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E arth  O bserva tion  satellite d a ta  p ro v id e  a synoptic  
v iew  o f the physical an d  bio log ical p rocesses in  
coasta l an d  m arine  ecosystem s. So far th is ty p e  of 
sp a tia l in fo rm ation  has n o t b een  u se d  o n  a  ro u tin e  
b a s is  in  H E LC O M  assessm en ts . T h e  E u ro p e an  
C o m m iss io n 's  Jo in t R esearch  C e n tre  (E C /JR C ) 
p ro p o sed  the Project V a l i d a t i o n  o f  a l g o r i t h m s  f o r  c h l o r o 

p h y l l  a  r e t r i e v a l  f r o m  s a t e l l i t e  d a t a  o f  t h e  B a l t i c  S e a  a r e a  t o  

H ELC O M  M O N A S 2 /2001. The resu lts  o f th e  Project 
sh o u ld  h e lp  to  im p ro v e  the u se  of in fo rm ation  
d eriv e d  from  E arth  O bservation  d a ta  in  the Baltic 
Sea area, in  p articu la r d a ta  d e riv e d  from  ocean 
colour. H ELC O M  M O N A S 3 /2001  a p p ro v e d  the 
Project no m in a tin g  E C /JR C  as Project C o o rd ina to r 
an d  inv iting  all H ELC O M  C on tracting  P arties to 
p a rtic ip a te  actively.

The Project w as officially lau n ch ed  w ith  a  kick-off 
m ee tin g  in  S tockholm  (31 Ja n u ary  -  1 F eb ruary  2002) 
o rg a n iz e d  by  the  S w ed ish  M eteo ro lo g ica l a n d  
H y d ro lo g ica l In s titu te  /  SM H I. A ll H ELC O M  
C o n trac tin g  Parties, except R ussia, p a rtic ip a ted  in  
the m eeting . JRC su p p o rted  the  p a rtic ip a tio n  in  the 
m ee tin g  by  covering  the travel expenses fo r one 
p artic ip a n t p e r  H ELCOM  C on tracting  Party. The 
m ee tin g  defined  the  O bjectives of the Project w ith  
the  fo llow ing  key  elem ents:

• To ev a lu a te  a n d  assess cu rren t b io -op tical a lgo
rith m s for the retrieval o f ch lo rophy ll a  from  
ocean  co lour d a ta  o f th e  Baltic sea

• To exchange know -how , expertise  a n d  in fo rm a
tio n  b e tw een  Project p a rtn e rs  a n d  p artic ip a tin g  
institu tions.

A  second  Project m eeting  w as o rg an ized  a t JRC in 
Ispra, Italy  (27-28 Jan u ary  2003) w ith  th e  a im  of 
p resen tin g  an d  d iscussing  th e  resu lts  ob ta in ed  w h en  
carry ing  o u t the Project. A ll H ELC O M  C on tracting  
Parties, excep t G erm any  a n d  R ussia, p a rtic ip a ted  in  
th is  m eetin g . A s fo r th e  k ick-o ff m e e tin g  JRC 
s u p p o r te d  the  p a r tic ip a tio n  in  the  m e e tin g  by  
covering the  travel expenses fo r one p artic ip a n t p e r  
H E LC O M  C o n tra c tin g  P arty . T he m e e tin g  also  
p ro v id ed  a fo rum  for the  p a rtic ip a n ts  to p re se n t their 
ow n  research  an d  d ev e lo p m e n t activ ities re la ted  to 
rem ote  sensing  in  the Baltic.

The m eeting  conc luded  th a t a jo in t F inal R ep o rt on 
the Project sh o u ld  be p rep a re d  th a t sh o u ld  ad d ress  
1) in  d e p th  the  ev a lu a tio n  o f the p re se n t s ta te  o f a lgo 
rith m s for ch lo rophy ll a  re trieva l from  satellite  data  
o f the Baltic Sea 2) th e  iden tifica tion  of gaps an d  n ex t 
steps to  fu rth e r  im p ro v e  the  u se  of satellite rem ote  
sensing  of ocean co lour in  the  Baltic a n d  3) th e  p o ssi
b ilities of h o w  the  co llaboration  of H ELC O M  in s titu 
tions in  the  fram ew o rk  of th is  Project cou ld  b e  m a in 
ta in ed  a n d  fu r th e r  d e v e lo p e d  in  som e k in d  of 
n e tw o rk  activity.

T he D raft F inal R eport w as  p rep a re d  b y  E C /JR C  in  
cooperation  w ith  the  p artic ip a tin g  in stitu tio n s an d  
p re se n te d  a t H E LC O M  M O N A S  6 /2 0 0 3 . The 
M eeting  ap p ro v ed  the R epo rt a n d  its p u b lica tio n  in  
the  B a l t i c  S e a  E n v i r o n m e n t  P r o c e e d i n g s .  T he Final 
R eport on  h a n d  w as p r in te d  a t the  expense  of 
EC/JRC.

Isp ra , M ay 21sl 2004

W o l f r a m  S c h r i m p f  

P r o j e c t  m a n a g e r

Cover picture:
C oncentration of chlorophyll a (mean July -  A ugust 2000) in  the Baltic derived from  SeaWiFS satellite da ta  (OC4 algorithm ); 
source: EC Joint Research Centre.

Validation o f A lgorithm s fo r Chlorophyll a Retrieval fro m  Satellite Data in the  Baltic Sea Area



Abstract

T he m a in  Project task  consisted  of a com p ariso n  of 
the  accuracy  of th ree ex isting reg ional em pirica l 
a lgo rithm s fo r the  com p u ta tio n  o f ch lo rophy ll a (Chi 
a) from  SeaW iFS (Sea-view ing W ide F ield-of-view  
Sensor) im ages of the  Baltic Sea. A  fo u rth  algo rithm  
p ro p o sed  fo r the  p ro d u c tio n  of g lobal SeaW iFS Chi a 
p ro d u c ts  w as also  in c lu d ed  as a n  ad d itio n a l elem en t 
fo r com parisons.

The a tm o sp h e ric  correction  schem e ap p lied  to  the 
SeaW iFS im ag ery  u sed  in  th e  in te r com p ariso n  exer
cise relies o n  the  coup ling  of an  ap p ro x im ate  ra d ia 
tive tran sfe r m o d e l an d  the v icarious ca lib ra tion  of 
the space sensor. Because of th e  lack  of in situ  m a tch 
u p s  o f n o rm alize d  w a te r  leav ing  rad iances, th e  accu
racy  ana lysis  o f the a tm ospheric  correction  schem e 
w as restric ted  to the aerosol op tical thickness. The 
resu lts  p re se n ted  th ro u g h  scatter p lo ts  of SeaWiFS- 
deriv ed  v ersu s in  situ  aerosol op tical th ickness a t 
443, 500, 670 an d  865 nm , over 19 m a tch -u p s for the 
2000-2001 perio d , show  a d e te rm in a tio n  coefficient 
a lw a y s  h ig h e r  th a n  0.90, a n d  a m e a n  re la tiv e  
p ercen tage d ifference ran g in g  b e tw een  14% a n d  18% 
for the d iffe ren t channels.

The u ncerta in ties in  the  Chi a d e te rm in e d  w ith  the  4 
a lgorithm s considered  w ere  assessed  u s in g  in situ 
d a ta  o f CM n from  sta tions a n d  transects across the 
basin . T he m e a n  re la tiv e  p erc en ta g e  d ifferences 
betw een  satellite deriv ed  a n d 'm  situ  v a lu es is qu ite  
large, ran g in g  from  45 to  101% o n  op tim al in tercom 
p arison  cond itions (i.e., w ith  less th a n  5 h o u rs  tim e 
difference b e tw een  in  s itu  sa m p lin g  a n d  satellite  
overpass, an d  w ith  a n  agg ressive  q u a lity  assu ran ce  
o f sa te llite  data). A n  av e rag e  u n d e re s tim a te  of the 
sa te llite  p ro d u c ts  w ith  resp e c t to  the  in  s itu  concen
tra tio n s  is d iscern ed , b u t no  g en e ra l b ia s  is clearly  
o bserved . R elying o n  the  resu lts  th a t p re se n t a 
c o m p ariso n  b ased  o n  m e asu rem en ts  co llec ted  in  
v ario u s  m o n th s  an d  locations b y  d iffe ren t research  
g roups, it ap p e a rs  th a t n o n e  of the  a lg o rith m s 
ca p tu res  th e  overa ll v ariab ility  of the  ch lo rophy ll 
concen tra tion . The co m p ariso n  g ives s lig h tly  m ore 
en co u rag in g  re su lts  u s in g  m a tch -u p s  o b ta in ed  from  
se p a ra te  Alg@ line transects. In  an y  case, it seem s 
th a t the  a lg o rith m s are  n o t ab le to  sa tisfac to rily  
d isc rim in a te  the  sp ec tra l lig h t co n trib u tio n  d u e  to 
p h y to p la n k to n  (and  associa te  it  w ith  a n  ac tua l 
p ig m en t co n cen tra tio n ) w ith  resp ec t to  th o se  d u e  to 
the  o th e r  o p tica lly  s ig n ifican t co m p o n en ts  (i.e., 
d is so lv e d  o rg a n ic  m a tte r  a n d  to ta l s u s p e n d e d  
m atter). O f the  fo u r a lgo rithm s, OC4v4  sh o w s the 
b e s t resu lts . Since it  is an  em p irica l a lgo rithm  
w hose fo rm u la tio n  is h eav ily  c o n d itio n e d  by  d a ta  
co llec ted  in  o p e n  o ce an  w a te rs , th e  s ta tis tica l 
p e rfo rm an ce  of OC4v4  co u ld  b e  seen  as fo rtu ito u s 
a n d  resu ltin g  from  a  favo rab le  fu n c tio n a l form . O n 
the o th e r  h a n d , it  is w o rth  rem e m b erin g  th a t the 
d a ta  th a t su p p o r te d  the  d e v e lo p m e n t of the  o th er 
reg io n a l a lg o ri th m s  a re  n o t n e c e ssa rily  h ig h ly  
rep resen ta tiv e  o f the sp a tia l-tem p o ra l b io -op tical 
v ariab ility  of the  en tire  bas in , e ith e r b ecau se  they  
are  b ased  o n  a lim ited  n u m b e r  of p o in ts  o r because 
they  are re stric ted  to  specific reg ional areas.
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1. Project overview
W. Schrimpf, G. Zibordi
E uropean  C om m ission  -  Jo in t R esearch C entre
In stitu te  for E n v iro n m en t an d  S usta inab ility  -  In lan d  an d  M arine W aters U nit 
1-21020 Isp ra  (VA), Italy

1.1 Introduction and Objectives
M onito ring  a n d  assessm en t of the  m arine  env iron 
m e n t is the  cen tral focus of the  activ ities of the 
H E LC O M  M o n ito rin g  a n d  A sse ssm e n t G ro u p  
(HELCOM  M ONAS). In  th is  contex t a m ajo r role o f 
H ELC O M  M O N A S consists in  assessing  the  in p u ts  
o f n u tr ie n ts  an d  h a z a rd o u s  substances an d  their 
effects in  the  m arine  env iro n m en t. F or th is  p u rp o se  
H ELC O M  M O N A S also  co -o rd inates na tional m o n i
to ring  p ro g ram m es a n d  collects the  resu ltan t data. 
These env iro n m en ta l m o n ito rin g  activ ities consist o f 
exam in ing  vario u s physical, chem ical a n d  biological 
variab les . T he re le v an t d a ta  is co llected  largely  
th ro u g h  in -situ  cam p a ig n s a n d  p artly  th ro u g h  the 
app lica tion  of n um erica l m o d e ls  (a tm ospheric  em is
sions an d  depositions).

