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IJse of real-time observations in
ocean data assimilation system:
Mediterranean case
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L o . r  I N r n o D U C T r o N

Real-t ime observations are essential for operational forecasting that in turn can be
used to predict changes of the state of the ocean and i ts associated biochemical f ields.
In addit ion, real-t ime observations are useful to detect chanses in the past with the
shortest delay, to standardize practices in data col lect ion :rnd to exchange data be-
tween remote regions of the ocean and seas. The drawback is that real-time observa-
t ions could be less accurate th:r.n their clelayed mode counrerparts due to the t ime
constraints for data disseminatton. In si.ru real-úme data are usually decimated to be
transmitted in real t ime ( loss of accuracy and resolut ion), whereas satel l i te data are
corrected with approximate algori thms and less anci l lary data. Delayed mode quali ty
control analysis increases the value of the observational data set, f lagging outl iers zrnd
producing cl imatological est in-rates of the state of the system. Thus real-t ime data,
together with a modell ing system and the cl imatological est imates, can give also the
appropriatc information for scienti f ic stucl ies and apprl icat ions.

' fhe 
principles of operational science started to develop in the 1940s and 1950s,

bascd on the combined use of real-t ime data and modell ing systems that can extend
the information from observations in space and t ime. Operational science is based on
a sound kn<lwledge of rhe dynan'r ics and processes for the space/t imescales of interest
:rnd operational meteorology and oceanography have started to implement these prin-
ciples to weather and ocean lorecasting.

In the past 20 years, operational meteorology has become a reality with a network of
in situ and satel l i te observations that has made the weather forecast capable of extend-
ing the theoretical lirnit of predictability of the atmosphere (only one-two days theoreti-
cally, now forecasts are useful for more than five days on average). Today meteorological
observations are mainly used in their assimilated fòrm even i f  observations are st i l l
col lected fbr specif ic process-oriented studies. Recently the meteoroloeical re-analysis
projects (Gibson et al., 1997; Kalnay et al., 1996) have released a wealth of data to be
understood and analysed. Jhese data sets are coherent and aprproximately continuous
(dai ly),  f i l l ing t l ' re observational gaps in space and t ime with a dynamical interpolat ion
scheme. The model and the real-t ime observations are fused in one best est imate of the
state of the system by data-assimilation techniques that have been developed to a great
degree of sophistication in recent years (Lorenc, 2002). The re-analysis data are now
forming the basic refèrence data set to understand cl imate variabi l i ty in the atmosphere
and uppcr oceans.
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Real-t inre Coastal Observins Systen-rs

Dynan'r ical interpolat ion/extr:rpolat ion of observational data for oper:ì t ional
forecasting in the ocean began to be investigated at the beginning of the 1980s and the
first successful forecasts were carried out in the open ocean (Robinsor-r and Leslie , 1985).
These exercises required real-t ime data that were init ial ly col lected with rapid ship sur-
veys 1."11ring adaptive sampling schemes and col lect ing a combin:rt ion of tracl i t ional
recoverable and expendable instruments (CTD, XBTs). At the same t ime but in a total ly
independent way, shelf scale and coastal real-time data fiom moored and drifting sen-
sors such as meteorological buoys and sea-level stat ions started to be used for shelf scale
storm surge operational forecasting (Prandle,2002). Oper:rt ional oceanography is now
building on this experience and considers real-t ime measurements frorn opportunity
platforms and satel l i tes in a manner very similar to operational meteorology.

This chapter aims to show the use of re: i l - t ime observations in a state-of-the-art
ocean-predict ing system real ized in the Mediterranean. \ù7e discuss rhc pre-processing
schemes required to properly assimilate the observations into an operational nowcast-
ing/forecasting system, elucidate the role and impact oft  dif ferent observations in the
assimilat ion system and show the use of real-t ime data to evaluate the quali ty of the
modell ing system.

\7e start with the description of the Mediterrane:rn Forecasting Syster-r'r (MFS)
real-t ime observing system and pre-processing quali ty control in Section 20.2, we then
describe the modell ing and assimilat ion sysre m in relat ion to the irnpact olt  dif ferent
real-t ime observations in Section 20.3.In Section 20.4 we evaluate the consistency,
quality and accuracy of the forecasting systern using r-r-rodel-data intercomparison and
Section 20.5 offers conclusions.

z o . z  R p e L - T I M E  o B S E R V T N G  s y s r E , M  F o R  o p E R A T I o N A L

F O R E C A S T I N G  I N  T H E  M E o I T E R R A N E A N

Based on the earl ier open ocean forecasting c'xperience, a Mediterr:rne:rn Forecasting
System (MFS) began to be implemented in the Mediterrarìean basin, the topography
of which is reproduced in Figure 20.1. The average depth of the basin is 1,500 m and
in several regions we reach over 3,000 m. Thus the init ial  observing system was chosen
to be consistent with the main comDonents of the Global Ocean Dat:r Assimil :r t ion
Experiment (GODAE) observir-rg sysrem"' '  (Smith and Lefevre, 1L)97).

The major elements are: (a) satellite remote sensing for sea surFace height (SSH)

and sea surface temperature (SST); (b) voluntary observing ship (VOS) for renrpera-
rure profiles (Rossby et al., 1995): (c) moored br-roy systems such as the TAO :rrray
in the Pacif ic (McPhaden et al. ,  1995) but modif ied fbr the Mediterranean needs;
(d) subsurlace dri f t ing and profi l ing f loats such as ARGO. In the Mediterranean al l
these elements have been considered and implemented during the Pi lot Project phase
of MFS (Pinardi et al. ,  2003), with rhe exception of the ARGO floats that have been
implemer-rted start ing from October 2004, in the second phase of the MFS programme
( http: //www. bo. ingv. itlmfs tep).

The design of the real-t ime observing system is based on knowledge of the large-
scale structure of the circulat ion. Figr,rre20.2 shows the simr.r lated mean sea level from
1993 to 1999 with the operatior-ral Ocean General Circulat ion Model (OGCIM) of
MFS. The OGCM used is described in Pinardi et al.  (200r, to which the interested

' ' ( '  
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Real-t ime Coastal Observing Systems

timescales (Korres et al. ,  2000; Molcard et al. ,  2002: Demirov and Pinardi,  2002) and
the large-scale observing system should resolve them.

Moreover, the primary productivi ty of rhe basin is low and inserts the Mediter-
ranearì between rhe mid-lat i tude ol igotrophic irreas of the world oceans. 

' [his 
means

that coastal to open ocean gradients in primary productivi ty are large and that the
open ocean regimes are characterized by a subsurface chlorophyl l  maximum. 

' [hus 
the

large-scale monitoring system should be able to monitor the open ocean biochemic:r l
f luxes and this was init ial ly decidecl to be done with the moorins sysrem and the s:rtel-
l i te data (colour). In future, the mult idiscipl inary sensors wil l  also be addcd ro VOS
and subsurface autonomous vehicles, such as gl iders.

In addit ion to oceanic data, the operational forecasting sysre nl requires real-r ime
atmospheric data sets from analyses and forecasts. This is an import:rnt data set and i t
is also described in one of the fol lowing sections. The information content olral l  these
real-t ime data sets, and the quali ty control procedures and preprocessir-rg neecled befcrre
these data can be inserted into the assimiiat ion systenr, are described below.

20.2.1 Satel l i te data

Satel l i te SSH and SST d:l ta compose nowadirys the basis fbr thc real-t ime monirol ing
of the open ocean and coastal areas. Even i f  the SSH data :rre not accurate enough
near the lateral boundaries of the Lasin (data normally stop about 20_30 krn from the
coast),  this data set is essential to ini t ial ize the internal f low f ield of local nroclels ancl
give the correct open boundary condit ions wherever necessary. SST insteacl is at high
resolut ion (1 km) and also high frequency (twice a day at least) and thus ir  is an impor-
tant component of the coastal and open ocean observing sysrem.

Followine Le Traorr (2002) the altimetric signal clrn be decornposed irrto fbur parts:
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where 1V is the geoid, 4 is the dyr-ranric topoeraphy, I is the measurement errors (due to
orbit error, atmospheric corrections, etc.) and g are the high-frequency componenrs of sea
level due to tides and atmospheric surface pressure (sometimes a simple inverse barometer)
effects. \ù7e are interested in the { signal, which is connected to the wirrcl and thermohaline
driven circulation. In this chapter we will assunre that high-frequency effects are subtracted
before using the SSH data for assimilation. This choice is diffèrent in other parts of the
world ocean, where the high-frequency component of sea level can h:rve very different am-
plitude. This n-rakes it difficult to have a unique pre-processing scheme fbr altimetry, bur
several options should be n"rade available to the operational community in the near furure.

The dynamic topography contains the steric or baroclinic and barotropic signals, i.e.

(20 .1)

(20.2)
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where geostrophic balance has beet 'r  assumed ar-rd the symbols are explainecl in the
footnote')7 (Pinardi et al., 1995). The first ternr on the rieht of (20.2) is rhe L.r:rrotropic

' ' -Syrnbo ls :  
p  i s  the  rva ter  dens i tv  r rnd  p , , i t s  c r ins tan t  va i r rc ,  É1 is  thc  l>o t tom depth  supposed to  bc  consranr ,

/ ' i s  the  Cor io l i s  parameter ,  g  i s  the  grav i ty  acce le - ra t ion ,  t4 is  the  baro t rop ic  s r r ! ' r ì r Ì r funcr ion  in  Sverc ln rp

( r 0 " 7 )  d e f i n e c l a s  7 =  
i i , r ,  

a n c l  7 = + l i i . l z  . r r r c l x i s t h r v c r t i c a l  r r r r i f  v e c r o r .
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Usc o f  rea l - t in rc  observa t ions  in  an  c lDcra t iona l  occan da ta  ass imi la t ion  sys ten l

comporìerìt  whi le the last ternr is thc bottonì pre ssure. 
-f l ' re 

integral in the n-r iddle term
is a 

'potential 
energy' term, as defined bv Mellor (1996), but we refer to i t  simply as the

baroc l in ic  term.
11.re dynamic topographv can be decomposed into a mean part ry, and the vari-

abi l i ty, incl icated by 4 
'arrd 

cal lccl sea level anomaly (SLA). General ly the geoid l /  is
not known wit l ' r  sufÎcient accuracy and i t  is then subtracted bv taking the average of
the sea level along the tracks. ' Ihis el iminates l /and the mean dynamic topography 4-
from (20.1). Then only SLA observations are made avai lable in real t ime and opera-
t ional ly. This is :r  ma.jor pre-proccssine of the SLA data, that requires the knowledge of
the long-tcrm nrean of SSH along satel l i te tracks. Such mean contains both the geoid
and the mean dyr.ramic topography and i t  is not possible to dist inguish between them.
Only the addit ion of infbrmation from independent satel l i tes, such as GOCE and
GRACE (l .e Traon, 2002) thar me:rsure ir .rclependenrly the marine geoid, wi l l  al low
the estimation of the mean dynamic topography from satel l i te observations. Several
attempts have bee n made in the past, using mainly large-scale geoid models and in situ
data but they arc far from having enough accuracy to be used in real-t ime estimation of
along track SSH for assirni lat ion into dynanrical models. Thus in operational systems,
thc reral-t ime satel l i te alt in'retry data are given in terms of SLA, with or without the
high-frequency componenr, rp, subtracted.

