Z D ) was exam ined. It was found that if  A 1 >  A 2, then the value o f  
J ( A i, A2) decreased w ith increasing S ZD . M aking allow ance for that caused 
the correlation  coefficient betw een  C s and J (A i ,A 2) to  increase by  about 
0 .1 .

A  dependence betw een  ch lorophyll concentration  in the surface layer o f  
the ocean  and the colour indices J (546 , 4 36 ), J (554 , 436 ), J (546 , 480) and 
J (554 , 480) was sought on  the basis o f  G ordon  and M orel’s (1983 ) classic 
form ula

C s =  a J (  A !,A 2) 6, (7 )

w hich includes the above m entioned dependence o f  « /(A i, A2) on  SZD . Only 
those events when the Sun was seen and the solar zenith distance did not 
exceed  80° were taken into accou n t. T h e results o f  regression analysis are 
show n in Table 3.
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longitude W

Fig. 9. The optical penetration depth Z90 [m] in the blue (425 nm) spectral band

longitude W

Fig. 10. The optical penetration depth z90 [m] in the green (535 nm) spectral 
band



T a b le  3. Coefficients o f equation (7) and parameters describing the strength 
o f this relationship

Ai A2 a b correlation sample standard
coefficient size deviation

C, [mgm s] =  aJ(A1,Aa>)*
436 546 0.225 -1.24 0.413 32 0.441
436 554 0.278 -1.22 0.454 32 0.431
480 546 0.242 -1.45 0.427 32 0.437
480 554 0.303 -1.39 0.470 32 0.427

K d[m ~l] =  aJ(A j, A2)s

436 546 0.064 -2.82 0.660 56 0.541
436 554 0.095 -2.76 0.774 41 0.433
480 546 0.073 -3.04 0.584 56 0.584
480 554 0.104 -2.75 0.664 41 0.484

c(420)[m- oII »)*
436 546 0.752 -1.40 0.593 85 0.347
436 554 0.874 -1.10 0.573 85 0.353
480 546 0.798 -1.48 0.522 85 0.367
480 554 0.898 -1.10 0.508 85 0.371

T h e differences betw een particular relationships are clearly not to o  big, 
and the values o f  coefficients a and b are close to  those obtain ed  by  other 
authors for M ore l’s Case 1 waters (qu oted  e.g. by  G ordon  and M orel, 1983; 
R obin son , 1985). T h e graph o f  the best dependence is show n in Figure 11.
It seems that the weakness o f  this dependence, seen in the relatively low  va­
lues o f  the correlation  coefficient, is due to  the sm all range interval and the 
generally low  ch lorophyll concentration  (th e  m axim um  value o f  C s obtained  
was 0.415 m g · m - 3 ). M oreover, the error in calculating J (A i, A2) was relati­
vely large, because accurate filtering o f  the effects due to  light transm ission 
through  the sea surface was im possible.

A  considerably better dependence was obtained  when values o f  J (A 1; A2) 
were com pared  w ith the coefficients o f  A '^(425) and c(4 20 ) (F ig . 11). W hen  
the sam ple size is over 40, the correlation  coefficient o f  -0.74 proves that , 
there is a significant dependence betw een the param eters com pared , and ! 
suggests that over 50%  o f  the colour indices obtained  depend on  7 ^ (4 2 5 )  | 
values.

There was no statistically significant dependence betw een  the ch loro­
phyll a concentration  and the values o f  the c(4 20 ) and K d {425) coefficients. ]
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9. Concluding remarks

T h e results confirm  th at, except for a narrow  belt along the South A m e­
rican shelf, the w aters o f  the north-w estern  T ropica l A tlan tic are am ong the 
clearest ocean  waters in the w orld . A t the sam e tim e, how ever, it w ould be 
prob lem atica l to  base the op tica l w ater typ e  on the results o f  m easurem ents 
at on ly one wavelength. T h e  op tica l class o f  water obtain ed  from  m easu­
rem ents o f  7 0 (4 2 5 )  was higher ( i .e .  the w ater was op tica lly  clearer) than 
that found  on  the basis o f  7 0 (5 3 5 )  values and, m oreover, was higher than 
that obtain ed  using 7 0 (P A R ) . T he spatial d istribution  o f  the op tica l w ater 
typ e  in Figure 5 is the superposition  o f  results in all the above-m entioned  
spectral bands.

T h e  weak dependence o f  the colour index on ch lorophyll a concentration , 
in com parison  w ith the num erous published results, was, in our op in ion , due 
to  the generally low  level o f  ch lorophyll concentration  in the investigated 
area.

It is w orth  adding, that the dependence o f  the colour index on  ch loro­
phyll is m uch stronger if  the data  from  the w hole penetration  depth  are 
taken into account.

D isregarding this m ight be the reason for the slight low ering o f  ch lo­
rophyll concentration  in the upper ocean  layer com pu ted  on the basis o f  
satellite data  (O cean  C olor, 1989), in com parison  w ith the results presented 
in this paper.
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