So far spa tia l in fo rm atio n  d eriv e d  from  E arth  o bser
vation  sa tellite  data  h as  n o t b een  u sed  on  a  rou tine 
bas is  in  H ELC O M  assessm ents. A  m ajor reason  w hy 
the use  of this in fo rm atio n  is  n o t ye t 'w id e sp re a d ' 
cou ld  b e  the  specific kn o w led g e  a n d  know -how  
req u ired  to  deve lop  a p p ro p ria te  a lgo rithm s for the 
re trieva l o f the physical a n d /o r  biological variab les 
ov er the  w h o le  b a s in  a n d  th e  p ro ce ss in g  an d  
arch iv ing  of very  la rge  d a ta  vo lum es.

In  January  1999 the  Jo in t R esearch C entre  (JRC) of 
the  E u ropean  C om m ission  o rg an ized  a W orkshop  on  
"Satellite O bserv ing  T echniques as an  A dd itiona l 
R esearch a n d  A ssessm en t Tool for M arine  In ter- 
R egional C onv en tio n s ' w ith  the scope o f p resen ting  
ap p lic a tio n s  of sa te llite  rem o te  se n s in g  fo r the  
m arine  en v iro n m en t a n d  iden tify in g  the level o f u se  
an d  the needs of th e  R egional M arine  C onven tions 
for th is k in d  of in fo rm ation  in  th e ir  m o n ito rin g  and  
assessm en t activities. A s an  im m ed ia te  fo llow -up  of 
th is  w o rk sh o p  H ELC O M  in v ited  JRC to p re se n t the 
use  of E arth  observa tion  sa tellite  d a ta  for m on ito ring  
an d  assessm ent of th e  m arine  e n v iro n m en t a t the 
jo in t TC IN PU T a n d  EC M O N  m eeting  G othenborg , 
S w eden  in  A pril 1999. T he M eeting  in v ited  JRC to 
p resen t a p ro p o sa l to  H ELC O M  for a Project tha t 
sh o u ld  h e lp  to  im p ro v e  the  use  of in fo rm ation

deriv ed  from  E arth  observ a tio n  satellites, in  partic
u la r  from  ocean  colour.

The d e te rm in a tio n  o f Chi a from  rem ote sensing  da ta  
taken  over the Baltic Sea p resen ts  considerab le diffi
culties w h e n  com pared  to  o th e r  E u ropean  o p en  and  
coastal w aters. M ajor e lem en ts  ad d in g  difficulties 
are the  h ig h  su n  zen ith  angles th a t m ake  the atm os
pheric  correction  p rocess critical, an d  the  relatively 
h ig h  a b so rp tio n  of co lo u re d  d is so lv e d  o rgan ic  
m a tte r th a t m akes the app lica tion  of u n iv e rsa l Chi a 
a lg o rith m s  less accu ra te . T he ra tio n a le  fo r the 
cu rren t P roject w as the n ee d  to  investiga te  the  accu
racies o f d iffe ren t a lg o rith m s specifically p roposed  
for th e  d e te rm in a tio n  of Chi a from  satellite  im ages of 
th e  B altic Sea. T he in v e s tig a tio n  ca rr ie d  o u t 
consisted  in  com paring  in  s itu  Chi a w ith  those  d e ter
m ined  w ith  d iffe ren t Baltic Sea a lgo rithm s app lied  to 
SeaW iFS atm ospherically  co rrec ted  data.

1.2 Sum m ary of applied approach
The a tm ospheric  correction  of ocean co lou r da ta  of 
the Baltic Sea is recogn ized  to  be a d ifficu lt task. A 
tho ro u g h  analysis o f the  p rob lem  w o u ld  require 
ex ten siv e  in v e s tig a tio n s  o f the  p e rfo rm an ce  of 
d iffe ren t a tm ospheric  correction  codes a n d  the avail
ability  of com prehensive  a n d  accurate m a tch  u p s  of 
a tm ospheric  an d  m arine  rad iom etric  da ta . H ow ever, 
recogn izing  th a t the  exercise cou ld  n o t b e  carried  o u t 
w ith in  the fram ew ork  of this project d u e  to the 
lim ited  resources, one a tm ospheric  correction  code 
w as a d o p ted  a n d  its su itab ility  for the Baltic Sea w as 
checked p rio r  to s ta rtin g  an y  algo rithm  com parison  
activity. The a tm o sp h e ric  correction  code p roposed  
for the  activity, called  REM BRANDT (Retrieval of 
M arine Biological R esources th ro u g h  A nalysis of 
O cean C o lour D ata), w as d ev e lo p ed  a t the  JRC for 
SeaW iFS d a ta  p ro cess in g  (B ulgarelli an d  M elin, 
2000) a n d  it is b ased  o n  the  schem e p ro p o sed  by 
S tu rm  an d  Z ibord i (2002), theoretically  assessed  by
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B ulgare lli a n d  Z ib o rd i (2003) a n d  successiv e ly  
u p d a te d  by  M elin  et al. (2003).

A  s im p le  a s se ssm e n t o f th e  cap ab ilitie s  o f the  
REM BRANDT code in  accurately  m in im iz ing  the 
a tm ospheric  effects in  SeaWiFS im ages of the Baltic 
Sea w as ca rried  o u t by  com paring  satellite deriv ed  
an d  in -situ  m e asu red  aerosol optical thickness.

T h ree  a lg o rith m s  for Chi a d e te rm in a tio n  w ere  
considered  for the  in te rcom parison  restric ting  the 
se lection  to those a) p u b lish ed  a n d  b) applicab le to 
a tm ospherica lly  corrected  SeaW iFS im agery. The 
OC4V4 a lgorithm , ap p lied  b y  the  SeaW iFS Project 
fo r g lo b a l ap p lica tio n s , w as  a lso  a d d e d  to  the  
com p ariso n  ana lysis  to  ensu re  traceab ility  o f resu lts 
w ith  " s ta n d a rd 7' p roducts . The com parison  exercise 
w as  ca rried  o u t u s in g  in  s itu  Chi a an d  SeaW iFS data  
collected  in  the  2000-2001 tim e fram e.

In  the follow ing chap ters the se lec ted  Baltic Sea Chi a 
algorithm s, the descrip tion  a n d  assessm en t of the 
REM BRANDT code for the  Baltic Sea reg ion , an d  the 
re su lts  o f th e  a lg o rith m  in te r-c o m p a riso n , are 
p rese n ted  in  detail.

Validation o f A lgorithm s fo r  Chlorophyll a Retrieval fro m  Satellite Data in the  Baltic Sea Area



F. Melin, G. Zibordi
E u ro p ean  C om m ission  -  Jo in t R esearch C entre
In s titu te  for E n v iro n m en t a n d  Sustainab ility  -  In lan d  a n d  M arine  W aters U n it 
1-21020 Isp ra  (VA), Italy

2.1 Introduction
T he P roject a im ed  a t assessing  ex isting  em pirical 
a lg o rith m s fo r the  co m p u ta tio n  o f the  ch lo rophy ll a 
su rface  co n cen tra tio n  from  satellite im ages of the 
Baltic Sea p ro v id e d  b y  the  S ea-v iew ing  W ide Field- 
o f-v iew  S en so r (SeaW iFS, H o o k e r  et al. 1992), 
m a k in g  u se  of m a tch -u p s of in  s itu  a n d  a tm o sp h e ri
cally corrected  rem ote  sensing  d ata . T he a tm ospheric  
correction  schem e a d o p ted  fo r the s tu d y  is p resen ted  
in  C h a p te r  3.

A n  in v e n to ry  of th e  B altic Sea a lg o rith m s  fo r 
p ig m en t concen tra tion  com p u ta tio n  le d  to  the  selec
tio n  lis ted  in  th e  fo llow ing  section. T he ana lysis  w as 
restric ted  to  a lgo rithm s b ased  o n  physical quan tities 
p ro d u c e d  b y  th e  a tm o sp h e ric  co rrec tio n  code 
(reflectance) a n d  p ro p o sed  for the  SeaW iFS centre- 
w aveleng ths.

2.2 A lgorithm  inventory
T he a lg o rith m s selected  for th e  in te rco m p ariso n  are:

1 . C h i  =  3 1 .0 4 8 9 3  • ( R 5 1 0  /  R g 7 o ) -2 -1 1 5 0 8  p ro p o sed  b y  Siegel et al. (1 9 9 4 ) ;

2 . C h i  =  4 .2 1  ( * 5 1 0   ̂ ^ 5 5 5 )--------  pro p o sed  b y  j 0rgensen  an d  B erastegui (2 0 0 0 ) ;

(R443 / % 7 0 ) ° - 68

3 . C h i  = io["0-141-2.8652-log;Lo (^ 4 9 0  /  ^ 5 5 5 ^  p ro p o sed  by  D arecki et al. (2 0 0 2 ) ;

4  C h i  =  io [0 - 3 6 6 - 3 .0 6 7 R + 1 .9 3 0 R 2 + 0 .6 4 9 R 3  - 1 .5 3 2 R 4 ] ,

w h ere  R  = lo g jo  ( m ax^ 4 4 3  ' ^ 4 9 0 7 ^510  ) j p ro p o sed  by  O 'R eilly  et al. (2000).

R 555

w h ere  ind icates the  rem o te  sen sin g  reflectance at 
cen tre-w aveleng th  A a n d  Chi is e ither the  chlorophyll 
a concen tra tion  or ch lo rophy ll a +  phaeop igm en t.

A lgo rithm  1 is b ased  on  40 m e asu rem en ts  d is trib 
u te d  in  the  b as in  w ith  a n  em phasis  o n  the G erm an  
Baltic coasta l areas. T he resu ltin g  em pirica l form ula 
links op tical field  m e asu rem en ts  a n d  concentra tions 
of ch lo rophy ll a + p h aeop igm en t.

A lg o r ith m  2 u se d  28 SeaW iFS scenes m a tch in g  
m e a su re m e n t s ta tio n s  to  d e r iv e  a re la tio n sh ip  
b e tw e en  satellite  reflectance a n d  in  situ  ch lorophyll

concen tra tions collected in  the N o rth  Sea, Skagerrak  
an d  w este rn  Baltic Sea (m ostly  D an ish  w aters). N o 
optical field  m easu rem en ts  w ere  ava ilab le fo r the 
a lg o rith m  d ev e lo p m en t. T he sa te llite  d a ta  w ere  
p rocessed  w ith  SeaDAS version  4.0, w ith  an  a d d e d  
m o d u le  fo r tu rb id  w a te r  co rrec tio n  fo llo w in g  
R udd ick  et al. (2000).

A lgo rithm  3 is b ased  o n  field  m e asu rem en ts  of 
reflectance a n d  ch lo rophy ll a con cen tra tio n  (700 
m easu rem en t sta tions) in  the  S o u th ern  Baltic (Polish 
coastal regions).
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A lg o rith m  4, O C4v4, is a d d e d  fo r co m p ariso n  
because it is the  reference a lgo rithm  for global s tan 
d a rd  ch lo rophy ll a SeaW iFS p roducts . It is b ased  on  
regressions p e rfo rm ed  o n  2804 p a irs  o f ch lo rophy ll a 
c o n c e n tra tio n s  a n d  reflec tan ce  m e asu rem en ts  
d is tr ib u ted  globally. A lth o u g h  its fo rm u lation  w as 
strong ly  in fluenced  b y  m easu rem en ts  collected in  
o p en  ocean  w ate rs , a sign ifican t p a r t  o f the  d a ta  w as 
actua lly  collected in  she lf an d  coastal w ate rs  (bu t n o t 
in  the  Baltic area).