Two pre-operational satel l i tes were working for rhe past 10 1'ears, Topex/Poseidon
and F.RS-2, and they coverecl rhe Mediterranean quite extensively (Figure 20.3). For
the Mediterranean, the geoicl and mean dynamic topography was calcul:rted from the
average of along track SSH fbr the period 1993-99. SLA is then released weekly with
an estimate of the orbit  error since the v:r lue of I  depends above al l  on the precision
of the satel l i tc orbir computarion and this requires environmental anci l lary data that
are not avai lable in real t i rne (Le Traon and Ogor, 1998). I t  has been shorvn that the
accl lracy of real-t ime SLA and delayed mode data is now cornparable (Buongiorno

et al., 2003).
The Sl .A s ignal  descr ibed by (20.2)  conta ins t l ìe  large-sczr le ,  s lowly  moving

components  o f  the sca leve l ,  a lso ca l led the geost rophic  components  o f  the sea
leve l .  

- l 'hese 
compor- ìents  are main ly  c lue to  the seasonal  thermohal ine changes,

in  turn  due to  a i r /sea buoyancy f luxcs and the i r  penet ra t ion in  the water  co l -
umn.  The barocI in ic  s igna ls  c iue to  the a i r lsea phys ics  (a lso momentL l rn  f luxes
due to  wind s t rcss)  are s t rongly  modtr la ted by the mesoscale  eddy f ìe ld  and the

45-
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Figure 20.-1
'lbpcx/Poseidon 

ar-rcl L,RS-2 suprerimposed tracks with respectively
l0 -  and  35 -day  repea t ing  cyc les ,  2002 .
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Use of real-t irne obscrvations in an oDrìrat ional ocean data assimilat ion svstem

The most used sensor is AVHRR (Advanced Very High Resolut ion Radiometer), f lown
by NOAA satel l i tes, and the best algori thm both for the Mediterranean and the world
ocearì is now thc Parhfinder algori thm." '  The alsori thms can be applied rapidly to
night t imc and daytime images but the latter are rnore of a problem as sun gl i t ter eÉ
fects and high hunridity in the air layer adjacent to the sea surface, especial ly in the
Mediterranearì,  can affect the SSI- signal received by the radiometer. A new project,
the Global High Rcsolut ion Sea SurFace Temperature Pi lot Project, is being launched
where the quali ty of AVHRR re:r l- t ime dara wil l  be assessed for dif ferent Lrsers in the
context of GODAE,. ') ' )

SS-f contains infbrmarion about two rnajorprocesses occurring in the ocean: the
firsr is the warming/cool ing processes due to air/sea interaction physics and the second
is the mesoscale/gyre structures thar produce local changes in temperature due to geo-

strophic isotherm displacernent. One example of the latter process is the detachment
of cold and warm core r ings across the Gulf Stream front th:rt  produces SST anomalies
due to the dynamical instabi l i t ics olt the oceanic jet that transfer water of dif ferent SST
propert ies across the Gulf Strcam front.

With regard to rhe air/sca interaction processes, another way to say that SST is
aflècted by exchar-rge of heat at the :rir/sea interface is that SST contains the information
about the dl,namics of the surface mixed layer. This layer can mask the geostrophic SST
contr ibution, as i t  happens f 'or cold core r ings t l-rat frequently, :r f ter their birth, have
their 'geostrophic SSJ'anon'raly'masked by intcnse air lsea interaction heat exchanges.

Thc most cornmon way to use real-t irne SST' or assimilate SST in operational
models is to use SS'l ' to coÍrcct for inaccuratc air lsea fìuxes at the surface boundary of
the models. Normally the correction is carr ied out via a restoring term, also cal led a
nudeing term, that adds to the heat f ìux terr-ì-r,  such as

^ l

rl() |
o -  o - - l  ( r  - r ' )
\ ( ) r ' r  .  

a f l ,-  r l = l

(20.3)

where (]  is the net heat f lux at the air/sea interface, f .  is the observed SST, Z is rhe
SST'proclLrced by thc nrodel rvhen only Q is used. Tl-re coefl ìcient f j ,  , .  in (20.3) is
taken to bc cor-rst:rnt and dif Ìerent values have been chose n lrom the basin scales to the
subreg ional  Seas (P inard i  c t  a l . ,  2003) .

20.2.2 The in situ platforms and sensors

C)rrc of the rnain conrponents of the in situ large-sca[e real-t irne monitoring system fbr
the world occarÌ is based on the Voluntary Observing Ship (VOS) system that relys on
commerci:r. l  ship l incs fòr the deploynìent of expendable temperature sensors, such as
eXpendablc Bathyl lermognìphs (XB1').  The ship tracks implementecl in the f irst ph:rse
of MFS :rrc reproducecl in Figure 20.5: d:rta were transmitted in real t ime from the ships
to the col lcct ing ccntre (Manzella et al. ,  2003) and then to the modell ing centre.

The tenrper.ìture profiles orr :rll tracks were taken outside the 200 rn depth areas and
wer-e collected down to 700 m to resolve the subsurface tenlperature maximum associ-
ated with thc Levantine Intermediatc \(/aters in the \festern Mediterranean. These data
are nornlal ly decirrated since the satel l i te tclecommunicatiorì systenì used (ARGOS)

has a low transmission speed. Jhis is done fbr the world ocean and i t  was also tr ied

' r " i  
n  f ì r rn r r r t ion  avr r i  lab lc  r r t :  i r t  tp : / / l ,oc l  aac .  j  p l .  n lsa .eor ' / ss r

" ') l -r t t  p: / /rvrvw.uh rsst-1-rp.org/
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Real- t ime Coastal  C)bse rv ine Systerns

l'-----?ì
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Figurc  20.5
V()S-XBl 'system set  up f ronr  September  1999 to  [ )eccnrber  2000 in  the
Mccli tcrra nca n.

for rhe Mediterranean. Ho'uvever, it was found thar the standard autonìaric clecimation

sysrem fbr VOS did nor cope fbr dr ' .rst ic changes in the vert ical strrrt i f ìcrrt ir) t ì ,  r ìs thev ocìLìur '
in the Mediterranean. The worldwide VOS-XBT progranìme cot.rsiclers the transmissiou
only of 10-15 points along the temperature profi le, computed at the profi le 's infìect ion

points. tù7hen the vert ical prof i les become c1-rasi-uniforn'r with clepth, Ineìny XB-f samples
were badly decimated by thc stand:rrd on board ship-softw:rrc. In thc Mccl i tcrrane:rn,

winter mixing is very inrense and stratification is rapiclly lost fòr about thrcc months earch
year. The XBT aurom.ì.ric decimatior-r algorithrn is poorly aclaptive to these conditior-rs
ancl almost30o/o of the cla.ta rvere lost dr.rc to thc clccimation softwarc fìr i lLrrcs.

Smith et al.  (199c)) statecl: 'al l  r .rpper occlur t l rernral clata arc to bc cl isn' ibr.rtecl as
soon as is practical afìer nrcasureme nts (prefèrably 12 hours). 

- f l ' rc 
strong pre fèrcr-rce is

to keep intervention to a minimum, perhaps iust autom:rted proccsscs. '1l-rerc shoulcl be

a well-supported second strc:ìm, which al lor.vs for irnprovccl cl tral i t l 'control and scien-

r i f ic evaluarion of the data sets. 'The MFS VOS systenl startecl to sen.l  f ìr l l  resolut ior-r

prof i les in real t ime ancl real izecl a. new systenr of real-t ir-r-re dara c1r-ral i tv corìtrol that rvi l l

s tore  qual i ty  checked XBl 'd : r ta  in  oceanographic  arch ives (Manzc l la  cr  a l . ,  2003) .

The near-real-t inrc clLral i ty control prroccdurc contains scvcn stcps t l . ìet in syntl-rc-

sis lrre:
.  1-rosit ion control;
.  e l iminat ion o f  so ikesr
o  i n t c rpo la t i o r ì  î t  I  r r r  i n t c r v r t l s :
'  geuss i r r n  s rnoo th i r r g :
.  general malfunction control;
.  compar ison wi th  c l in ra to logy;
. visual check, conlìrnring the val idity of the 1-trof i les ' .rncl provicl ing an ttverlr l l  cot ' t-

sisrency.
l ì . le  XBT c la tar  sc t  is  ther - r  i r - rser tec l  in to  the r rss inr i l r r t ion systenì . ' lhe vcr t ic r r l  te tnper , r -
ture  pro6 le  is  a  bas ic  s ta te  var iab le  o f  the phvs ica l  systcnr ,  cot r ta in inq in f i r r - rnat io t ' t

about  severa l  processcs: r r - rd  in  par t icL l lar  the ver t ica l  dcns i tv  c l is t r ib r r t io t r .  In  ac lc l i t ion,
being the data col lectecl in a scction-l ike tmck, thc ternpenìtr lrc f icld gracl ients along

track give approxirnately the scostro;r l ' r ic vclocit l , f ielcl  across t l ' rc track i tsclf .  I Ir  thc
Mediterrane:ìn,:rs well  l rs in other tenìperlrte serrs, tcmPcr:ì turc shorrlcl  be rrcìec1r-rrrtel l '
conrbinec' l  to s:r l ini ty tcl  clcscribe the basin w:ìtcr nìrìsses ancl clerivc the geostrophic ve-
l oc i t r ' f i e l d  ac ross  t he  VC)S  s [ r i p  t r ack .  Mos t  o f - t hc  c l a r r r  uss i r n i l u t i on  svs te r ì ì s ,  as  i t  w i [ [
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Usc of rerr l- t inre observations in atr opcrational ocean data assimilat ior-r svstem

be scen later, can update both temperatLlre and sal inity prof i les start ing lrom the single
temperature profi le, keeping the historical water mass relat ionship in consideration.

Raicich and Rampazzt> (2003) simulated the impact of VOS-XBT data in the
reduction of ini t ial  errors in the ocearÌ general circr: lat ion n'rodel. I t  was found that
repeated long tracks, such as the trans-Mediterranean track going from Gibraltar to
Haifìr ,  had ir  vcry posit ive inrpact on the error recluct ion due to the consistent improve-
ment of the geostrophic velocity f ield associated with the coherent temperature section
given by the track.

Anothcr l i ind of observins system that nicely complements the VOS is the
moored buoy system. Such à system was first developed in real time for the Pacific
ocean (McPhaden et  a l . ,  1995)  and the Bern- ruda testbed moor ing (Dickey et  a l . ,  1998)
and is now being developed f irr  other areas. 

' Ihe 
data col lected by such a measuring

systenì arc mult idiscipl inary arrd at high temporal frequency for the physical and bio-
chemical components of t l ' re nr:rr ine ecosystem. These point- l ike measLrrements should
bc rnainly used as an indcpendent data set to val idate both model and data assimilat ion
colnporìents. For the Meditcìrrernean such a system was f irst developed in the Cretan
Sea and i t  is described in Nitt is et al.  (2003). Here i t  is suff icient ro say that the s).srerì
al lows the correlat ion betwcen the physical and biochemical components of the marine
ecosvstenl at high t irne freqtrency (norrnal ly a few minutes) to be explored fèrr the f irst
t ime. A network of br-roys is being developed under the second phase of MFS.

Finally thc ARGC) profilcrs, collecting temperature and salinity profìles from 700 rn
depth to t l ' re surface, have been dcplol 'ed in the Mecli terrancan.r00 This conrpletes the
'open 

ocean' basic monitoring conìponents for the region.

20.2.3 Atmospheric forcing data

Ocean fbrcc: lsts are driven by atrnospheric forecasts. Atmospheric lorcing is also used,
by means of  

'ana l1 'ses ' ,  
c lur ing in termi t tcnt  data ass imi la t ion s teps.  The atmospher ic

analyses are an opt imal  combinat ion o f  observat ions and atmospher ic  genera l  c i rc l r -
la t ion modcls  oLt tputs ,  that  is  the1,  are the best  est imat ion o f  the past  and present  s ta te
of the atnrosphere. They h'a.r,e substi trrtecl for many purposes the direct observations
for t l re rcal-t ime i ìssessnìent of the arrnospheric state. 

' lhese 
analyses are now pro-

ducec l  tw ice a  day by thc  major  n)eteoro log ica l  o f f ices around the wor ld . r { ' r  Forecasts
are alsc'r produced :rt  least twice a clay from the major meteorological centres and the
accuracy of  thc  analys is  scheme is  constant ly  i r - rc reas ing wi th  t ime.

l lrc atmosgrheric f i rrcirrg for ocean moclels is derived {trom atmospl 'reric sur-
face variables r-rsing intcractive bulk fàrrnulas that relate the model SST with the air
tempcratl l re, re' lat ive hur-nidity, clor-rd cover and winds at the se:r surfàce (Castel lar i

ct :r1.,  1998). ' f l ie sl ' rort-ternl occan lorecasr is driven by che armospheric forecast sur-
fàce l ìelds (sce l ì igure 20.6). Any error in the input of :r tmospheric data wil l  affect the
quali ty of t l rc ocean fbrecast. Sorne authors think that such error is large compared
wi th  o ther  er rors ,  that  is  in i t ia l  condi t ions spec i f ìcat ion,  that  i t  should  spec i f ica l ly  con-
sidcred in the assimilat ion procedure. This error is mainly due to the off l ine coupling
bctwecn t l ìe atnrospl-rere and the oce:rn, that is the atrnospheric surfrace variables do not
sce the occrl lr  forecast SSI'and currcnts sincc they are coupled afìer the atmospheric
forecast has bcen perfbrmed. 

' lhis 
is rvhy the correction in (20.3) is usr-ral ly appl ied to

the computed air/sea fìuxes. Only ful l ; ,  or synchronoLls atmosphere-ocean coupling

r  
" "  h  t l  p :  / / 'nvw\ \ ' .  n lo(  )  n  -occa n l ì r  reca st  i  n  g.  eu

" ' l  l - r r tp : / / ' "vw' rv .ccnrrv  f  .  i  n  t
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Real- t ime Coastal  C)bservine S\ ' 's tcnrs

4nI Downward irradiance, surface winds, clouds,

t-----------l-*f I :ji1"-T:.iditv' 
mean sea-level press ure'

lAirlsea fluxes i alr temperature
I I

f $ ssr, sea roughness, ocean surface currents

sn,-J\
Î U t  ì + 1 0 d a y s

[0

F igu rc  20 .6
Schcmat ic  o f  thc  < l fF l  inc  a i r ' /scr r  cor rp l ing f ì r r  occ: rn  t ì r rccesr ing.

wi l l  a l lev ia te  th is  er ror  and seasonul  f i r rccasts  r t rc  car r iec i  out  nowrrc lays wi th  thc  f ì r l l y
cotrpled ocean-iì t l r losprhere svstenl r.vi thotrt  l -rcat f lux corrections.r{) l

The lnost ir .nccurrrte c]ata sct in nrcteonrkrgical n-roclels is rhe rrccul-nulatcc' l  prre-
c i1- r i ta t ion f ie lc l  that  modi f ies  the rvater  Hux in to  thc  ocean.  Howcvcr ,  th is  crnr r  dr ivcs
verv long-t imcscalc ocealì res[]onses rrncl short-ternr forecaìst i l lg shotr ld not be grcatlv
affècted bv such inaccuracr' .  Nlore inrportrrnt is thc rvirrd strcss or l l ]onlentum fìux
error producecl bv the course ir tnlospheric rvincls rcsolut ion ancl the bLrlk fbrmLrla
parameterizations trsecl at the air/scrr irr terfìrc..  Su.h error inrprrcts t l ' re trclpical l)a-
cif ic precl ictabi l i ty so that, i r-r t l -rc pr,st,  e s1-rccial wincl strcss clata set w1ìs clcvclopcd
to rìccol lnt for higher splìcc ancl t inrc f ì-eqtrcncv of the fìrrcing (FSU tropical l)aci{ìc
rvincls, Legler et al. ,  1988). ln t l ' rc l \4eci i tcrranciìn severrr l  cnrpir ical f ìrctor-s wcrc fòuncl
that normally increase the lvincl stress rrrnpl i tucle to rcrrch bcttcr rìgrccnlcl l t  betlveer-r
model led a t rd  measurec l  wavcs (C.ava lcr i  e t  a l . ,  1992) . ' lhc  increusec l  reso lu t ion o f  nu-
mer ica l  we: r ther  prec l ic t ion mocle ls  anc l  the inrpnrvenrent  in  c la ta  ass i t r i la r ion schenres
wi l l  m: rke obsole te  thc  usc o f  such empi r ica l  f , rc tors .  Recenr  c leve lopnrcnts  hrnc shorvr . r ,
however, t l ' rat thc I ' r igl-r wave nunrber contcnt of scrìt tcron-ìctcr wincls (Mil l i f f  et al. ,
1999) is f trr fronr bcing reproducecl by thc prescnt rìunospl ' ìcr- ic f ìrrccastirrg svstcnrs and
nerv  b ler rd ing proccdures are be ing c levekrpec l  ( l \4 i l l i f l  e t : r1 . ,2001)  t l . ra t  proc luce h ie l i
wiìvc nunlber content wincl f ìelds tcl  rcal ist ical ly fòr 'cc thc occrrn.

Thc t in-relv prrovision of rnetcorological analyscs ar-rcl f ìrrecusts is at the Lrasis of
rea l - t ime de l ivery  o f  ocean forccr rs ts .  Futurc  c leve loPnrcnts  r ,v i l l  invo lve the coLrp l ing
of high-resolut ion non-hyclrostrrt ic r-neteorologicrr l  nroclels with thc occrrrì  countcrplìrt ,
but  th is  cr t rc ia l  urcu is  s t i l l  in  i ts  in funcr ' .

"'l h t t 1-r : //rv lv *,. cc nr u, f . i n t/ p lo cl u c t s / lìr rcc rr s r s /se e s o n lr l /
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Use of  rcal- t imc obscrvat ions in an oper i r t ional  ocean data assimi lat ion system

M O O L , L L I N C  A N D  A S S I M I L A T I O N  S Y S T E N 4

20.3,1 Combination of different sources of information: observations
and models

Cì:rrrss in 1tì09 wrote: 
' . .  

sincc oLrr nle.rsrlrerÌìents and ol-rservations are notl ì ing more
than approx i r -nat ions to  thc  t ru th ,  the sanre must  be t rue of  a l l  the ca lcu la t ions resr -
ing upon thcnr, and the hiehest airn of erl l  computations made concerning concrere
phenomena must  be to  approx imate, : : r .s  ncar ly  as pracr icab le ,  the tnr th . 'Wi th  th is
strì tenìent, hc solvecl thc problem of the determination oFthe planet 's motion by f i t t ing
via the least-scl lr i rr-es mcthod sevcral p: lra.nlcters to the nÌea.sLlrements. Asrronomical
theory gavc in.sigl-rt  on rvhich parameters to f i t  and measurements cletermined their
opr t imal  va lues.  Both theor ; 'and rneAsLrrenìents  gave r ise ro  the 'best  est imate 'oFthc
trLlth. In modcru t imes, thcory is substi t l r ted with numcrical n-rodels based on the
general ecluatiot 'rs of hyclrocl\ , 'namics. (ìr-russ's statement can be takcn as the basis of
modern oceanic iuìcl : ì tr-rìospheric cst inìat ion theor1,. In rvh:rt  fol lows rve review the
rvrrrk of l-orenc (2002) ancl [)alcy (1996) about clata assinri lat ion.