The firs t th ree  a lgo rithm s are b ased  o n  d a ta  collected 
in  Baltic (or near-Baltic) w aters. T he fou r a lgo rithm s 
are  em p irica l fo rm u la  e x p re ss in g  c h lo ro p h y ll a 
concen tra tion  as a function  of v a rio u s  su b se ts  o f the 
SeaW iFS cen tre-w aveleng ths p icked  u p  b e tw e en  443 
an d  670 nm . C orresp o n d in g  satellite  p ro d u c ts  are 
co m p ared  w ith  field  m e asu rem en ts  of ch lo rophy ll a 
concen tra tion  in  C h ap te r 4.
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3. Atmospheric correction of Sea WiFS data
B. Bulgarelli, F. Melin, G. Zibordi 
E u ro p ean  C om m ission  -  Jo in t R esearch C entre
In s titu te  for E n v iro n m en t a n d  Sustainab ility  -  In lan d  an d  M arine  W aters U nit 
1-21020 Isp ra  (VA), Italy

3.1 Introduction
T h e S ea-v ie w in g  W ide-F ie ld -o f-v iew  S ensor 
(SeaW iFS), a v is ib le  n e a r- in fra re d  m u ltisp e c tra l 
scanner, h as  b een  p ro v id in g  the scientific com m u
n ity  w ith  a global coverage o f the  ocean since 1997. 
A  p rocessing  tool w as  deve loped  for the ana lysis  o f 
SeaW iFS im agery, m ak in g  u se  of v icarious calibra
tio n  to m in im ize  u n ce rta in ties  in  abso lu te  ca libration  
an d  rad ia tiv e  tran sfe r m od e llin g  of the  a tm ospheric  
process. The d ev e lo p ed  so ftw are  package is u sed  to  
process SeaWiFS d a ta  from  so-called  L evel-IA  (raw  
d a ta ) to  Level-3 (da ily -to -m onth ly  p ro d u cts  over 
specified  m aps) o v er the E u ro p ean  area. E nd  p ro d 
u c ts  derived  from  SeaW iFS im ag ery  are extensively  
u se d  fo r the  s tu d y  of m arine  p h y to p la n k to n  b iom ass 
d is trib u tio n  an d  p roduction .

3.2 Description o f the data 
processing scheme

The L evel-IA  d a ta  (i.e., raw  da ta) received  by  all 
E u ro p ean  receiv ing  sta tions are ob ta ined  a t GSFC 
D A A C  (G oddard  Space F ligh t C en te r -  D ata  A ctive 
A rchive C enter) a n d  all files are firs t m erged  in to  one 
file p e r  sa tellite  pass  a t LAC (Local A rea C overage) 
(high-) reso lu tion . T his s tep  avo ids any  o v erlap p in g  
co m p u ta tio n  a n d  is d o n e  once fo r all. Top-of-atm os- 
p h ere  L evel-IA  d a ta  are ca lib ra ted  in to  Level-IB  
data .

T h e  L evel-2  ca lc u la tio n  is b a se d  o n  the 
REM BRANDT code (R etrieval o f M arine  Biological 
R esources th ro u g h  A nalysis of ocean co lou r DaTa), 
w h ich  p ro v id es  s ta n d a rd  p ro d u c ts  such  a s  w ater- 
leav ing  rad iance, aerosol op tical th ickness a t 865 nm , 
ch lo ro p h y ll a a n d  se d im e n t co n c en tra tio n s  a n d  
d iffu se  a t te n u a tio n  coeffic ien t. A n c illa ry  d a ta  
(a tm ospheric  p ressu re , w in d  velocities a n d  ozone 
lo a d ) a re  o b ta in e d  from  d a ily  N C E P  (N atio n a l 
C en te r for E nv ironm en ta l P red iction) an d  TOMS 
(Total O zone M ap p in g  Spectrom eter) files. The code 
u ses  the  spectral characteristics of the top-of-atm os- 
p h e re  signal to  classify  the n a tu re  of the  observed  
p ixel (cloud, b rig h t surface, vege ta ted  surface, an d

w a te r  body). If the  a tm o sp h e ric  co rrec tio n  an d  
su b se q u e n t a lg o rith m s fail to  d e riv e  p h y sica lly  
so u n d  in fo rm ation  o r if the o b ta in ed  resu lts  fall 
o u ts id e  th e  range of assu m p tio n s m a d e  to  deve lop  
the  a lgorithm s, the  pixel is flagged as a "b ad  value". 
Level-2 o u tp u t p ro d u c ts  are finally  re -m ap p ed  onto  
geograph ica l w in d o w s of in te rest a n d  com bined  in 
tim e to  y ie ld  Level-3 tim e series.

The calibration p rocedure an d  the atm ospheric correc
tion algorithm  are briefly ou tlined  below. A n  exten
sive presen tation  can be found in  S turm  an d  Z ibordi
(2002), Bulgarelli an d  Z ibordi (2003), Bulgarelli and  
M elin (2000) an d  M elin et al. (2002, 2003).

3.2.1 Calibration procedure

The ca lib ra tion  of SeaW iFS raw  d a ta  in to  geophys
ical u n its  is p erfo rm ed  by  rem oving  th e  d a rk  value  
(i.e., zero rad iance), a n d  ap p ly in g  a look-up  table 
w ith  abso lu te  p re-launch  calib ration  factors. A  tim e- 
d e p e n d e n t correction , deriv ed  from  lu n a r  observa
tions, is then  u tilized  to com pensa te for the change 
of resp o n se  w ith  tim e fo r the  v a rio u s  channels 
(Barnes et al. 2001).

U ncertain ties in d u c ed  in  d a ta  p rocessing  b y  residua l 
calib ration  u ncerta in ty  an d  non-accuracy  in  m o d e l
ling  the a tm ospheric  rad ia tiv e  transfer processes, are 
m in im ized  b y  m u ltip ly in g  the abso lu te  ca libration 
coefficients by  v icarious ad ju stm en t factors Vcf(A). 
Vcf(A) w ere  c o m p u te d  fo r the  v is ib le  d o m a in  
accord ing  to S tu rm  a n d  Z ibord i (2002) so as to m in i
m ize the d ifference b e tw een  the n o rm alized  w ater- 
leav ing  rad iance  ob ta in ed  from  selected  field  m eas
u rem en ts  an d  th a t ca lcu lated  from  SeaW iFS cali
b ra te d  data , p rocessed  w ith  the a tm ospheric  correc
tion  a lgo rithm  described  below  a n d  su b seq u en tly  
corrected  for spectra l b an d -p a ss  effects.
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3.2.2 Atmospheric correction algorithm

C alib rated  top -o f-a tm osphere  SeaWiFS rad iances are 
u sed  to  co m p u te  th e  rad ian ce  leav ing  the  w ate r 
surface by  rem o v in g  th e  a tm o sp h e ric  con tribu tion  to 
the  to ta l signal. C on d itio n s of S un  g lin t a re exc luded  
w ith  an  ap p ro p ria te  flag. The m o d e l accounts for 
R ayleigh m u ltip le  sca tte ring  (scattering  b y  atm os
ph eric  gas m olecules), aeroso l sing le scattering  and  
R ay le ig h -aero so l c o u p lin g  th ro u g h  a n  ite ra tiv e  
process.

T he to tal rad iance  a t th e  sen so r Lfo,(Aj), m easu red  a t 
cen tre-w aveleng th  A; (for SeaWiFS: Я1=412, ^ = 4 4 3 , 
4=490, A4=510, A5=555, A6=670, ^= 765, ^= 865  nm  ) 
is m odelled  accord ing  to

U o i  (A,) =  L a t m ( & i ) + W i , (3.1)

w ith

Lflfm (Я,) = Cra(Xj)[La(A,j)+LR(/lj)] (3.2)

w h ere  L„(A,-) a n d  LR(A,) are the  aerosol a n d  R ayleigh 
rad iances respectively, b o th  accoun ting  fo r specu lar 
reflection of th e  sea surface; Cre(A;) is the correction 
factor accoun ting  fo r aerosol-R ayleigh interactions; 
f(A,-,m) is the  a tm o sp h e ric  d iffuse  transm ittance in  
the  fi=cos0v direction , w ith  0V the  space sensor 
v iew ing  ang le  an d  LH,(A,) is the  w ater-leav ing  rad i
ance (the te rm  th a t ca rrie s  in fo rm a tio n  o n  the 
seaw ater constituen ts). T he R ayleigh  rad iance  is 
taken  from  lo ok -up  tab les a n d  on ly  d ep e n d s  on  the 
S un  an d  sen so r angles a n d  the  w in d  speed . W ith 
respect to  the  reference p a p e r  (S turm  an d  Z ibordi
2002), R ayleigh  rad ian ce  lo ok -up  tab les are n ow  
taken  from  SeaDAS v ers io n  4 (W ang 2000). A  tu rb id  
w a te r  correction  is im p lem en ted  to  m o d e l th e  w ate r 
leav ing  rad iance  co n trib u tio n  a t w ave leng ths 765 
an d  865 n m  (M elin  et al. 2003).

The a tm ospheric  co n trib u tio n  for the b a n d s  765 an d  
865 nm , d irec tly  co m p u ted  from  equa tions (3.1) an d  
(3.2), is u sed  to  calculate aeroso l rad iance  an d  optical 
thickness, a n d  its  v a lue  is ex trapo la ted  to  sho rte r 
w avelengths.

The spectral variation of the aerosol radiance is 
m odelled as

L„ (A;) =  е(Х8 Л , ) Ь А ) Ш 1  (3.3)
L 0\A 8t

w here E0 (A/) is the solar irradiance attenuated by the 
ozone absorption and

£(ASA,.) =  / V;ii> (3.4)

The aerosol optical thickness is related to the aerosol 
radiance th rough a relationship in the single scat
tering approxim ation

T  ( 2  \  =  ______________ 4 Я ^ Х п(А ;)________________  - п о  /о C\

' Ы ^ Ш У + р Ш Ы ' г + Ш Ъ )  '

w here pa(40 is the aerosol scattering phase function 
at У7; *F_ and *F+ are the direct-solar-beam-to-sensor 
scattering angle and  the reflected-solar-beam -to- 
sensor scattering angle respectively and p(ji) and 
p(|io) the Fresnel reflectances for flat sea surface in 
the ji and  ц0 directions.

The spectral dependence of the aerosol optical thick
ness is described by the A ngstrom  law:

x„(A) = a  - A“v, / =  l , - ,6  (3.6)

w here a  and  v are the A ngstrom  coefficient and 
exponent, respectively. The correction process 
develops through nested iterations.
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Fig. 3.1 F low  c h a rt o f  th e  m a in -p ro cessin g  schem e.
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3.3 Accuracy assessm ent
The relevance and the w ide range of applications of 
SeaWiFS derived products underline the need for 
continuous and extensive effort in assessing and 
im proving their accuracy. In  order to fully support 
this objective, a theoretical evaluation of the accuracy 
of the atm ospheric correction algorithm  and  a 
com parison between satellite-derived and in situ 
m easured data w as perform ed. The accuracy assess
m ent was focused on the northern  Adriatic Sea. 
Preliminary results were obtained for the Baltic Sea.

3.3.1 Accuracy assessm ent o f  a tm o sph e ric  
co rre c tio n  code

The accuracy of the atm ospheric correction m ethod 
included in the REMBRANDT processing scheme 
for SeaWiFS im ages w as assessed for atm ospheric 
and w ater param eters typical of m idlatitude

European  sites, w ith  specific reference to the 
northern A driatic Sea. The m ain results are briefly 
sum m arized below. Detailed inform ation can be 
found  in  B ulgarelli and  Z ibordi (2003), and 
Bulgarelli et al. (2002).

By using top-of-atm osphere radiance data sim ulated 
w ith  the h igh ly  accurate FEM (Finite E lem ent 
M ethod) radiative transfer code (Bulgarelli et alv 
1999), the accuracy of the atm ospheric correction 
m ethod in the estim ate of i) aerosol optical thickness, 
ii) w ater leaving radiance, and iii) rem ote sensing 
reflectance ratios w as analysed at the SeaWiFS 
centre-wavelengths, accounting for seasonal varia
tions in the Sun zenith. In addition a sensitivity 
analysis on noise sources in the NIR (Near Infrared) 
channels w as also perform ed. Table 3.1 lists the 
geom etric, m arine  and  atm ospheric p aram eters  
chosen as represen ta tive  of the m id la titude

Satellite view ing angle 0V 20° - 30° - 40° - 50°

Relative azim uth betw een sensor and Sun Дф 0° - 40°- 70°

Solar zenith  angle 0O 15° - 25° - 45° - 55°

A ngstrom  exponent v 1.4 -1.7-1.9

A ngstrom  coefficient a 0 . 0 2  -0 .05-0 .08

Aerosol single scattering albedo c%, M aritime (i)

C on tinental(1)

Chlorophyll a concentration Chi [mg nr3] 0.3 - 3.0 -10.0

Yellow substance absorption at/s(400) [nr1]: 0.048 - 0.149 - 0.373

'"according to W M O  1984.
Table 3.1
G eom etric , a tm o sp h e ric  a n d  m arin e  p a ra m e te rs  u se d  in th e  accuracy  assessm en t exercise.
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U nder the different sim ulated m easurem ent condi
tions, the aerosol optical thickness at 865 nm, т^/Ц), 
and  the aerosol A ngstrom  exponent v are estim ated 
w ith  uncertainties low er than  ±5% and ±8 %, respec
tively, for 6 8 % of the cases (Figure 3.2). The w ater 
leaving radiance is estim ated w ith an accuracy that 
increases w ith  Chi concentration (Figure 3.3). The 
accuracy is particularly low  at 412 and 443 nm,

because of large uncertainties in the atm ospheric 
radiance com putations due to a rough  estim ation of 
m ultiple scattering effects. Better results are obtained 
at w avelengths higher than 443 nm . In this region 
uncertainties exceed 10% for low  Chi and a m edium  
yellow substance absorption (i.e., rt,/s(400)=0.149nr') 
only.

N=96 N=95
<e>=-0.479% | 0.2- <c>=0.708%
o-4.57% Ж - cc=7.25%

__________________ Ж ............................... .......

0.1

0- . - J m k . . . ..................... ..
-50 -40 -30 -20 -10 0 10 20 30 40 50 -50 -40 -30 -20 -10 0 10 20 30 40 50

efratte))

Fig. 3.2
F req u en cy  h is to g ra m  o f  th e  re la tiv e  p ercen tag e  d ifference  e b e tw een  s im u la te d  an d  re triev ed  aeroso l op tica l th ickness t§ a t  Xs=865 
nm  (u p p e r  p a n e l)  a n d  th e  aeroso l A n g s tro m  e x p o n e n t v ( lo w er p an e l). N  is th e  n u m b e r  o f tes t cases, <e> an d  <jt  a re  th e  m e a n  a n d  
s ta n d a rd  d e v ia tio n s  o f  th e  G au ssian  fit.

Fig. 3.3
F req u en cy  h is to g ra m  o f  th e  re la tiv e  p e rcen tag e  d ifference  e b e tw e e n  sim u la te d  a n d  re triev ed  w a te r- le av in g  rad ian ce  £.U,(X) a t  412, 
490 a n d  555 n m , fo r rtys(400)=0.149 n r 1 an d  th ree  d iffe ren t ch lo rophy ll a concen tra tio n s.
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The accuracy of the estim ated w ater leaving radi
ance decreases w ith  increasing ays(X). In  agreem ent 
w ith an exponential decay of ays(fy  w ith  X, the influ
ence of flyS(A) on Lw decreases as X increases. Figure
3.4 show s the results obtained at 412 n m  (the m ost

The Baltic Sea is characterized by ays(X) values which 
can be m uch higher than the values considered in the 
s tudy  described above. It is possible to foresee that 
increased yellow substance concentration will lead 
to a substantial decrease in the accuracy of the esti
m ated water-leaving radiance in  the blue part of the 
spectrum . Less sensitivity to ays(X) is found  for w ave
lengths higher than  443 nm, especially for high 
chlorophyll a concentration. Figure 3.5 show s that 
the rem ote sensing reflectance band  ratio R35 is esti
m ated w ith  an average uncertainty ranging betw een 
-5% (low Chi and  ays(X)) and  1% (high Chi and ays(X)), 
and  a standard deviation ranging betw een 3% and 
7%, increasing as ays(X) increases. In  the Baltic Sea, 
w here even higher ays(X) values can be found, higher 
standard  deviation values m ay be expected.

affected wavelength). e(Lw) show s the highest sensi
tivity to ays(X) variations at low Chi For each Chi 
value, the w ater signal decreases as ays(X) increases; 
correspondingly the scatter in  e, as characterized by 
the G aussian standard  deviation a e, increases.

Keeping the sam e atm osphere-w ater conditions, it 
has been observed (Figures 3.6, 3.7 and 3.8) that the 
scheme is quite sensitive to seasonal changes in Sun 
zenith angle 0O, tending to overestim ate та(Х8), v, 
LW(X) and  R3 5  for high 0O (i.e., in  wintertim e), and to 
underestim ate them  for low  0 O (i.e., in summertime). 
Hence it is possible to foresee that, w ith  the same 
atm osphere-w ater conditions, the scheme will tend 
to overestim ate m ore in the Baltic region, character
ized by h igh 0O, than in the Adriatic region.

Fig. 3.4
F requency  h is to g ram  of th e  re la tiv e  p e rc e n ta g e  d ifference e b e tw een  sim u la te d  a n d  re triev ed  w a te r- le av in g  rad ian ce  L J X )  a t 412 
n m  for rtys(400)=0.048, 0.149 a n d  0.373 n r 1 a n d  th ree  d iffe ren t ch lo rophy ll a co n cen tra tio n s. R M S rd  is  th e  ro o t m e a n  sq u a re  re la tiv e  
difference.
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Fig. 3.5
F req u en cy  h is to g ram  of th e  re la tiv e  p ercen tag e  d ifference  e  b e tw e e n  sim u la te d  an d  re triev ed  rem o te  se n sin g  b a n d  ra tio  R3S for 
d iffe ren t ch lo rophy ll a co n cen tra tio n s  a n d  yellow  su b s tan ce  ab so rp tio n .

Fig. 3.6
S easonal v a ria tio n  o f е(та(Х8=865 nm )) a n d  e(v) fo r a s ta n d a rd  a tm o sp h e re  (a=0.05, v=1.7, m a ritim e  aeroso l to0a), a v e ra g e  v iew in g  

g eo m etry  (0V=25° a n d  Дф=30°), m ean  yellow  su b s ta n c e  ab so rp tio n  (rt1/s(400)=0.149 n r ') , an d  fo r a SeaW iFS o v e rp a ss  a t a b o u t 12:00 

G M T o v e r th e  N o rth  A d ria tic  Sea (Lat. 45°18'50" N, Long. 12°30'30" E). T he d o tte d  lines d e lim it a  reg ion  fo r w h ich  0O< 55°.
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Fig. 3.7
S easonal v aria tio n  o f e(Lw) fo r (o)CW=0.3 m g -n r’ , (*)CW=3.0 m g .m '3 , (□)С/г/=10.0 m g .m '1. D ata  w ere  p ro d u c e d  u n d e r  th e  sam e 

co n d itio n s  as F igu re  3.6 a n d  fo r cen tre -w av e len g th s  Xj=412 nm , k3=490 n m , ?^=555 n m  , X6=670 nm .

The in troduction  of noise a t 765 and  865 nm, 
accounting for signal-to-noise ra tio  and  inexact 
prediction of the water-leaving radiance in  the NIR, 
can lead to substantial uncertainties in  the estim ated 
v and  LW(X) at 412-670 nm.

Results show  that the coupling of an approxim ate 
atm ospheric correction m ethod w ith  vicarious cali
bration of the space sensor is a valuable solution for 
the estim ate of atm ospheric and seaw ater param e
ters.
The results presented above are supported  by the 
m atch-ups of in situ and SeaWiFS data  for the period 
Septem ber 1997 -  M ay 2002, p resen ted  in  the 
following section.

3.3.2  M a tch -up s  resu lts

3.3.2.1 AAOT (Acqua Alta Oceanographic 
Tower) site

SeaWiFS prim ary products, obtained by applying 
the processing tool described in Chapter 3.2, were 
extensively validated w ith  in situ data collected at 
the AAOT site (Figure 3.9) in  the northern  Adriatic 
Sea (Zibordi et a l, 2002). The validation w as carried 
out through the analysis of m atch-ups covering the 
period Septem ber 1997 to Septem ber 2001. Some of 
the m ost significant results are presented below. A n 
extensive analysis of the com parison betw een satel- 
Iite-derived and  in situ m easured quantities, as well 
as the m atch-up protocol, is described in  M elin et al. 
(2003).
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Fig. 3.8
S easonal v a ria tio n  o f  t(R 35) fo r (o)C hl=0.3 m g .n r ' , (*)CW=3.0 m g .m 5 , (□ )C/i/=10.0 m g.m  Л D ata  w ere  p ro d u c e d  u n d e r  the sam e 

co n d itio n s  as F igu re  3.6.

Figure 3.10 displays the scatter plot of SeaWiFS- 
derived versus in situ aerosol optical thickness a t 443 
and  865 nm, over 197 match-ups.
The agreem ent betw een m easured and satellite- 
derived aerosol optical thickness show s a determ ina
tion coefficient r2 ranging betw een 0.91 at 443 nm  
and  0.81 at 865 nm, and a m ean relative percentage 
difference d (defined as the average ratio of the 
absolute difference of remotely sensed and in situ 
values d ivided by the in situ value, and  expressed as 
percentage) ranging betw een 17% and  23% for the 
various channels.
Figure 3.11 show s the com parison betw een observed 
and rem otely sensed norm alized w ater leaving radi
ance for the different channels from 412 to 670 nm. 
The determ ination coefficient r2 is greater than 0.75 
for the channels above 443 nm  bu t decreases for the 
b lue  p a rt of the spectrum . The m ean  relative 
percentage difference d is less than 2 0 % for channels 
490, 510 and 555, b u t as high as 47% and 29% at 412 
nm  and  443 nm, respectively. At 670 nm, the m ean 
relative percentage difference d is 31%, w ith  four 
satellite retrievals characterized by  a very low  
norm alized w ater- leaving radiance (below 0.2 mW  
cm ' 2 s r 1 nm'').

Fig. 3.9
T he A cqua A lta  O cea n o g rap h ic  T ow er (A A O T) site  in  the 
n o r th e rn  A dria tic .
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Fig. 3.10
A A O T  site: sc a tte r  p lo t o f S eaW iFS-derived v e rsu s  in  s itu  aeroso l op tical th ickness (A O T) a t  443 an d  865 nm . n is th e  n u m b e r  o f 
m a tch -u p s . >'2 is th e  coefficient o f d e te rm in a tio n  a n d  d is the m e a n  re la tiv e  p ercen tag e  difference.
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F ig . 3.11
A A O T site: scatter p lo t o f SeaW iFS-derived versus in s itu  norm alized  w ater-leaving radiance nLlp for centre-w avelengths at 412, 443,490, 

510,555 an d  670 nm . 11 is the n u m b er o f m atch-ups. r ’ is the coefficient of determ ination  and  d  is  the m ean  relative percentage difference.
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The validation of the atm ospheric correction code for 
the Baltic Sea is here restricted to aerosol products, 
since these are the only optical field m easurem ents 
available for the study.
Aerosol in situ da ta  w ere collected at the G otland site 
(Figure 3.12), in  the Baltic Sea, by B. H akansson as 
pa rt of the AERONET project.