[)ata assirni lat ion is clef inec] by Lorenc (2002):rs ' the 
process of f inding the model

representrìt ion wl-r ich is most consistent with the observatior-rs' . ' fhis concept goes back
to Ga.uss's strrterììent in t l-re serìsc that in orc{er to obtain the best est imate of real i ty, two
cl i f lèrent approxinrrrt ions of truth arc trscd, clne fronr oLrservariclns:rnd the other from
thc c ly r rarn ica l  tnodel .  L)a ta  ass imi l : r t ion in  thc  ocean anr l  a tmospherc  fuses these t rvcr
approxit 'nations ofr real i ty in rrn optirnal est i l r late of trut l ' r  with a least-squ:rre methocl
approach (errors should be unbiased, random ancl norrnal ly distr ibuted).

In  l ì tn lospher ic  r rnd occ: r r - r ic  c la ta  ass imi la t ion systen ls ,  the 
' t ru th '  

or  
' t rLre

st r r te  is  gcnerr r l lv  assur lec l  to  be a s ta te  o f  rhe atn Ìosp l ìer -e  or  the ocerr r Ì  that  has
the fast  n ìo t ion f ì l te rec l  out  (sound wavcs and fnst  barot rop ic  gr r -Lv i tv  wr ìves are not
cc lns ic lc rec l ) .  Fr r r thcr r -nore,  thc  r ì tn losphcrc  ar - rc l  t l - re  ocer ìn  arc  cons ic lered to  be c losc
to  hor izot ' r ta l  not r -c l ivcrgcnce '  (geost rophic  approx imtr t io r - r )  and the f low is  assumed
to  be ' smoo th ' ,  t ha t  i s  sha rp  changes  a re  no t  a l l owed  w i t h i n  f ew  mode l  e r i d  po in t s .
- I l - r is  

mcr tns t l - r r ì t  o t rscrvr t t ions,  t , tken r r t  f ìn i re  t in ' re  anc l  space rcso lu t ion,  c : rn  q ive

inForrnat ion r rbout  t l - re  t ru th  and the n- ror le l  necds to  hr r r .e  r rppropr ia te  par i lmetcr iz . r r -
t ions o f  sLrb-gr ic l  sca le  p l - rcnor ì ler ì r ì  t l ' ra t  u , i l l  not  c l r ive  thc  so l t r t ion too far r  f rom the

geos t roph  i c  ba lance  .
[ .e t  trs take thc 

' truc 
occ.ìr. ì  st l ì te vector t() Lle

X -
(20.4)

w'here the synrbols inc l icate ( f ì 'onr  top to bot tom):  three-c l imcnsional  f ie lds ol t  tem-

pera tu rc ,  sa l i r r i t r ' ,  z .o t ra l ,  n re  r i r l i on r r l ,  r ' c l t i c r r l  ve loc i t y  componen ts ,  w ; r t c r  c lens i t y  : rnc {

T

S

U

V
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n

0

e
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Real-t ime Coastal Observing Systems

two-dimensional f ields of barotropic streamfunction (defined in Note 97) and free
surface elevation or SSH. Some of these state variables are prognostic, rhat is their t in-re
evolut ion can be described by an equation corrraining their t imc rate oFchange, some
are simply diagnostic, such as density, vert ical velocity and free surface elevation. Ver-
t ical velocity is diagnostic because the hydrostat ic:rpproximations has been adopted
in the OGCM; SSH is considered to be di:rgnostic as we reg:rrd i t  as only the slowly
moving conrponent of sea level and fast b;rrotropic external gravity w:ìvcs are filtered
out. SSH can be mathematical ly a prognostic variable but we consicler in the data as-
similat ion that the true state of the ocean contains only the diagnostic components of
SSH as writ ten tn (20.2).

Suppose that we have two approximations of Xwhich we now consider only to
be a scalar value { correspondir-rg to one of-the state variables contained in (20.4) at
one single grid point. The f irst approximation is a numerical model solut ion, cal led
Xt ' ,  w i th  an er ror  En =X' ' -X and the second is  an observar ior Ì ,  ca l lcd / " ,  w i th  an
associated error ,É" =Y" - X, occurring at the sanre location olt the moclel f i rst gr-rcss.
\ le assume that the error probabil i t l '  c l istr ibution is (ìaussian, i .c.

cJÒ
o

V

t

o

Ii
(

where o2 = ( f t \  and the brackets indicate thc cxpectat ion operator (Dale v, 1996). The
joint probabil i ty distr ibution for the two approrirnrrr ions to trurh is:

, ]5l
P@) = ---:e \ 'ro' /

o t l2n

t=  f I tx ' '  -x l '  
+  ( ] ' "  -x) r  

l .2L o; o., l
the min i rnum is  ach ieved ar  the va lue, \ ' " ,  so-ca l led analys is ,  rhar  is :

I f  we want to make this probabil i ty maximum, we necd to impose t l-rat the expo-
nent  in  (20.6)  has a min imum va lue.  Cal l ing the exponenr  I ,  wr i r ren a.s

(20.5)

(20 .6)

(20.7)

(20.8)

The second tcrtn between brackets is cal lecl the misJit ,Y"-Xu, that is the diÈ
ference between rhe n ' rodel  so lu t ion : rnd the observat ions.  The analys is  va lue,  or
best  est i rnate  X ' ' ,  i s  ther - r  rhe weighted average of  t l ' re  f ì rs t  guess,  X l ' ,  anc l  thc  mis f i t
between the observat ions and the n- rodel .  The mis f i t  c lear ly  cannot  be very  large and
th is  means that  t l - re  nrodel  and the observat ions should  bc as c lose as 1- ross ib lc . ' fh is
means that  mocle l  shoulc{  be qu i te  rea l is t ic ,  reproc luc ing the 

'bu lk '  
o f  t l - re  phys ica l

processes conta ined in  the data.
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Use o f  rc r r l - t ime observa t ions  in  an  oDcre t iona l  ocean da ta  ass imi la t ion  sys ten l

In general,  the observations wil l  be at dif lerent loc:rt ion.s with respect to the model
grid points ancl they could be related to state variables contained in X by a complex
operator ( indirect measLlrements of state variables). this means that in general we can
write the misfìt  as:

d = Y " - É 1 ( x " )

where H is the observational oDerirtor ancl d, Y". X' '  are now mult ivariate vectors in
the for-rr-dimensional space. N,rrrnal ly l l  is :rn intelprolat ion from the rnodel grid to the
observational proint but in case of t l iagnostic qururt i t ies, strch as SSH, i t  can be a non-
l inear operator containing ar cornbination oFX' '  state variablcs. The general izat ion of
(20.7) and (20.8) cor-rsiderine (20.9) fòr the ful ly nrult ivariate case are

-  x) /  B ' (x" -  X) + (Y" -  t {  (x)) I  p-r  1v" -  H(x)) l  (20'10)r = ][rx''

(20.9)

( 2 0 . 1 1 )

(20.r2)

( 2 0 . 1 3 )

rvhere

x"  =  X l '+  K(Y"  -  H(x l ' ) ) ,

K = BHl  (HBH/ + R)-r

i s  the Kalman ga in  nrat r ix .  In  (20.12)  the o l rscrvat iona. l  operator  appears  as the l inear-
izecl crrrerator, H of H..[he backsround error covlrr iancc matrix is then definecl:rs:

n = ( {x"  -  x ) (xr ' -  x ) '  ) ,
which rcprcsents  the cr ror  vur iancc fbr  a l l  the rnoc le l  s t l ì te  var i : ìb les  and the i r  c ross-
cclrrelat ior-r.  

- lhc 
observrrt ional error covirr iancc matrix is represented by R.

- [he 
s imi ler i ty  Lrc t r , r ,een thc s imple f -orm of  wc iehts  in  (20.8)  and (20.1 1)  should

be notec l :  in  borh cascs the w 'c ight  on the nr is f i t  is  g iven by the cr ror  in  t l - re  b : rck-
grot rnc l  f ie lc l  c l iv idcc l  bv  the sunr  o f  thc  er ror  in  the observat ions and thc er ror  in
thc backgrounc l  f ie lc l  aga in .  I f  the t imc var ia t ions o f  B ure parameter ized on ly  bv
changes  i n  t hc  vu r i ancc  oF thc  e r ro r  f i c l c l s ,  r hcn  t he  l r o rm  (20 .12 )  de f i nes  an  op t ima l
in terpo la t ion (OI)  schcr . r ' rc .  Jhc csscnce of  sequent ia l  c la ta  ass in- r i la t ion is  to  f ind a
sor- rnc l  represer ì t r ì t ion o f  the n ' r t r l t i v r r l ia tc  r ìspccts  rurd space- t inre  var iab i l i ty  o f  B.
Nornra l lv  thc  ver ia t ior rs  , rnc l  thc  ur r - r l t iv r r r i r r te  chr r racter  o f  B is  c l rosen a p t ' io r i ,  on
thc br rs is  o f  thc  knowlcdge of  the re lcvant  processes inc luded in  the , ' , r , r i . l  and in
t l ' rc  observat ions.