3.3.2.1 Gotland site

Fig. 3.12
T he G o tlan d  site  in th e  Baltic Sea

ЛОТ - 443nm

[n-.Si(u

ЛОТ • (i70nm

ЛОТ - 500nm

In-Sim

ЛОТ - 865nm

Fig. 3.13
G o tlan d  site: sc a tte r  p lo t o f SeaW iFS-derived  v e rsu s  in s itu  aeroso l op tica l th ickness (A O T) a t  443, 500, 670 an d  865 nm . n is the 
n u m b e r  o f m a tch -u p s . r2 is th e  coeffic ien t o f  d e te rm in a tio n  an d  d is  th e  m ean  re lative p ercen tag e  difference.
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The validation w as carried ou t through the analysis 
of m atch-ups covering the period 2000-2001. The 
protocol of m atch-ups selection used  in the case of 
the AAOT site w as adapted. Indeed, the pixels 
closest to the  m easurem ent site and  som e 
surrounding pixels are land pixels (the site is located 
on the island) and  cannot be included  for the 
com parison. Instead, a large 21x21-pixel square 
centered on the m easurem ent site is isolated. In that 
area considered representative of the aerosol condi
tions, the cloud-free 5x5-pixel square closest to the 
site is searched and  serves for the comparison. 
Figure 3.13 displays the scatter p lo t of SeaWiFS- 
derived versus in situ aerosol optical thickness at 
443, 500, 670 and  865 nm, over 19 m atch-ups. The 
agreem ent betw een m easured and  satellite-derived 
aerosol optical thickness show s a determ ination 
coefficient r2 alw ays higher than 0.90, and  a m ean 
relative percentage difference d ranging betw een 
14% and  18% for the different channels.

A m ore extensive validation of all SeaWiFS prim ary 
products relies on  the availability of long-term  accu
rate field m easurem ents, including com prehensive 
atm ospheric and  m arine data.

3.4 Conclusions for atm ospheric  
correction

A processing tool w as developed for the analysis of 
SeaWiFS im agery over the E uropean  area. The 
processing tool perform s SeaWiFS atm ospheric  
correction by coupling an  approxim ate m odel and 
vicarious calibration.

T he accuracy  of th e  a tm o sp h e ric  co rrec tion  
schem e w as theo re tica lly  assessed  for a tm o s
pheric  and  w ater param eters  typ ical of m id la ti
tu d e  E uropean  sites, w ith  specific reference to the 
N o rth  A driatic  Sea. The a tm ospheric  correction 
schem e show ed an accuracy acceptable for env i
ronm enta l s tud ies. The Baltic Sea is typ ica lly  char
acterized  by h ig h er yellow  substance  abso rp tion  
(e.g., in the ir review, Schw arz et al. (2002) ind icate  
a m ean  яу5(440) of 0.41 m ' 1 w ith  a s ta n d a rd  dev ia
tion  of 0.27 nv!) and h ig h er so lar zen ith  angles. It 
is possib le to foresee th a t the accuracy of the 
a tm ospheric  correction schem e w ill no t d ram a ti
cally change in the re trieval of the aerosol optical 
th ickness and  the rem ote sensing  ban d  ratio , b u t it 
w ill g reatly  decrease in the re trieval of the  w ater- 
leav ing  rad iance in  the b lu e  p a rt of the  spectrum . 
A  m ore deta iled  analysis sh o u ld  be carried  out. 
The accuracy of SeaWiFS d eriv ed  p rim ary  p ro d 
ucts w as evaluated  by com paring  satellite  derived  
and  in situ  m easured  quan tities . This va lid a tio n  
activ ity  h as  been extensively  perfo rm ed  for the 
n o rth e rn  A driatic  Sea, w here  a com prehensive 
and  h igh ly  accurate m arine  and  a tm ospheric  data  
set has been  collected since 1995. The valid a tio n  
of the a tm ospheric  correction  code for the  Baltic 
Sea has so far been  lim ited  to the aeroso l p ro d 
ucts, since no o ther d a ta  set of op tical p rop erties  
w as available for the project.
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4. Algorithm comparison
F. Melin
In land and  M arine W aters Unit, Institute for Environm ent and  Sustainability, 
Joint Research Centre, 21020 Ispra (VA), Italy

4.1. Introduction
This chapter describes the com parison of in situ data 
sets of chlorophyll a concentration w ith satellite- 
based products. First, the satellite data  archive used 
for the com parison exercise is presented. It is based 
on products derived from the Sea-viewing Wide 
Field-of-view Sensor (SeaWiFS, Hooker et al. 1992). 
Then follows the com parison w ith  the field m easure
m ents. This analysis w as d iv ided into tw o parts: one 
corresponds to a data  body of chlorophyll a profiles 
distributed  across the basin and  collected in the 
years 1997-2001 by various Institutes. The second is 
a selection of chlorophyll a m easurem ents for four 
transects across the basin.

4.2. Satellite products
The basis for the satellite data selection is the SeaWiFS 
ocean colour archive of the IMW Unit at JRC. This 
archive is organized into w indow s that cover the 
European seas and  are displayed on 
h ttp :/ / www.me.sai.jrc.it. The Baltic w indow  domain 
used here is show n on Figure 4.1 and is bounded by 
52.75N -  6 6 N in latitude and 3.5E -  30.5E in longitude. 
The projection is cylindrical equidistant w ith an 
approximate resolution of 2-km. The time series is 
organized in daily files as well as time composites, 
w ith 10-day and monthly periods. As indicated in 
Chapter 3, the atm ospheric correction scheme is based 
on Sturm  and Zibordi (2002). The operational aspects, 
including rem apping and time binning techniques, 
are described in Melin et al. (2000,2002). One relevant 
aspect in the fram ework of this study  is the limitation 
of the space sensor view ing angle a t 45° (this 
threshold discards the pixels larger than 2 -km in order 
to respect the resolution chosen for the grid).
The archive covers the period 1997-2001, bu t at 
present only the years 2 0 0 0  and 2 0 0 1  have been 
reprocessed w ith a revised atm ospheric correction 
scheme (Sturm and Zibordi 2002, Melin et al. 2003). To

ensure a better quality of the satellite products used 
for the study as well as their consistency, only the time 
interval 2 0 0 0 - 2 0 0 1  is considered for the comparison.

Fig. 4.1
B altic  w in d o w  d o m a in : la t i tu d e  52.75N  -  66N , lo n g itu d e  
3.5E -  30.5E.

For each measurem ent, the archive is searched for the 
appropriate day and location and the relevant prod
ucts (including top-of-atmosphere radiance, aerosol 
characteristics, norm alized water-leaving radiance, 
geom etry of illum ination  and  observation) are 
extracted for comparison w ith the field value. The 
extraction includes a ЗхЗ-grid point square centered 
on the elem ent closest to the measurement. For the 
grid points associated w ith a valid norm alized water 
leaving radiance spectrum  nLw, the chlorophyll a 
concentration is com puted for the 4 algorithm s 
considered for the comparison exercise (see Chapter 
2 ); the average and standard deviation over the valid 
points are then calculated. The results of the 4 algo
rithms will be designated as cl (Siegel et al. 1994), c2 
(Jorgensen and Berastegui, 2000), c3 (Darecki et al. 
2002) and OC4v4 (O'Reilly et al. 2000).
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Following criteria on the num ber of valid points over 
the ЗхЗ-grid and  the conditions of satellite observa
tion (see below for the actual conditions), a num ber n 
of m atch-ups (coincident satellite value and field 
data) is selected. The following indices of comparison 
betw een m easurem ents m and  satellite values s of the 
chlorophyll a concentration are then used:

'm s r d (m ,s ) =  — Z  (Hi__Hi)2
V ” i= l mi

nns  log (m ,s )  “  j  ~  £ |!o g 10 s;  - log10 Щ ) 2

mrd(m.s) = -  Z  
n ;=i

I si - mi
m;

md(m,s) = -  Z  ~ m
n /= 1  1Щ

rmsrd and mrd are the root m ean square relative 
difference and m ean relative difference, respectively. 
These indicators are m ore sensitive to overestimates 
of m by s than to underestim ates. O n the other hand, 
nHsIog gives equal w eight to an underestim ate by a 
given factor and to an overestimate by the same 
factor, md is an unsigned difference that quantifies a 
system atic bias betw een m and s. r2 is the coefficient 
of determ ination.

4.3. Basin scale field data and com
parison with satellite products

4.3.1 D escrip tio n  o f  th e  f ie ld  d a ta  sets

A p o o l of d a ta  w as p ro v id e d  th ro u g h  the 
In te rn a tio n a l C ouncil for the E xp lo ration  of the 
Sea (ICES). This com pilation  of da ta  sets collected 
by various In stitu tes contains 1124 ch lorophyll a 
concen tra tion  profiles of variable d ep th  d is trib 
u ted  across the basin  for the  perio d  1997-2001. A n 
ad d itio n a l da ta  body  w as p ro v id ed  d irectly  by the 
S w ed ish  M eteoro log ica l a n d  H y d ro lo g ica l 
In stitu te  (SMHI, B. H akansson). It contains 2119 
ch lo ro p h y ll a p ro files , g eo g rap h ica lly  w ide ly  
d is trib u ted  b u t w ith  an  em phasis  on  the Sw edish 
coastal w aters. 593 of those profiles w ere a lready  
in  the ICES database and w ere therefore n o t taken  
in to  account as add itio n a l in form ation . Table 4.1 
show s the num ber of p rofiles p er season  and  p er 
y ear for the resu lting  ensem ble of 2750 profiles, 
and  Figure 4.2 gives the geographical d is trib u tio n  
of the da ta  po in ts poo led  p e r season. O nly the 
surface o r near-surface concentration  is u sed  in 
th is s tu d y  for com parison  w ith  the sate llite  coun
te rpart.

N.
Profiles

1997 1998 1999 2 0 0 0 2 0 0 1 ALL

DJF 59 130 1 2 0 125 109 582

M AM 1 1 0 1 2 2 124 150 103 609

JJA 172 162 227 2 1 0 125 896

SON 142 150 130 151 90 663

ALL 483 564 601 636 427 2750

Table 4.1
N u m b e r  o f p ro files p e r  seaso n  an d  p e r  year. DJF: Dec. (of th e  y e a r  before)-Jan.-Feb., M A M : M ar.-A pr.-M ay, JJA: Jun .-Ju l.-A ugv 
SO N : S ep .-O ct-N ov .
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The seasonal d istribution is fairly even. However, 
m any data  points are located very close to the coast. 
It has already been pointed ou t that the possibility of 
com paring rem ote sensing ocean colour products to 
very coastal field m easurem ents is expected to be 
low. Furtherm ore satellite ocean colour provides 
insufficient coverage for the w inter season (i.e., 
December to February).
N o com prehensive description of the data  collection 
(technique used, expected accuracy) w as available

for this activity. A n index of the repeatability of the 
m easurem ents, including the natural variability and 
local heterogeneity, can be inferred from the pres
ence in  the data  set of 197 replicates, i.e., m ultiple 
values (2 to 4) of chlorophyll a concentrations a t the 
same dep th  for the sam e profile. The ratio  of the 
standard  deviation calculated for these m ultiple 
values over their m ean value w as less than 1 0 % for 
121 replicates. This ratio w as betw een 10% and  25% 
for 50 replicates and above 25% for 21.
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Fig . 4.2
S easonal a n d  sp a tia l d is tr ib u tio n  o f the 2750 ch lo rophy ll a profiles.
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With the availability of this large data set, widely 
d istributed in  space and  time, one can obtain a broad 
view of the basin  biom ass variability, for instance in 
term s of seasonal cycle. Figure 4.3 show s an example 
of a seasonal cycle for the year 2000. All points avail
able for a season w ere pooled together for a plot 
m aking use of a contouring graphical tool. This 
exam ple p rov ides m ore in form ation  abou t the

spatio-tem poral variability characterizing the Baltic 
dom ain. Values indicated by the contours m ay be 
safely considered w hen close to the m easurem ent 
points bu t great caution is required in between.

D - J - F  2000
125  d a ta  po in ts

- A - M  2000:
1:ju aaui mum:.

J - J - A  2000
2 1 0  d a ta  po in ts

S - O - N  2000
151 do ta  po in ts

■ \  ‘ 

-41 I

~ m r

■ Л./ г  } <o /  /

\  \

Fig. 4.3
C h lo ro p h y ll a seasonal cycle fo r 2000. T h e  fie ld  m e a su re m e n ts  ava ilab le  fo r a  g iv en  seaso n  are  p oo led  to g e th e r  an d  se rv e  as in p u t 
to a co n to u rin g  p ro ced u re .
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The Baltic Sea is obviously characterized by elevated 
levels of biomass. Some abnorm al features for spring 
(Mar.-May) m ight result from  rapid  changes taking 
place at this time of the year. The trend is tow ards 
slowly decreasing concentrations in  sum m er and 
autum n. A n increasing gradient of concentrations is 
apparen t tow ards the eastern coasts of the Gulf of 
Riga and  the Gulf of Finland, as well as in the Gulf of 
Bothnia proper. N ot surprisingly, a northw ard  nega
tive gradient can also be noticed. This is no t the place 
to give a complete description of the spatio-tem poral 
variability of phytoplankton in the Baltic, bu t the 
features outlined on the basis of Figure 4.3 corre
spond to com m on know ledge for the area. Low 
values are only typical of w in tertim e and  the

sum m er m inim um . D uring the spring period (Mar.- 
May) the phytoplankton biom ass increases rapidly 
in a few weeks and  has its highest values for the 
w hole year. A fter the sp ring  bloom , the algal 
biom ass decreases to a short sum m er m inimum. 
With the increasing surface w ater tem peratures, the 
am ount of cyanobacteria increases and bloom s w ith 
large areal coverage can occur. Later in the autum n, 
some local bloom s of diatom s m ight develop, b u t in 
general the am ount of algae decreases tow ards the 
w inter while availability of light diminishes.
After the description of the in situ data  sets, the 
results of the com parison w ith satellite products are 
presented.
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Fig. 4.4
M a tch -u p s  b e tw e e n  sa te llite  d e r iv e d  a n d  in situ  ch lo rophy ll a co n cen tra tio n s. T h e  m in im u m  n u m b e r  o f v a lid  p o in ts  in  th e  3x3-grid  
p o in t  sq u a re  cen tered  on  th e  m e a su re m e n t s ite  is  se t to 5. n is th e  n u m b e r  o f  m a tc h -u p s  a n d  the o th e r  v a riab le s w ere  in tro d u c e d  in 
S ection  4.2.
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If the threshold of the m inim um  num ber of complete 
norm alized w a te r leaving radiance spectra nLw 
(from 412 to 670 nm ) over the ЗхЗ-grid point square 
is set to 5 (i.e., a t least half the points in the square 
have yielded valid  values), the num ber of m atch-ups 
equals 75 (Figure 4.4) w ith  field values spanning 2 
orders of m agnitude. Except for c2, the satellite 
derived concentrations tend to be low er than  the 
field values. For all 4 algorithm s, the dispersion of 
points is huge and  the coefficient of determ ination is 
virtually null, m /slog values indicate that the m ean 
difference betw een  in situ  and  rem ote sensing 
concentrations is a t least half an  order of m agnitude.

4.3.2 Match-ups analysis
A num ber of valid points in the ЗхЗ-grid point 
square strictly less than 9 is indicative of conditions 
no t favorable for the atm ospheric correction scheme 
(e.g, vicinity of a cloud, failure of the atm ospheric 
correction scheme in presence of a tu rb id  atm os
phere and  /  or water, bottom  effect). A  threshold of 
the m inim um  num ber of complete nLw spectra over 
the ЗхЗ-grid point square equal to 9 (i.e., all the 
points in  the square have yielded valid  values) 
im proves the  valid ity  of the com parison. The 
rem aining 37 m atch-ups are presented on Figure 4.5. 
N o statistical im provem ent is noticed.
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Fig . 4.5
M a tc h -u p s  b e tw e e n  sa te llite  d e r iv e d  a n d  in situ  ch lo ro p h y ll a c o n c e n tra tio n s . T h e  n u m b e r  o f v a lid  p o in ts  in  th e  ЗхЗ-g rid  p o in t  
sq u a re  c e n te re d  o n  th e  m e a su re m e n t s ite  is  se t to 9. n is  th e  n u m b e r  o f m a tc h -u p s  a n d  th e  o th e r  v a ria b le s  w e re  in tro d u c e d  in  
S ec tio n  4.2.
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The only tim e constra in t applied  so far for the 
selection of the m atch-ups betw een  the tw o types 
of m easurem ents w as their occurrence on the sam e 
day. H ow ever, som e m easurem ents w ere collected 
in  early  m orn ing  or late afternoon and evening, 
and  th is large tim e difference w ith  the satellite 
o verpass (a ro u n d  local noon) m ig h t a lte r the 
com parison in  cases of strong variability. F igure 4.6 
show s the m atch-ups (15) left if the difference 
b e tw een  m easu rem en t and  sa te llite  p ass  is 
restricted  to 5 hours.

The overall trend  is an underestim ate of the field 
m easurem ents by  the remote sensing values. The 
m ean relative difference is 63%, 101%, 65% and  45% 
for cl, c2, c3 and  OC4v4 respectively. This im prove
m ent is no t accom panied by a larger coefficient of 
determ ination that is still no t significantly different 
from 0.
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Fig. 4.6
M a tch -u p s  b e tw e e n  sa te llite  d e riv e d  a n d  in situ  ch lo rophy ll a co n cen tra tio n s. T h e  n u m b e r  o f v a lid  p o in ts  in  th e  ЗхЗ-g rid  p o in t 
sq u a re  cen te red  o n  th e  m easu re m e n t s ite  is se t to 9. T he tim e  of m e a su re m e n t is  w ith in  + / -  5 h o u rs  o f the sa te llite  o v e rp ass , n is 
th e  n u m b e r  o f  m a tc h -u p s  an d  th e  o th e r  v ariab le s  w ere  in tro d u c e d  in  S ection  4.2.
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The inputs to the algorithm s rely on various sets of 
channels and there is no sim ple analytical relation
ship linking the algorithm  outputs. In  order to gain a 
b etter sensitivity  on the respective algorithm  
outputs, each one is com pared on Figure 4.7 to the 
average of the four algorithm s for the 37 m atch-ups 
of Figure 4.5 (here, the tim e of m easurem ent is not an 
issue). Since all algorithm  ou tp u t are a priori valid, 
this com parison is also a conservative estim ate of the 
algorithm  uncertainties. OC4v4 is the m ost represen
tative of the m ean of the 4 algorithm s. The distribu
tion associated to c l is also close to the m ean but 
w ith more scatter. c2 provides values that are rela

tively h igher in the high concentration range and 
low er in  the low  range. c3 tends to be relatively 
low er than  the other algorithm s. Overall, the four 
algorithm s yield com parable estimates: the m ean 
relative difference (mrd) w ith  respect to the average 
is below  50%. Since those algorithm s rely on a varied 
set of nLw channels, ranging from  443 to 670 nm, and 
the results presented are for a lim ited num ber of 
points, the respective behaviour of the 4 algorithm s 
as displayed on Figure 4.7 should no t lead to any 
general conclusion as to their application to the 
entire basin.
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Fig. 4.7
F o r the m a tc h -u p s  d isp la y e d  o n  F ig u re  4.5, sca tte r p lo ts  o f each  a lg o rith m  w ith  resp ec t to  th e  av erag e  o f th e  4 a lg o rith m s 
(cl +c2+c3+OC4v4) /  4.

Validation o f A lgorithm s fo r Chlorophyii a Retrieval fro m  Satellite Data in the Baltic Sea Area



.n o  t im e  c o n s tra in t  :

.7 :1 7  c o n s tra in t  "  ' ■ ............

Matchups Locations

: ....... “ ■¥

* e

• »

«

Fig. 4.8
L ocation  o f  th e  m a tc h -u p s  d isp la y e d  on  F igu res 4.5  a n d  4.6.
* ind ica te  m a tch -u p s  fo r w h ich  no  tim e co n s tra in t w a s  ap p lied ,
•  a re  m a tc h -u p s  w ith  a tim e d ifference b e tw een  field  an d  

rem o te  se n sin g  v a lu es  less th an  5  hours.

Figure 4.8 show s the location of the m atch-ups that 
were retained for the analysis. O ut of the 37 m atch
ups (Figure 4.5), 25 were obtained in 2000 and 12 in 
2 0 0 1 , and equally d istributed in spring, sum m er and 
autum n. As expected, there are alm ost no m atch-ups 
very close to the coastlines. In conclusion, the m atch
ups presented on Figures 4.5 and  4.6 are mostly from 
open w ater conditions.

4 .3.3  S yn op tic  co m p a riso n

Even though the data  body is quite large, the 
num ber of m atch-ups is relatively small for the 2  

years considered. This is explained by several 
factors. First, the p a rt of the field m easurem ents that 
w as collected du ring  w in ter m onths or in very 
coastal areas is no t suitable for com parison w ith 
rem ote sensing products. Then, SeaWiFS actually 
provides a view  of a given area w ith a reasonable 
geom etry of observation every other day. Finally,

cloud coverage and various failures of the algo
rithm s to produce valid ou tputs greatly reduce the 
basis for comparison.

To see if the results obtained w ith the m atch-ups 
scatter plots have any statistical representativity, 
Figure 4.9 shows the sum m er seasonal average (Jun.- 
A ug.) for 2000 obtained  from  rem ote sensing 
(OC4v4) and the composite m ap for that period 
obtained from the field m easurem ents (this m ap is 
also seen on Figure 4.3). For the sake of comparison, 
the m ap obtained from the NASA D istributed Active 
Archive Center (DAAC-GSFC) is added. Since the 
tw o rem ote sensing products are based on the same 
bio-optical algorithm  (OC4v4 in that case), the differ
ences m ust result m ainly from the use of a different 
atm ospheric correction schem e and  secondarily from 
the quality checks enforced (flagging) and time 
binning procedures (e.g., treatm ent of outliers).

D epending on the area considered, agreem ents and 
discrepancies are noticed betw een the JRC seasonal 
m ap and the field m easurem ent composite, both in 
term s of am plitude and gradients. It should be 
rem em bered that some abnorm al features on the 
field data m ap m ight just be the results of one meas
urem ent point. The JRC product is consistently 
low er than the DAAC product, w ith the latter failing 
to reproduce the low (Im g.n r3) chlorophyll a concen
trations in the southern Baltic. This comparison 
show s that no systematic underestim ate or overesti
mate is discernible betw een field and rem ote sensing 
values (OC4i?4-based).