Evaluat ion o f  (20.11)  can be c lonc ' inrernr i t tenr l r " ,  co l lec t i r - rg  o t rservat ions w, i th in
a cer t r r i l - r  in tcrvr r l  o f  t in re  anc ' l  inser t ing then-r  a t  the enc l  o f  such in tcrv : r l .  F igure 20.7
i l l t rs t ra tes a  typ ica l  in ter rn i t tcnt  i . rss i r r - r i la t ion cyc le  that  in  ther  a . tmospherc  is  taken to  be
72or  6  hours ,  u ,h i le  fbr  thc  oce i . ìn  i t  is  gencra l ly  takcn to  bc severa l  c lavs (P inarc l i  e t  a l . ,
2003) .  In  the a tnrosphct ' ic  f ì r recast ing cornnrun i t \ ' ,  the conr inuoLls  dr ì . ta  ass imi la t ion
or  var ia t ionu l  ass i tn i la t ion schcnre (Dalc1 ' ,  1996)  is  t row t rsed br - r t  i t  i s  not  descr ibed
hcre.

I ' igLrrc 20.7 i l l t rstrrì tes t l ìe anrr lysis enci forecrrst cycle fòr ar gcneric t ime interval
Ar .  Every  in terva l  cyc le ,  (20.12)  is  cva luated anc l  the dynamica l  model  is  in i t ia l izec l
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Figure 20.7
I ntcrmittent analysis-fbrccast cyclc

with X". The ocean forecast is started using forecasted surlace atmospheric pa.rameters
ernd solvir-rg lor several t ime steps, ór, a nonl inear equariorì:

X h i r +  6 t 1 =  M X . l t ) .

wlrere M is the state transit ion m:rtr ix corresponding to the rnodel eql lat ions (belong-
ing to the OGCM in this casc). The background or fc,rec:rsr f ields Xl '  ;rrccl icted by'
(20.14) is used as a f irst guess, in the successivc Ar assimilat ion cyclc, to conrpure a
new X".

20.3.2 
'What 

does it mean to assimilate different data sets and correcr
model state variables?

The quali t l '  and eff iciency of the estimart ior.r alsori thnr outl ined above is clearl l '  con-
nected to the detai ls of the background error covariruìce rnatr ix, B. First of ai l ,  wc do
not  know the t ru th  o f rX conta ined in  (20.13)  and thus scvcra l  approx i rnar ions are
normally taken. To estimate B we can consicler

n :  ( r x l r  -  y  r  ) ( x r ' -  x "  ) '  )

(20.r4)

(20 .15)

( 2 0 . 1 6 )

or

g  =  ( {Y"  -  Y"  ) (Y"  -  Y"  ) '  ) ,  Q0 .17)
\ /

where  t he 'ba r ' above  t he  s ta te  vec to rs  i nd i ca t cs  a  s r - r i t ab le  t ime  mcan . ' l he  b racke ts
ind icate  the ensemble mean of  the d i f ferent  re : r l iza t ior - rs  ava i lab le  ro  cs t imate B.  Ler
us  d i scuss  i n  t u rn  each  o f  t hese : rpp r rox imar i ons .  Thc  f i r s r  i n  ( 20 .15 )  i nd i ca tes  t ha t
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thc  er ror  is  esr imatcd f rorn thc  d i f fercnce between r l ìe  foreca.s t : rnd the analy ,5 i5 ;
th is  wi l l  s ive the most  r rdequate i ìpprox imat ion to  (20.13) .  

- lhe 
second and the

th i rd  approx imat ions conta ined in  (20.16)  and (20.17) ,  mean t l - ra t  the er ror  is  due
to the var iance conta in ing par t  o f  the s ta te  var iab les wi th  respect  to  a  predef ined
rnean.  From a mathemat ica l  po in t  oFv iew,  the worse approx imat ion to  B is  g iven
by  (20 .17 )  as  we : ì ssume  tha t  t he  va r i ancc  con ta ined  i n  t he  obse rva r i ons  i s  t he  san le
as i r r  the model .  However ,  n los t  pr l ìc t ica l  data  ass in ' r i la t ion systems use (20.17)  rc
est imatc  B as thc  rnodel  cou ld  have c l r i f ted f rom rea l i ty  ar . rd  the use the covar i -
ances dcduced f  rorn  the r rodc l  i rse l f  cou ld  : r f fec t  the e f îc iency of  the ass imi la t ion
s, \ 's tern  (20.1 1) .

Hereafìer, we cotr.sider t l Ìar B is calcLrlated from a fornr of either (20.16) or (20.17),
which wc r )ow rcwr i tc  r rs

* : t

where thc prinrcs now indicute anomalies wir l-r respect to a suitable mean 
"rd 

i  c ' ln be
either model or olrscrvational f ields. Tl 're in'rportant inf:ormation contained in B is the
cross-correlat ion between al l  the state vari :rbles of our system. In otherwords, B is mul-
t ivariate and composed of block rnatr ices:

B - ( 2 0 . 1 8 )

)
u:  ( i '

(ulr ')

(r ' ' t ' ' )  (t 'r ')
(r ' ' t ' ) (r 'r ')
(u ' r ' )

where the t ides havc been neglected fbr simplici ty ancl scveral sub-nratr ices have not
been exp l ic i t l l ' rv r i t ten in  (20.18) .  L , : rch b lock is  qu i te  dense but  banded,  i t  conta ins r l ' re
variernce of thc crror associarcd with cach f ield ancl i t  represents the cross-correlat ion
bctn'een st:rte variablc crrors in space. 

' lhc 
brackets indicate a given ensemble average

:rs before.
For  thc  0ce:1n,

B ,  r ha t  i s

B = F B r F /

Dc Me1'and Benk i ran (2002)  suggested a poss ib le  express ion for

I

(20 .19)

wlrere F cotrtains t 'nult ivariate uert icrt /  ernpir ical orthogonal fr-rnct ions (v-EOF) and
Br is a twcl-ci irnetrsionrr l  cclrrelat ion rnrrtr ix, nornral ly comptrted fìorn analyt ic:r l
express ions. ' lh is  n leans thar  hor iz .ont , r l  and ver t ica l  components  o f  the er ror  covar i -
i .rnce m:ì. tr ix havc been scpar-erted. Such separation is al lowed in the open ocean ar-rd i t
rv:rs found to work espccial ly fbr qtrasigeostrophic assimilat ion of SSH (De Mey and
Robinson,  1986) .

The separation of B into vert ical and horizontal mocles al lows control of the dor-n-
inant  s t rucì t r l res  o f  the background cr ror  f ìe ld ,  as  in  thc  ocean the r . ,er r ica l  par t  has a
low vert ical nrodal strLlctr lre whilc the horizontal part can be quite complex, espe-
cial ly near the coast:r l  margitrs. In horizot 'r tal,  the open oce:ìn auro-correlat ion scales
oFtemperaturc ,  sa l in i ty  and dynamic he ight  f ie lds  (Ni r t is  er  a l . ,  1993)  is  g iven by rhe
'expronential 

correlat iorr funcrion',  thar is
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( , . ,  I  _1,
C (,. ! ,= , l  |  -  ) ),  

'" (10 .20)

( 2 0 . 2 1 )

(20.22)

(10 .2- ì )

where for the^horizontal zero crossing distance and the correl:r t ion clecav scale, respec-
t ively, r '  :  x '+y' is the square of the distar"rce measured ir-r a (x,y) coordinate plane
andA is rhe variance of the f ield. 

-Ihis 
form is usccl in the Br nratr ix.

In the vert ic:r l ,  the error f ield is donrir-rated by errors in the mixed layer and in
the thermocline, where the highest temporal variance of rhe X f ields is found. A low
vert ic:t l  error modal structure is to be expected in view also clf  thc fàct that remDerarLlrc
and sa l in i ty  prof i les ,  as  wel l  as  c{ynamic he ighr ,  are  donr inated by the f ì rs t  baroc l in ic
modes (Masina anc l  P inard i ,  1994)  and backsrounc l  co l re la t ion er rors  nray re f lec t  the
incorrect energy content of these modes.

' lhus 
the separation Q0.I9) can be rewrit ten in nrathematic:r l  form as

B(*, . t , , r ) :  > I '  l l " ){ ,  ( r , ì ,

where F are the vert ical modes and C their respcctive l-rorizont:r l  struct l l re.
Equivalel-rce (20.19) ancl (20.21) cannot lre i l ' ro*,-r to be true in gcrrcral but they:rre
convenient approxim:rt ions of the B matrix that show cff icient :rssinri l l t ion of ocean
data, :rs we shor.v later. These aci hoc fbrrnulat ions shoukl ulso be tr icd for ecosystcnrs, irr
order ro control the model structure of the correctiorrs fòr the relev:rnt strrtc variables.

' lhe 
F matrix represents then the vcrt ical error variabi l i ty in al l  t l ' re state variables

and the i r  ver t ica l  c rcxs-corrc la t ior . r .  I f  we subst i ture  (20.19)  in to  (20.12)  r l ,e  obta in

K : F B r F /  H '  ( H l ,  B r F /  H /  + R )  I

The three-dinre nsional estimation problcnr containccl in(20.22) crìn now be clecreasecl
in order clue to the fàct that F can [-,e clescribed bv F.OF. In fact, thc relevant vcrtical F,Ol's
(v-EOII) rvi l l  certainly be less than the number of vert icel nrodcl lcvcls r isecl fòr the estinra-
tion oithe correlation matrix F. lhe physical rcrìsorì fìrr this is that thc tcr-n1'rclatLlrc vrìri-
:rnce below the thennocl ine is low ,rnd, on subsc,rson:r l  t inrescales, thc variabi l i ty between
the surf:rce:rnd the i tr termecliate rrncl deeD wrìtcl ' r ìre Llncorrelarecl.  Irr  turn this nrcrrns that
the nunrber of signif icant v-EOF, , . ,  , .pr.r.rrc rhc strrtc vrìr iable r, :rr irrnce in thc vcrt icrr l  is
lcss than the nurrì l-rcr of modcl levcls. Nonral lv i f  rhc nroc]cl lcvels i ìrc r/ / ,  thc'vcrt ical F-OF
explar in ing most  o f  the var iancc are on ly  r ,  w i th  , , ( ( r r , ,  as  s l ro lvn by Sparnocchi r t  e t  a l .
(2003). 