To check if a systematic bias exists as far as the 
tem poral variability is concerned, three areas in the 
Baltic Sea are considered (Figure 4.10). Those regions 
contain m ost of the m atch-ups (Figure 4.8). For each 
area, the average m onthly JRC satellite (OC4v4- 
based) chlorophyll a concentration is com puted and 
plotted as a function of time on Figure 4.10. The 
available field m easurem ents located in  those boxes 
are pooled together for every m onth and  over
plotted together w ith the num ber of m easurem ent 
points that make up  the com posite average. Those
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Fig. 4.9
Seasonal av e rag e  o f ch lo ro p h y ll a co n cen tra tio n  co m p u ted  
w ith  the O C 4v4 a lg o rith m  as re su ltin g  a ) from  the JRC arch ive  
an d  b)  from  th e  D A A C . c )  C o m p o s ite  o f th e  fie ld  m e a su re 
m en ts  av a ilab le  fo r su m m e r  2000 w ith  co n to u rin g  p ro ced u re . 
T he co lou r b a r  in d ica te s  th e  v a lu es  0, 0 .5 ,1 , 1.5, 2, 2.5, 3, 3.5, 4, 
4.5, 5, 6, 7, 8 a n d  9 m g .n r '.

graphs show  that there is no obvious bias between 
products, a view  well in line w ith  the results given 
by  the m atch-ups analysis and the spatial com par
ison illustrated by Figure 4.9. It is stressed that the 
m onthly field m easurem ent averages are actually 
based on few m easurem ent points (around 5). This 
figure completes Figure 4.2 and Table 4.1 since it 
indicates how  m any field m easurem ents are avail
able on a m onthly basis for the regions outlined on 
the m ap (north, central and south).

4 .3 .4  C onc lus ion  fo r  m a tc h -u p  ana lysis
The analysis perform ed on selected m atch-ups has 
yielded poor results in  term s of m ean differences. 
Keeping only m atch-ups for w hich all 9 points of a 
ЗхЗ-grid point square are valid satellite retrievals 
and the field m easurem ent tim e is w ithin 5 hours of 
the satellite overpass (15 match-ups), the differences 
betw een in situ and  satellite values are actually 
reasonable (Figure 4.6). However, considering this 
num ber of m atch-ups or extra m atch-ups accepted 
w ith less stringent selection criteria, the correlation- 
betw een rem ote sensing products and in situ values 
is virtually nil, m eaning that there is no statistical 
relationship betw een the tw o quantities.
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Furtherm ore, for at least 3 ou t of 4 algorithm s, the 
rem ote sensing values seem to be low er than the 
corresponding m easurem ents. A broader view, in 
term s of spatial or tem poral variability, does not 
indicate a system atic overestim ate or underestim ate 
of the satellite products (OC4v4-based) w ith  respect 
to field m easurem ents.

Fig . 4.10
M o n th ly  v a lu es  fo r th e  y ea rs  2000 a n d  2001 fo r th e  JR C  O C 4v4  ch lo rophy ll a co n cen tra tio n  an d  th e  field  m e a su re m e n t com p o site  
av e rag e  fo r th e  3  reg io n s in d ica ted  on  th e  m ap . T he line  is for sa te llite  m o n th ly  values, О  are  th e  av e rag e  v a lu es  o f all f ie ld  m eas
u re m e n ts  in  a reg ion  fo r a  g iv en  m o n th , X is th e  n u m b e r  o f th e  field  m easu rem en ts  u se d  to ca lcu la te  th is av e rag e  (in d ic a ted  w ith  
th e  sa m e  scale as th e  co n cen tra tio n , th is n u m b e r  m ig h t b e  o u t  o f  th e  g rap h ). N o tice  th e  d iffe ren t scale b e tw e e n  tim e series.
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4.4 Transect lines

4.4.1 P resen ta tion  o f  th e  d a ta  se t

Originally, 3 transects from  the Alg@line project 
w ere provided by the Finnish Institute for M arine 
Research (FIMR) for com parison w ith  satellite p rod 
ucts. Those m easurem ents are based on the opera
tions of a flow -through fluorom eter pum ping  w ater 
at a 5-m depth (Leppanen et al. 1995) during  cruises 
crossing the basin  betw een  T ravem iinde and 
Helsinki. Subsequently, it appeared that the relation
ship betw een fluorometric m easurem ents, taken in 
sum m er cruises, and actual chlorophyll a concentra
tions m ight no t be straightforw ard and those m eas
urem ents are not included in the com parison exer
cise w ith  satellite data.

As a substitute, the FIMR provided discrete chloro
phyll a m easurem ents corresponding to Alg@line 
transects. The four transects represent a trip  north 
w ard, starting late evening on the 4"' July, 1st, 13lh and 
21" A ugust 2001 and  reaching  H elsinki early 
m orning less than  30 hours after departure (the tran 
sects therefore span 3 calendar days).

Taking into account the nature of those transects 
(consistent m easurem ents taken across the basin  on 
a 3-day period), it appeared preferable to consider 
each separately and m ake a com parison w ith  the 
satellite m aps produced over the 3 days of the tran
sect (composite map). Such a procedure provides a 
m ore complete satellite data coverage representative 
of the basin-scale conditions encountered by the 
ship. Practically, there is thus no need to draw  an 
arbitrary line betw een one day and the next for 
m easurem ents taken in the m iddle of the night. 
Conversely, this procedure assum es a low  synoptic 
day-to-day variability.

Figures 4.11a-d show  the track of the ship w ith 
chlorophyll concentrations and  dates of m easure
m ents over-plotted on the chlorophyll a average 
concentration estim ated w ith  OC4v4 over the 3 days 
of the cruise. For the 4 transects, m ost concentrations 
are in the range 2-5 m g.m ’3.

Fig. 4.11a
T hree-d ay  com p o site  o f th e  JRC OC4v4  ch lo rophy ll a concen
tra tio n  (4lh-6"' Ju ly  2001) w ith  m e a su re m e n t p o in ts  o f  th e  co rre 
sp o n d in g  tran sec t (d a te  a n d  c o n cen tra tio n  a re  in d ica ted  for 
each). T he co lo u r b a r  is  as on  F ig u re  4.9.

Fig. 4.11b
T hree-d ay  co m p o s ite  o f  th e  JRC O C4v4  ch lo ro p h y ll a concen
tra tio n  (1>L3 'J A u g u s t 2001) w ith  m e a su re m e n t p o in ts  o f the 
c o rre sp o n d in g  tra n se c t (d a te  a n d  co n cen tra tio n  a re  in d ica ted  
fo r  cach). T he co lo u r b a r  is as o n  F ig u re  4.9.
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Fig. 4.11c
T h ree-d ay  c o m p o s ite  o f  th e  JR C  OC4v4  ch lo ro p h y ll a con cen 
tra tio n  (13ll,-15'1' A u g u s t 2001) w ith  m e a su re m e n t p o in ts  o f  the 
c o rre sp o n d in g  tra n se c t (d a te  a n d  co n cen tra tio n  a re  ind ica ted  
fo r each). T he co lo u r b a r  is  a s  o n  F ig u re  4.9.

4 .4.2  M a tch -u p s  resu lts

Similarly to the protocol defined in  Section 3, the 
satellite p roducts corresponding  to the transect 
m easurem ents w ere extracted for a ЗхЗ-grid point 
square centered on the location of the m easurem ent 
stations. In that section, the satellite products refer to 
the 3-day com posites illustrated on Figure 4.11 and 
the results are presented for each transect. The 4 
transects provide 3, 9, 10 and  7 m atch-ups for 
starting dates on 4"' July, 1", 13* and 21s’ August, 
respectively, and  the results are show n on  Figure 
4.12a-d (notice the varying scales).

For the first transect, the rem ote sensing product cl 
underestim ates the field values, c2  is again charac
terized by a large scatter, c3 gives an excellent 
com parison for 2 ou t of 3 points, and the OC4v4 
d istribution is centered on the 1:1 line. M ost of the 
m atch-up concentrations are betw een 2 and 3 m g rrr3.

For the second transect, the agreem ent betw een 
rem ote sensing and  in situ concentrations is good for

Fig. 4.11d
T hree-d ay  com p o site  o f th e  JRC OC4v4  ch lo ro p h y ll a concen
tra tio n  (21''-23rd A u g u s t 2001) w ith  m e a su re m e n t p o in ts  o f the 
c o rre sp o n d in g  tran sec t (d a te  an d  co n cen tra tio n  a re  ind ica ted  
fo r each). T h e  co lo u r b a r  is as on  F igu re  4.9.

cl and OC4v4 for 8  m atch-ups ou t of 9 displayed on 
Figure 4.12b. c3 is characterized by relatively low 
values of the satellite-derived concentrations. One 
m atch-up features a concentration of 10.65 m g n r 3 

collected as first m easurem ent at 10:30pm I м A ugust 
just after the departure of the ship, thus in a very 
coastal area.

The last two transects display m atch-ups for which 
the rem ote sensing values are again relatively lower 
than field values. For the latter transect, the agree
m ent of OC4v4 w ith  respect to the in situ concentra
tions is reasonably good.

To conclude, the num ber of m atch-ups obtained w ith 
those 4 transects is quite rem arkable (and fortunate). 
The differences observed betw een satellite and  in 
situ values show n on Figure 4.12 are actually consid
ered reasonable, particularly for the OC4v4 algo
rithm. In any case, w hen associated w ith a coinci
dent cloud-free image, the transects offer a good 
poten tia l for basin-scale assessm ent of rem ote 
sensing products (e.g., Vepsalainen et al. 2003).
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Fig. 4.12a
M a tch -u p s  b e tw een  sa te llite  d e riv e d  a n d  in situ  ch lo ro p h y ll a concen tra tio n s fo r the tran sec t o n  4"'-6Lh Ju ly  2001. T h e  n u m b e r  o f 
v a lid  p o in ts  in th e  ЗхЗ-g rid  p o in t sq u a re  cen tered  on  th e  m e a su re m e n t site  is se t to 9. n is the n u m b e r  o f m a tc h -u p s  a n d  the o th e r 
v a riab le s w e re  in tro d u c e d  in Section 4.2.
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Fig. 4.12b
M a tch -u p s  b e tw e e n  sa te llite  d e riv e d  a n d  in situ  ch lo ro p h y ll a co n cen tra tio n s fo r the tran sec t o n  l ''-3 ,d A u g u s t 2001. T he n u m b e r  of 
v a lid  p o in ts  in  th e  ЗхЗ-g rid  p o in t sq u a re  cen tered  on  th e  m e a su re m e n t site  is se t to 9. n is the n u m b e r  o f m a tc h -u p s  an d  th e  o th e r  
v a riab le s w e re  in tro d u c e d  in  Section  4.2.
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M atch -u p s b e tw een  sa te llite  d e r iv e d  a n d  in situ  ch lo rophy ll a co n cen tra tions for the  transec t o n  И М б ’1’A u g u s t 2001. T he n u m b er 
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v ariab les  w ere  in tro d u c ed  in S ection  4.2.
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M a tch -u p s  b e tw e e n  sa te llite  d e r iv e d  a n d  in situ  ch lo rophy ll a co n cen tra tio n s fo r th e  tran sec t o n  21''-23,d A u g u s t 2001. T he n u m b e r  
o f v a lid  p o in ts  in  th e  ЗхЗ-g rid  p o in t sq u a re  cen te red  o n  th e  m ea su re m e n t s ite  is se t to  9. n is th e  n u m b e r  o f  m a tc h -u p s  a n d  th e  o th er 
v ariab le s  w e re  in tro d u c e d  in  S ection  4.2.
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4.5 Conclusions for algorithm comparison

U sing da ta  sets of chlorophyll a concentration  
profiles and single transects across the basin, uncer
tainties associated w ith rem ote sensing products 
calculated w ith  four algorithm s w ere assessed. N ot 
surprisingly , the  differences betw een  satellite 
derived and in situ values were found  to be large. An 
average underestim ate of the satellite products w ith 
respect to the in situ concentrations is discernable, 
b u t no general bias is clearly shown. C om pared w ith  
the results of Chapter 4.3 that presents a com parison 
based on m easurem ents collected in various m onths 
and  locations by different groups, it appears that 
none of the algorithm s seems able to capture the 
overall variability of the chlorophyll a concentration. 
The com parison gives m ore encouraging results 
using m atch-ups obtained from separate Alg@line 
transects. In  any case, it seems that the algorithm s 
can no t differentiate w ith  a satisfactory level of accu
racy the portion of the em erging light that is due to 
phy top lank ton  (and associate it w ith  an  actual 
pigm ent concentration) w ith respect to the other 
optical contributors (other particulate matter, chro- 
m ophoric dissolved organic m atter) found in the 
Baltic Sea (e.g., Ferrari et al. 1996, Hojerslev et al. 
1996, Kowalczulc 1999, Schwarz et al. 2002).