' Ihus 
we can use a 

'rccluced 
orclcr space fòr the r-F.()F, that is thc fìrst rz rnodcs

rlccoLlnt ing fbr rnost of the vrrr irrncc. 
' lhc 

estinrat ion problcnr is then givcrr lrv

KR( ) ( ) r  =  É  K ,

K r =  B r É '  H '  ( H É B r  É '  H '  + R ) '

wherc  t row the d imet ts ionr , r f  F  are nruch less than in  F.
It  is rtorv eirs\/  to t-tnderstancl thit t ,  evcn i f  thc nrisf i t  in (20.9) is given f irr  fer.r 'st l tc

r .ar ia l - r les ,  thc  cor rcc t ion i t r  (20.11)  wi l l  bc  car r iec l  out  fbr  a l l  the s ta tc  vr r i r ìb lcs  con-
t:r ined in Xn, given thrtt  we consir ler al l  t l ic cross vrrr iances bctr,vccn strì te varirrbles. 

- lhis

mieht not be wise every t i tne, rr. trcl  severrr l  cross-corrclat ions coulcl be el inr inatecl cln
t l-re basis of thc specif ic drrta set usccl or pl-rvsicrr l  :rssunr;rt ions. For cxrrrnple, in thc crrse
of tcnrperrrture obscrvatir>ns i t  is not ,rclvisair lc t() usc the cross-corrcl lr t i r l l r  of (ry' ' t ' ' ) ,
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that is to change the stream function on the basis of temperature data. This correlat ion
in fact cannot be understood on the basis of sound physical processes within the l imit
of the data avai labi l i ty and the processes represented in a prirnit ive equation model.r0i
In general this correlat ion is small  but this cannot be guaranteed rz priori  because i t
depends on the detai ls of how we calculate B and in anl,case i ts presence in B wil l  in-
troduce noise in the analysed f ield. Thus for every dat:r set to be assimilated, we could
study the most important cross-correlat ions to be consiclered.

20.3.3 Example l: assimilation of satellite altimetry only

Let us suppose that we have only SSH observatiorrs ar-rcl th:rt  K cont:r ins F defined as
follows:

(20.24a)

A :  F r \ F l  ,

where A contains only the vert ical nrult ivarirrte cov:rr iances and F are the v-E,OF of A.
' l l ' r is 

mcans that the SSH r-nisf i t  rvi l l  bc projected into tenrperature, sal ini ty pro-
fì les ancl t4 anr;r l i t trdes and that the c-orrections wil l  be done on three model state
var iab les,  t - to t  thc  SSH i rse l f .  

. lh is  
is  another  way of  say ing that  SSH in  ass imi la t ion

should be considered as a di:rgnostic variable. Another interestirrg correltr t ion nlatr ix
f ò r  SSH i ì ss i n ì i l r t t i o r r  i s

l (r 'r ') (t 'r ') (t '* ') |
n = 

|  (s ' r ' )  ( t ' r ' )  ( r ' * ' )  |
l(*'',-') (*'r') (*'*')l

('t '"r' '  ) (ts')
(r'') (r'r')

( T ' Y ' )

(s '* ' )
(T't t ' )

(s'n')
(v ' t t ' )

(tt ' t t ')

(20.24b)A -

The vert ic,r l  nrocles of thc corrclat ion matrix (20.256) are forced to be covariant
also i .r , i th SSH anornal ics. In MFS, wc use the v-EC)l '  constructed f iom the stare vector

tT l
l q l

X' = l" ltì,,,.r.r borh the fòrnt (20.24a) or (20.24b). The re:rson ft,r using the covariance
tv l
t n l

r " 'A  p r i t t t i t i vc  cc lu r t t i t r t  svs te  n l  i s  conr l - roscd  o f  rhe  N lv ie r ' -S to l<es  cc lu r r t ions  cons ic lc r ing  rhe  Bor . rss inesq and
l r v c l r o s r e t i c : t p p r t r x i t r t e r i o n .  F r l r  r l r c  o c c r r n ,  i n c o r r r p l c s s i [ r i l i t r ' i s  r r l s o  a . s s u n r e c l . ' l h e s e  e c l r . L a t i o n s  c o n t a i n
p h t ' s i c a l  p f ( ) c c s s c s  s u c l t  e s  [ r e r o t l i r r i c  i n s t r r b i l i t . r ' t h r r t  t l a r r s f c r  c r ] c r g \ ' t r e r u , e e n  b l r o c l i n i c  ( t e m p e r a t u r e -

c lonr in r r tcd)  en t l  baror ro l . r i c  r r roc les  (vc r t i c r r l  i r r t cgr r r l  o f  vc loc i ty  f ie ld  rcpresentcc l  b1 ,  the  s t leanrFr . rnc t ion) .
' Ihc  

baroc l in ic  ins r r rb i l i r \ ' [ ) r ( )ecss  is  conncc tcc ]  to  hor izon t r r l  g rec l ienrs  o f  tc rnper i r t r . r le  and ve l t i -
c r t l  g r r t r l i c t t t s  o i  rhc  

" ' c loc i rv  
f ì c lc l  [ r r r (  no t  s in rp l t .  to  thc  tcn . rper r r tu rc  anonra l r ' .  

' Ihus  
us i r . rg  thc  s imp lc

cor rc l : t t i t t r t  [ rc r i vcc l r  t c r l ]per i ì t r r rc  lnc l  s t rc l rn l ì r rnc t ion  f ìe ld  c locs  r lo t  i rccure teh ' represenc  chc  Lraroc l in ic
proccss  r r r rc l  rh is  cor lc la t ion  r I ro r rk [  l re  c l i s rcguru lcc l  i f  thc  o r r l y  in f ì r r rna t ion  is  f ronr  ten Ìpera tLr re  p ro f i les .
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between al l  these f ields is connected to the analyt ical cxprcssion (20.2), where we see
that SLA is a cornpl icated function ofal l  the 7, Sancl t4moclcl variables.

Fo l lowing the geost rophic  re la t ionsh ip  wr i t tc r - r  in  (20.2)  the observat iona l
operator  H conta ins cxp l ic i t ly  that  express ion (L)crn i rov c t  u l . ,2003) .  In  th is  w: ry
we ensLrre that thc correction is carr ied ol l t  on thc modcl state variables 7l S arrcl t4
weighted by their respective sc:r l ing cocff icicnts thut produces the correct valuc for

ry or the SSH. The sa.me proceclure a.ncl trnclerstancl ing shoulcl pavc the way for the
assimilat ior-r of other observ:rt ions t l ìrr t  use the observrrt ional opcrrrtor and the cross-
correlat iot-rs containcd in B to transfclrrn the rne:ìsLlrcnlcrrt  i rr formlrt ior-r into the state
v:rr iables cor-rtained in Xb.

As an cxarnp lc  o f  app l icat ion oFth is  concept  fbr  thc  ass i r r - r i la t ion o f  SSH,  M:rs ina
et al.  (2001) computcd cross-correlat iot 'rs between ry'ancl 

' l ' '  
or ly. 

- lhe 
clerivecl prof i les,

a lso ca l led 'synthet ic  XBTs ' in  the papcr ,  wcrc  ass inr i la tec l  in  a  g lobal  rnoc lc l  r , r , i th  a
two-d imensional  var ia t iona l  a lgor i thmr.  

- lhc  
succcss of  the i r  ass i rn i la t ion is  bascc l  or - r

the Fact  that  SSH is  s t rongly  cor rc lu tcc ' l  to  vcr t ica l  pro f i lcs  o f  tempemturc  unc l  sa l in i ty
below thc rnixed laver and th:rt  i t  r ,vas possible to clcr ivc în rrr 'or t :st i l 'nir tc for the s,vn-
thetic XBT. Tl 'r is is atrother wa.) ' to exprcss the relat ionshi l ' r  of Figure ),0.4 x-tt l  recluce
the order of F.

In conclusion, the clegree lvi th lvhich onc observed strì te vrtr ir ìLrle controls the
changes or  updates o t r  the o ther  s ta te  var iab lcs  is  g iven by the c lcgrec o f  cor re la t ion
between the errors in the st i ì tc variablcs and t l-re project ion of F on H.

20.3.4 Example 2: assimilation of temperature profiles only

In  the Medi ter ranean i rnc l  the wor lc l 's  ocer lns ,  X l ì ' l 'p ro f r lcs  arc  co l lcc tcc l  in  rea l  t in re ,
as cxp la incd. in  prcv ious scct ions, ; rnc l  thus ass inr i la t ion o f  th is  dr r t r r  sc t  is  a  pr i r l r i tv  for
anv rorecastl l lg systenl .

' Ihis 
t i rnc thc vcrt ical rnodel error covi-ìr ' iancc nrrrtr ix can bc nolv t lrken to be

( 2 0 . 2 s )

which we a lso ca l l  thc ' r ,er t ic : r l  watcr  r - ì1 l ìss  cross-corre l r r t io l l  r ' ì ' r l ì t r ix ' .  Again ,  F  r r re  the
v-EOF ofA.  Jhus for  ass in ' r i la t ion o f  XB' l -  in  the N ' lec l i termner ìn .  b ivar iu tc  r , - I lOF r .vcrc
con-rpruted as EOF of  (20.25)  cor" rs ic lc r ing thc  scvcru l  subrcq ions of - thc  bas in ,  lvhcrc
cl i f ferent wirter nl ir .sses carr bc iclcnti f icd. 'T}e st lr te verialr lc an<lrnal ics r,vcrc cornr-nrtccl
rus ins h is tor ica l  c la ta  (Sparnocchia  e  t  , . r1 . ,  2003) .

' lhe 
v-F.OF fòr sunrnrer ancl f i rr  thc l .evrrnt ine basirr rcgion arc shorvn in FieLrrc 20.[J.