The algorithm  OC4v4 is often characterized by better 
statistics of com parison. Since it is an em pirical algo
rithm  whose form ulation has been heavily condi
tioned by data  collected in open ocean w aters 
(O 'Reilly et al. 2000), th is resu lt m igh t seem  
surprising (even though a significant p a rt of the 
developm ent data  set actually represents shelf and 
coastal waters). For various m onths and  locations, 
the rem ote sensing reflectance spectra found in  the 
Baltic Sea after atm ospheric correction are no t well 
represented in the SeaBAM data set that w as used to 
construct the algorithm  (D 'Alimonte et al. 2003). 
Arguably, the statistical perform ance of OC4v4 could 
be seen as fortuitous and resulting from a favourable 
functional form. O n the other hand, it is w orth 
rem em bering that the data that served for the defini
tion of the other 3 algorithm s are no t necessarily 
highly representative of the spatio-tem poral bio-

optical variability found in the entire basin, because 
they are either based on a lim ited num ber of points 
or lim ited geographically (see C hapter 2).

Furtherm ore this com parison exercise does no t give 
a precise indication  of the perform ance of the 
different in-w ater em pirical algorithm s p er se. The 
rem ote sensing product results from the system 
"calibration + atm ospheric correction scheme + in
w ater algorithm ", and  the absence of optical data for 
the analysis precludes an  estim ate of the uncertain
ties associated w ith  each com partm ent. Considering 
the m aps on Figure 4.9 that show s OC4z?4-based 
concentrations from two independent atm ospheric 
correction schemes, the JRC processor produces rela
tively h igher w ater- leaving radiances in the blue 
p a rt of the spectrum . W hether this behaviour is valid 
can only be answ ered by a thorough validation of 
the atm ospheric correction in Baltic w aters, like that 
conducted in the N orth Adriatic (Melin et al. 2003, 
see also C hapter 3).

In order to achieve this objective as well as to make 
any significant progress for rem ote sensing products, 
the availability of com prehensive atm ospheric and 
bio-optical m easurem ents accom panied by a sound 
m odelling of the radiative transfer processes are 
necessary.
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5. Summary and recommendations
W. S ch rim p f, G. Z ib o rd i

European Com m ission -  Joint Research Centre
Institute for Environm ent and  Sustainability -  Inland and M arine W aters U nit
1-21020 Ispra (VA), Italy

5.1 Summary
The project aim ed at com paring, w ith  respect to in 
situ values, the accuracy of existing em pirical algo
rithm s for the determ ination of chlorophyll a (Chi a) 
from SeaWiFS images of the Baltic.

Four algorithm s were included in the exercise: three 
specifically developed for the Baltic Sea and  a fourth 
algorithm  proposed for global SeaWiFS products. 
The first Baltic algorithm  w as developed using in 
situ data of the G erm an Baltic coastal area. The 
resulting em pirical form ula links optical field m eas
urem ents and concentrations of chlorophyll a + 
phaeopigm ents. The second algorithm  w as devel
oped using SeaWiFS reflectance data m atching in 
situ Chi a m easurem ents collected in the N orth Sea, 
Skagerrak and  w estern Baltic Sea (the satellite data 
w ere processed w ith  SeaDAS version 4.0, w ith an 
added  m odule for turbid  w ater correction). The third 
algorithm  is based  on field m easurem ents of 
reflectance and  Chi a collected in the Southern Baltic. 
The additional global algorithm  is the OC4v4 based 
on regressions perform ed on pairs of chlorophyll a 
concentrations and  rem ote sensing reflectance m eas
urem ents. A lthough its form ulation w as strongly 
influenced by m easurem ents collected in open ocean 
waters, an  appreciable part of the data w as actually 
collected in shelf and  coastal w aters (but no t in  the 
Baltic area).

The a tm ospheric  correction code app lied  for 
processing the SeaWiFS im agery used in  the inter
com parison exercise relies on the coupling of an 
approxim ate radiative transfer m odel and  the vicar
ious calibration of the space sensor. The accuracy of 
the atm ospheric correction schem e w as formally 
assessed for atm ospheric and w ater param eters 
typical of m id-latitude European sites, w ith specific 
reference to the N orth A driatic Sea. The Baltic Sea is 
typically characterized by relatively h igh yellow 
substance absorption coefficients and  solar zenith 
angles. It is then likely to expect that the accuracy of 
the proposed atm ospheric correction scheme, w hen 
applied to Baltic Sea data, does no t dram atically

decrease for the aerosol optical thickness and  ratios 
of rem ote sensing reflectance, bu t it could signifi
cantly decrease in  the retrieval of the absolute w ater 
leaving radiance in the blue part of the spectrum . In 
this s tudy  the accuracy of SeaWiFS derived prim ary 
products of the Baltic Sea area w as restricted to the 
aerosol products, because of the non-availability of 
in situ m atch-ups of norm alized w ater leaving radi
ances. The accuracy analysis presen ted  through 
scatter plo ts of SeaW iFS-derived versus in situ 
aerosol optical thickness at 443,500, 670 and  865 nm, 
over 19 m atch-ups covering the period 2000-2001, 
show s a determ ination coefficient always higher 
than 0.90, and a m ean relative percentage difference 
ranging betw een 14% and 18% for the different 
channels.

The uncertainties in the Chi a determ ined w ith the 
four algorithm s considered w as assessed using in 
situ Chi a from stations and  transects across the 
basin. The m ean  relative percentage differences 
betw een satellite derived and in situ values are quite 
large, ranging from 45 to 101% on optim al inter
com parison conditions (i.e., w ith a m axim um  five 
hour difference betw een in situ sam pling and satel
lite overpass, and  w ith an aggressive quality assur
ance of satellite data). An average underestim ate of 
the satellite products w ith respect to the in situ 
concentrations is discernable, bu t no general bias 
clearly appears. Com pared w ith the results that 
p resen t a com parison  based on m easurem ents 
collected in various m onths and  locations by 
different field groups, it appears that none of the 
algorithm s captures the overall variability of the 
chlorophyll <7 concentration. The com parison gives 
slightly m ore encouraging results using m atch-ups 
obtained from  separate Alg@line transects. But in 
general, it seem s that the algorithm s are no t able to 
discrim inate w ith  a satisfactory level the spectral 
variations of em erging light due to phytoplankton 
(and associate it w ith an actual pigm ent concentra
tion) w ith  respect to those of the o ther optically 
significant com ponents (i.e., d isso lved  organic
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m atter and  total suspended  matter). The best results 
are obtained w ith  OC4v4. But considering that its 
fo rm ulation  w as heavily  conditioned  by data  
collected in open sea w aters, the statistical perform 
ance of OC4v4 could be seen as fortuitous and 
resulting from a favorable functional form. In  any 
case, it is w orth  rem em bering that the data used for 
the developm ent of the other regional algorithm s are 
no t necessarily highly representative of the spatial- 
tem poral bio-optical variability found in the entire 
basin, because they are based on a lim ited num ber of 
points and  restricted to specific regional areas.

Furtherm ore the rem ote sensing product results 
from the system  "calibration + atm ospheric correc
tion scheme + in-w ater algorithm ", and the absence 
of com prehensive optical da ta  for the analysis 
precludes an estim ate of the uncertainties associated 
w ith each com partm ent.

In  view  of the HELCOM m onitoring and  assessm ent 
tasks the Project should be considered as a first step 
tow ards a m ore routine use and application of Chi a 
satellite data. The com parison of Chi a algorithm s 
proposed for the Baltic Sea highlighted a) quite large 
uncertainties associated w ith  the use of the existing 
published empirical algorithm s and  b) once m ore the 
lack of com prehensive in situ m easurem ents of 
apparen t optical properties to satisfactorily support 
the validation of rem ote sensing products.

These general findings suggest:

1 . the developm ent of analytical or semi-analytical 
algorithm s for the determ ination of optically 
significant com ponents for the Baltic Sea, w hich 
are expected to overcome the lim itations in accu
racy of sim ple em pirical algorithm s based on 
rem ote sensing reflectance ratios;

2 . the creation of an extensive (in time and  space), 
com prehensive and accurate data  set of the Baltic 
atm ospheric, and  m arine in heren t-apparen t 
optical properties for algorithm  developm ent 
and  successive product validation.

A n optim al execution of the form er tasks w ould 
require an  international m ulti-year program  effort 
invo lv ing  atm ospheric and  m arine bio-optical 
m odellers (for m odel developm ent an d  bench
m arking), field scientists (for protocol definition, 
instrum ent inter-calibration and  data  collection), 
field da ta  analysts (for the definition of com m on 
quality  assurance m ethods and  processing 
m ethods), data  m anagers (to ensure archiving and 
distribution of data through standardized formats).

The perform ance of the Project revealed that there is 
significant rem ote sensing expertise and  know -how  
available at institutions in  'HELCOM  C ountries'. It 
becam e obvious how ever that only com bined efforts 
can lead to im proved and  harm onized products and 
their use in  long-term  m arine m onitoring and  assess
m ent activities. It is felt that a continuation and 
deepening of the collaboration started in the fram e

5.2 Recommendations
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w ork of this Project w ould  be very beneficial in 
regard to im proving the capability of HELCOM 
Contracting Parties to use m arine satellite remote 
sensing data and  inform ation for m onitoring and 
assessm ent tasks. In  term s of planning a HELCOM 
continuation project w ith  a longer tim e horizon 
w ould  be considered the appropriate fram ew ork to 
ensure and  im plem ent the collaboration. This Project 
should focus on:

- Producing joint products for HELCOM and  EU 
('W ater Legislation') m onitoring and assessm ent 
needs;

- Identifying research and  developm ent needs; 
jo in t efforts on the identified  issues and 
p reparing  joint proposals for funding  w here 
appropriate.

- C o-operation and  co-ordination of the "indi
v idual' rem ote sensing activities in the Baltic Sea 
area in view  of an  operational use of satellites for 
m onitoring and  assessm ent purposes;

- O btaining m axim um  synergy from the various 
ongoing  rem ote sensing  activities in  Baltic 
Countries;

Co-operating on the developm ent and  bench
m arking of atm ospheric and  m arine bio-optical 
m odels, field activ ities (protocol definition, 
in stru m en t in ter-calibration , da ta  collection), 
da ta  analysis (quality  assurance) and  data  
m anagem ent;
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