\ f le note the presctrce of the high valtrcs of t l -rc errors in the 50 nr srrr lrrcc lavcr corresp-roncl-
ir-rg to a rvel l-knorvtr sulrstrrf ìrcc kxv sal initv signal, nornrrr l ly ref lrrecl to rrs Atlrrnt ic V/atcr.
The fìrst srr l ini t t 'F.OF changcs of sign bclo' 'v 50 rn ancl prcserìts a subsrrrf ìrcc nraxirnum
corresprotrclent to the l .cvrrr-rt ine Intclnrccl iate \ù(/ lr ter signal.- lhrrs, lool<irrg at t l re r,- lr()Fs i t
is possible to recogniz-e the n-raior strrf ìrcc encl intennecl iate wlì(cr rì ìasscs of the Mccl i tcr-
rrì .ne:ìn Sea rvherc vlrr i l rrrcc of the tcnlperrìture rrncl sal ini tv sigrral is containcrl  ancl thLrs, in
our intcrprct lr t iot-t ,  also thc nroclcl e rrc)rs. l  n concltrsion, rr r-n isfr t  in tcnr perrrtr.r  rc rv i l l  incltrce
corrcct iol-rs in sal initv that hrrve rr l<norvn wirtcr rnass Tl. t  rclet ionshi l ' r  contrr inccl in F.

To  conc luc le .  l c t  us  c l i s cuss  t hc  uss in ' r i l a t i on  o l 'SS ' l ' obsc r r . ' u t i ons .  l f  A rve re  f ì r l l .
then the n" r is f i t  in  SS- f  rvou lc l  i t rc luce changes in  thc  rvho lc  wr ì tc r  co lurnn f ì r r ' l ' ,  S ,  U,
V  and  o the rs ,  anc l  t h i s  i s  c l ea r l v  no t  r cp resen t l r t i v c  o f  a  r ca l i s t i c  occen  p rocess ,  exccp t
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[ ì i s t r re  J0 . l ì
r \ ,  I ì i r s t  t l r r e e  s t r n r n ì c r  s c l ì s o n  t c n l p e r e t r l r c  b i v a r i a t e  l - F . ( ) [ ì f b r  t h e
l . t ' r ' en t i nc  l r r r s i r r  r cq ion  i r r  rhe  N ' { cc l  i t e r raneen  (ces r  o f  30 'F -  r rnc l  no r th
o1 ' . ì 0 "N) ,  c r r l c t r l . r t cc l  bv  Spr r rnocch i . r  c t  r r l .  (2003)  f ro r r r  h i s to r i c r r l
hv r l  roq r , rph ic  r l a t r r . ' l ' he  th rec  n roc l cs  i ì ccou l l t  f ì r r  morc  than  80 ( ) i r  o f  t he
ten lpe r î tu rc -s r r I i n i t r '  \ ' e r i r rnce  in  the  w l r te r  c ( ) l u l l l I l .
l ì ,  I r i r s t  t h r e c  s r r n r n l c r  s e r s o r ì  s a l i n i t y  b i i , a r i a t e  r ' - F . ( ) l ì  f ò r  t h e  L e v a n r i n e
bes in  reg ion  in  thc  N . {ec l i t c r renean  (e r rs t  o f  . 10 'F . , . rnc l  no r th  o f  . 10 "N)
calcrr l , r tcc l  l rv  Sp,rr r rocchi . r  et  r r t .  (200. ] )  f ì -onr h isto l ical  l - r r .c l roqrapl- r ic  c late.
' [ ' hc  

th r l . : c  n roc l cs  î cc ( )u r ì t  f ì r r  m< l rc  than  80 ( ) i r  o f  t hc  t c r .nL )c r r ì t L r r c -sa l i n i t i '
v l r l i l t ncc  i r r  t l r r '  n , l t t c r  co l t r t t t t . r .

o.20.150.1
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for few l inr ired areas (deep convection areas) and severewinter periods' on the other

hand, the error cross-correlat ion b"a*..n , t"t" u"t i"bles is the only information that

al lows a change in the prognostic state variables on the basis of a l imited amount

of observed state variabies.-In the case oFSST, i t  is advisable to careful ly study the

assimilarion impact on the .o*pl.* , t" t t  utt tor befbre using automatical ly a ful l

state F vector in B.

20.3.5Example3:ass imi la t ionofcombinedal t imet ryandtemPerature
profiles

Having decided the satel l i te alt imetry 
". .d 

temperature profi les assimilat ion as-

,; ;r t ; i" ;s, MFS f-,",  i^pf.menred a combined aisimilat io'  of b.rh me:rsurernents

using a rwo-srep 
"pp.o"-h., 

describà below (Demr-r ' .ov et a1' '  2003)'  
' lhe 

method is

basecl on the hypot 'h.sis that i t  is important to maintain the dif ferent expressions

of A ancl thus F for the two kind. of measurement.s'  as thev contain difrerent physi-

cal informarion about the water column strat i f icat ion' 
' lhe 

nlult ivariate v-EOFs for

Y,T,S are used for  ass imi la t ion o f  SLA ant l  the b ivar ia te  I  S v-L 'OFs are usec l  for

ass imi la t ion o f  XBT prof i les .  Th is  way each data set  is  ass imi la ted wi th  i ts  opt imal

ver t ica l  er ror  modes '

In  order  to  combine rhe rwo ass imi la t ion pro_cedures we env isage the fo l low-

ing steps, i l lustrared in Figure ZO.g. T-,.  t ime \Vi '-" low of assin'r i lat ion is nvo weeks

and.  an analys is  is  ca lcu la ie , l  or ' t . .  
"  

* . tk  (day 'J '  i r - r  the d iagram) '  Both past  and

future observat ions wi th  resPect  r ( }J  
" r . .u , ì , id t "d ,  

that  is ìhe C) l  is  uscd in  the

,smoorher  nrode ' .  one week we use on ly  S l -A.obscrvat io l ls  to  ge nerate  the preset r t

week analys is  s tar t ing f tom the prev ious week analys is  which ins tead ass imi la tec l

only XBT observari. is. Afte. th" f i rr t  cy.cle i t  rv, i l l  L-re r 'r . impor-tant which data set

is  ass imi lared f ì rs t  and each week , i t .  
" r ' , " ly r is  

rv i l l  be.e f i t  f róm both SI -A and XLì ' l '

observat ions.
The working of the combined assimilarr ion of satcl l i tc rrnd tcmperrtture prof i lcs

is shown it  s..r iuoJ;O'; ; i l t ; ' t ' ' t  to*1'"r ison betwee n the observed' moclcl led a.cl

cor rected prof i les ,  by  means of  (20 '11) '  is  g iven '

i f=;--:= Assimilat ion of XBT

f5.t Assimilation of SLA

Fieure 20.9
combined assimilat ion of Xtl- l 'arrcl Sl-A p,rof i lcs t tsccl in thc IvIFS

. r o e t ' a t i < l n l t l  a s s i r t l i l l t i ( ) l l  \ ) ' s l ( ' l ì ) '

, sou tc r ' :  f )emi rov  er  a l .  (2003) '
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; : " - " r J i E  
c o A S r A r -  F o R E C A S T T N G  A N D  A S S r M r L A r r o N

The MFS irppronrch to co:rst:rl forecastir-rg uses nesting and downscaling of the l:rrqe-scale
f lon, f ield Llp to the requirecl resolut ion. Coastal cnvironmental forecasting wil l  make
use of the analvsccl physical flow fielcls to advect passive or active tracers in the coastal
areas with the tnaximLrm accuracy. Specif ical ly MFS could provide a basis to examine
the transport and fate of planktonic gropr-rlations and dissolved constitlrerìts in the water
column. Potential use rs would greatly benefit fiom an explicit statement of the space ancl
timesc:rles over r.vhich the MFS can provide realistic estimates of transport. The benefit
fiom MFS is maximum when the variability will be forced heavily by the offshore forcing,
which is thc case fbr several coastirl regimes in tl-rc Mediterranean and the world ocean.

In a recent review paper, Pinarcl i  et al.  (2006) have shown that more than half of
the Mecli terrrì l lelul coastal arcas are l i rnited by nrrrrolv shelves that al low for strong con-
trol by the open ocean fìorv f ìeld. In addit ion, larse port ions of the coastal ,rreas do not
have anv local runoffcontrol rnechanisnr ancl thus coastal procl-rct ivi tv rvi l l  be total iy
clominatccl bv thc dischirrges fronr co,rsrul towns :rnd offshore inpnts of nutr ients. In
t l-re latter crìse, a system such as MFS is crr,rciaI to trnc-lcrstand the prirnary productiv-
i ty of thc coirst:r l  rrre:rs. Flven in extendecl shelf areas, the remote effects of open ocean
ecosystelrì  str l lctr lre ciìnnot be neglected to understand coastal productivi ty. This is
cvic-lcnt for the crrse of Adriat ic mtrci l :rgc phcnomena where i t  is bel ieved that the arr ival
fìom the ope n ocea.n arerÌs of highly rcf-ractorv dissolvecl material could influence ag-
eregation ratcs of part icles ir-r the water column ancl thus inf luence the mucilage i tself .

MFS has also clo,e loped the coastnrl  dorvr.rscal ing:rnd the necessary clat ir  rrssimila-
t ion for thc shclf  ancl coastal dornains of intcrcst. Ir-r part icular, we refer l-rere to the
Adr iar ic  cor ts t r t l  u rcas whcre a  5  kr t r  (XìCM was nested wi rh in  the MFS OGCM in
order  to  ur r ive propcr ly  to  the nea. r  cor l .s t i r I  areus (Ocldo c t  a1. ,2005) .  In  addi t ion,  the
assirr-r i lat iorì s\/steur c]escribccl rrtrove for ternperature profi les was applied to coastal
CTD profi lcs (rneasr.rr ing borl ' r  sal ini ty and temperir. tLrre) col lected in thc vcry ncar
cor-Lstrt l  r trcrrs in orclcr to control the nertr-shorc coastal f ielcl .  I t  w:rs found thirt  the
separatiou of vcrt ical and horiz.ont,.r l  nrocles of t l ' rc backgrouncl error covariance ma-
tr ix al lor,ved rt  consistcr-rt  rrssin"r i lat iot 'r  even i lr  complic:rtccl coastal dynan'r ical regimes
(Grez io  anc l  P inard i ,2006) .  In  f ì r turc  the cor rs ta l  data  ass i rn i l : r t ion svsten l  may be
c l i f lè rent  f ì -orn  thc  ( )pcn occr ìn  onc a l lowing f ì r r  the h ieher  sp: rcc  anc l  t ime var iab i l i ty  o f
the bacl<gr-ouncl en'()r '  covrìr ' i : .rr-rce nì i ì tr ix in thcse regions.

2 o . 5  F o t r r . c A S T  c ( ) N s r s - r r i N c Y Q U A L I T ' Y  A N  D  A C C  L ]  I ì A C Y

In th is sect ior ì  lve shor.v how to c l ì r r ) /  oLl t  i - rn r rssesslr ìer ì t  of  the c lual i tv : - rnd accuracy of

thc  r r ss i rn i l r r t i on  sys ten ì  us ing  th rcc  bas ic  i nc l i c i t t o rs :
'  Consist t : t tc .y i r td imtor:  the qLral i tat ivc ( r ' isurr l )  correspronclence of  c i rculat ion struc-

t t r res in the anal l ,s is  f ìe lc ls rv i t l ' r  fèatLrrcs l<norvn f rom phenomenological  stucl ics

o r  obsc rva t io r - r s  on lv .
.  ( )ut / i ty  i r t r l i t , t t tn ' :  corrr ; r r r r ison bctwcen obscrvrr t ions and nrodel  befbre data

in -se r t i< ln .  
- ]h i s  

i n r l i c r r to r  can  be  cxp rcssec l  i n  te r rns  o f  thc  roo t -n l c l ì n -s ( lu i t re  o f  t he

nr isÉrt ,  c le f ì  necl  bv

I
r rns nr is f ì r (d)= - -

1 V

753











Real- t imc Coasral  (Jbscrv ins Sysrerns

1 . 0
0 .8
0 .6
0.4
4 .2

0

0.6
0 .5

0 .3
0.2
0 . 1

0

0

0 . 1 0

U)
E

o
E

p 0.05
c

C)

; 0  0 5
E

0 . 1

280 m

400 m

1 0

Figure 20.16
l0 day's roor-.ìcarì-squlìre (rms) fbrecasr crror growth for rhc lvcel<lv
forecasts in 2000, at cl i f- fcr-ent depths.

Last but not least, the accuracy indicator is shown in Figurc 20.16. As describecl
in Demirov et al.  (2003) in MFS we use ro run a simulat ion"expcrinrenr bcrwccn rhe
analyses that are done one *.+ apart.  Since this is clorre in . telaye.t rnoclc, arrnospheric
forcing analyses are used to force the 

'hindcrrst '  
berween analyses. The crror grows

with t ime almost l inearly at the surface. At the levels bclow, thé .1"t" insert ion occur
intermittently every week and rhus the error suddenlv grows at clay 7 of each lO-day
forecast. Between day 1 and day 7, thg forecasr .rro, gÀ*th is clue only to the cl i f fci-
ent atmospheric forcing used in the forecast and rhe hinclcast. The ,r,,i,.r. of tl,re rms
temperature forecast error is reasonable showir-rg rhar the atmosphcric forccast fòrcing
is-capable of reproducing some of the essenrial-Èr, ' . ,r . ,  of the.ir . ,r .rrph.. ic i ,ar iabi l i t i
of the region' Demirov et al.  (2003) compare rhis rrns fbrecasr error with the 1.,-, . , ,  p.r-
sistence error and show that rhe latter is always higher that thc former. This basical ly
shows that the forecast is needed in order r,r  r .". l i r .ason:rble accurac), in t l-re lO-dal,
pred ic t ions.  

/  '

z o . 6  D r s c u s s r o N  A N D  c o N C L U S T o N S

This chapter has described the ocean strrre esrimarion problcnr ser Llp in t fuc MFS
operational scheme. Apart from the l leccssary rcgional izariorr issues, a fèw general
statements about assimilat ion of re al-t ime d:ìrrì  ha,r!  been n-raclc.
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First of al l ,  i t  is recognizecl that sophist icated preprocessing of satel l i te and in
situ data is rreeded befrrre observations carÌ be inserted into the model. Above al l ,  the
quali ty control proceclures shoulcl be as much as possible automatic and consistent with
the phys ica l  assumpt ions n ' rade in  the ass imi la t ion scheme.  One of  these assumpt ions is
that the observations contain only the slow t imescrrle variabi l i ty ( larger t imescales than
the day) ancl thus high-frequency signals should be el iminated from the data a priori .

Second,  we have seen that  the ass imi la t ion qual i ty  and pract ice is  connected to
the assumptions made to calculate B, the form chosen for H and the kind of data that
wc :rssin.r i l : r tc. 

' lhe 
n.rult ivariate character of B should be careful ly checked against

physical processes tha.t are contained in the cross-correl:r t ions induced by the inserted
data. ' Ihc  t ime : rnd space var iab i l i ty  o f  B is  genera l ly  underest imated in  present  sys-
tems, l ike thc Mcditcrrancan Sca, and inconsistcncies may occur that wi l l  not produce
the optimal nrerging of background or model data with observations.

C)rder reduction of F is strongly recorìnlencled especial ly i f  i t  can be done, as
in the ocean physics, on the basis of process assumptions. The vert ical thermohaline
structure of the occan is low modc, with fèw vert ical EOF modes expressing a big part
of thc variance of thc crror f icld in thc vcrt ical.  Thus sep:rrat ion of B into vert ical and
horizontal structures seems to be advisable. However, the v-EOF are horizontal ly non-
homogeneous :rnd that cffcct should be considered. As an example of more recent de-
velopments, we show in Figures 20.17A and 20.77B the percenrage variance explained
by the f irst bivariate v-F.OF mocle of A writ ten as in (20.25) considering the defini-
t ion (20.16) and dif ferent mean f ields subtracted. The f igures show that, depending
on which i' ' i, used, the percentage variance explained by the first v-EOF .h"trg"r 

"i
well as its horizontal distribution. A is constructed from a 35-day temporal time series
of Xl 'subtracting i l 'calculated by a mean over several years (a cl imaiological i" ;  fo.
Figure 20.17A and only a 35-day mean for Figure 20.l7B.It  is important to note that
several regions have almost 100% variance explained by only one bivariate EOF but this
value changes depending on which average is subtracted. in Figure 20.178, the areas
with a large proportion of variancc cxplained by the first EOF have changed extension,
and more modes are needed in general to explain the same variance in the case of Figure
20.171 ' .

Schemes for ecosystem data assimilat ion of the same complexity of the physical
state estimation problen-r discussed here are being developed. However, i t  is recom-
mended that the structure of B for these systems is studied in detai l ,  in part icular
because biogeochemical observations are mr-rch more scarce in space and t ime than
observatior-rs fòr the physical state variables.

Let us make an example of how matrix B could look in ecosystem data assimila-
t ion. First of al l  the state vector could be indicated by:

X -

T

chl

N (20.26)

Z

D

where this t ime the biochemical state variables,
dissolved nutrients, Z, zot>plankton biomass and

Chl, chlorophyll concentration, N,
D. detr i tus. have been introduced in
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A -

(t ' t ' )
(cn't ')
(* ' t ' )
( t ' r ' )
(o ' t ' )

(cn'cr'r')
(* ' . " ' )

( t ' .^ ')

(o'cn')

( * ' * ' )

( t ' * ' )

(o'* ')

(20.27)

and

A = F A F T (20.28)

F is then a vector containing the v-EOF of A.
\fle have explicitly written only half of the matrix because we know that is symmetric.
Let us consider the satellite ocean colour transformed into surface chlorophyll as the
input observationaldata set. I f  the analysis system (20.11) is used, then the chlorophyl l
misf i t  wi l l  produce correcrions on al l  the system srare variables l isted in (20.26) and F
wil l  infer the vert ical corrections to be introduced, as in the case of the physical system
explained above.

The matrix (20.27) expresses the vert ical covariance between T, N, Z, D and
Chl state variables. The auto-correlation for Chl is a very important part of the matrix
(20.27): it means that surface chlorophyll will produce a vertical profile of chlorophyll,
sometimes containing a subsurface chlorophyl l  maximum if  the stat ist ics al lows i t .  The
other cross-correlations can be interpreted as follows:
. the covariance between T and Chl points to the functional relationship between

photosynthetic activity corresponding to a representative phytoplankton group
and water temperature. This correlation may be weak in subtropical regions;

. the covariance between Chl and N points to the functional relationship between
the dissolved nutrients and chlorophyll concentration changes. This covariance
in the vert ical wi l l  have a subsurface maximum in open ocean areas while i t  wi l l
be surface intensif ied in coastal areas;

. the covariance between Chl and D points to the functional relationship between
detritus variance (related to the mortality rate of the phytoplankton in simple
models) and chlorophyll variance. This cross-correlation is complicated since
there is a delayed response oÍ detritus to the increase in chlorophyll error vari-
ance;

' the covariance between zooplankton variance and chlorophyll is also very com-
plex, as again the covariance has a time delay.

Simpli fying the structure of (20.27) could involve the delet ion of the cross-correlat ions
between Chl and all the other ecosystem state variables except Chl itsell N and T. This
wil l  produce corrections by (20.11) on only three of the system state variables given
in (20.26) while the others wil l  be changed by the model t ime stepping, as given by
(20.14). In this way the corrections to the detr i tus and zooplankton, in response to
the insertion of surface cl-rlorophyll observations, will be made following the dynami-
cal equations contained in the ecosystem model, after chlorophyll and nutrients have
been updated by the observations in the whole water column. This scheme seems to be
reasonable instead of changing the zooplankton biomass direct ly as a consequence of
a change in surface chlorophyl l :  this operation in fact may not be just i f ied within the
l imits of the assimilat ion cycle chosen and the dynamical response of the system.

/ o l



Real-t ime Coastal Observins Svstems

Ecosystem data assimilat ion is at i ts infancy br-rt  the premises of a workable data
assimilat ion system for the physical components ofr the marine cnvironment makes i t
possible to think that in the next years primary production estimates in the ocean wil l
benefi t  from the optimal merging of observations and predict ivc ecosystem models.
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