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Abstract

Asan enhancement to the SEAKEY Senvironmenta monitoring network inthe FloridaKeys
Nationa Marine Sanctuary, software called the Environmenta Information Synthesizer for Expert
Systems (EI SES) has been utilized together with aspecially devel oped expert system to model and
report the near real-time sensing of environmental conditions conduciveto theonset of aharmful algal
bloom (HAB, e.g., “redtide’). Actua near red-timein situ fluorometry datawas matched withwind
speedsand Photosynthetically Active Radiation at the Long Key SEAKEY Sstationin FloridaBay to
smulatetheonset of an HAB. Theseincidencesweree-mailed to theknowledge engineer asthey
occurred, and couldinthefuture be e-mailed to regul atory agencies, or posted to aWeb site, asisdone
withasimilarly devel oped expert system for cora bleaching. Thisapproach showspromisewiththe
future remote detection of HAB pigment dataviain situ or satellite sensors.

I ntroduction and Background

Those of uswho try to manage and make sense of largeamounts of datastreaming from
satellites, continuoudly operating instrumented processes, or in Situinstrumented arrays, havefelt the
stressof dataoverload. Having the datastored automatically in adatabase helpsto organizethe data,
and having automated outputs of user-specified graphs and tables hel ps usto depi ct the course of
eventsbeing monitored. However, these dataproductsrequireinterpretation, and for critically
monitored processes, they requireinterpretation every day, or even morefrequently. If wehad nothing
elsetodoinour lives, thismight not be so overwhelming, but wedo, anditis.

Many industriesand research concerns have solved the problem of critical dataoverload using
artificid intelligencetechniques, such asexpert systems. Artificid intelligenceinvolvesthe capability of a
device such asacomputer to perform tasksthat would be considered intel ligent if they were performed
by ahuman (Mockler & Dologite 1992). An expert systemisacomputer program that attemptsto
replicate the reasoning processes of expertsand can make decisionsand recommendations, or perform
tasks, based on user input. Knowledge engineers construct expert systemsin cooperation with problem
domain experts so that the expert’ sknowledgeisavailable when the expert might not be, and so that the
knowledge can beavailableat al timesand in many places, asnecessary. Expert systemsderivetheir
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input for decision making from promptsat the user interface, or from datafiles stored onthe compuiter.
Theknowledge base upon which theinput ismatched isgenerally represented by aseriesof IFFTHEN
statements, called production rules, which are written to approximatethe expert’ sreasoning. The
degreeof belief the expert hasin aconclusion may berepresented asaconfidencefactor (e.g., 0%to
100% confidence), or asasubjectiveterm (e.g., “possibly,” “ probably,” or “amost certainly”) inthe
expert system. Redl-timemonitoring and control ismaturetechnology, especially for industrial systems,
and theuse of expert systemsin thisarenacontinuesto be afast devel oping technology. Ontheother
hand, monitoring and modeling of the environment in near real-timehascomelatein theevolution of
expert systems, and only recently (Hendee 1998; Hendee 2000) for the marine environment.

Red-time expert syssemswereoriginally created to provide knowledge-based control of
industrial processesand mechanical functionsthrough feedback from sensorsmonitoring those
processes. Red-time expert systemsthat monitor the environment can of courseonly hopeto control
theenvironment very indirectly. Through datagathering, inferencing, aerting and chronicling of
monitored events, environmental expert systemscan continuoudly deal with largeamountsof dataand
save scientistsand policy makerstremendous amountsof time. Recommendati ons can then be madeto
governments, which can then regul ate human endeavorsthat directly or indirectly affect the environment.
Under another scenario, however, the near real-timemonitoring and reporting of an environmental event
such asaharmful algal bloom (HAB, e.g., “redtide”) could savelives. anaert tothepredicted event
would be sent to the appropriate authorities, who would in turn warn the public. The monitoringand
alerting process discussed in the present report could eventual ly be adapted to just such apurpose.

At theNationa Oceanic and AtmosphericAdministration’s(NOAA) Atlantic Oceanographic
and Meteorological Laboratory (AOML), in Miami, Florida, environmental dataare acquired from
remote siteson lighthouses and navigationa aidssituated at cora reefsand other strategiclocations
withinand near the FloridaK eysNationa Marine Sanctuary viaasatellitedataarchival steat Wallups
Idand, Virginia. Thedataare collected at the sites continuoudy then transmitted hourly. Oceanographic
instruments (measuring seatemperature and sainity, minimally, but also other instrumentseat different
Stes) aremaintained by the Floridal nstitute of Oceanography, and meteorol ogical instrumentsfor
measuring wind speed, wind gust, wind direction, air temperature, dew point, and barometric pressure
aremaintained by the National DataBuoy Center of NOAA. Therearecurrently seven sites, which
have been termed the SEAKEY S (Sustained Ecol ogical Research Related to Management of the
FloridaKeys Seascape) network: Fowey Rocks (in Biscayne National Park), M olasses Reef (near
Key Largo), southern FloridaBay (near Long Key), Sombrero Reef (near Marathon), Sand Key (near
Key West), Dry Tortugas (at the very end of the FloridaK eys), and northwestern FloridaBay (near
Cape Sable) (Ogden et a 1994). Thedatareceived arereformatted using software developed at
AOML, cdledthe Environmental Information Synthesizer for Expert Systems (EISES; Hendee 1999).

Toeffect aredistictest of a hypothetical HAB expert system, near real-timedatafromanin

situfluorometer inamarginally eutrophic region of FloridaBay, theLong Key SEAKEY Sdtation, was
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usedtoillustrateitsutility. Using an approach very smilar tothat used to predict cora bleachinginthe
ForidaKeysNational Marine Sanctuary (Hendeeet a 2000a) and the Great Barrier Reef (Hendee et
al 2000b), aproduction rulewas devel oped to show how an HAB could be monitored in near real -
time, assuming the proper phytopl ankton pigment sensor iseventualy designed and refined, or that
dinoflagellate pigment sensed datafrom satellitesbecomeavailable.

Methods
Field Maintenance of the Instruments

Theinstrumentsthemsel veswerevisited once aweek by the SEAKEY Stechnicians so
corrective maintenance of the oceanographic sensors could be attended to asnecessary. Inany case,
the oceanographicinstrumentswould becomefouled and had to be cleaned periodically. Sea
temperatureand salinity sensorswere*” sea-truthed” duringthestationvisits. Thatis, cdibrated
instrumentsweretaken into thefield and the parameterswere measured at the sametimetheinsitu
instruments made their automated measurements, to seeif thein situinstruments needed to be replaced,
or their dataneeded to be corrected. Water samplesweretaken for fluorometry calibrationfor usein
an another study; however, theinstrument was cleaned of biofouling at the sametimeasthe sea
temperatureand salinity sensors. Meteorological instrumentswere maintained by NDBC. If any of the
instruments malfunctioned, the expert system code was easily adjusted so that those valueswerenot
accounted for in the process (see Hendee 2000, for specifics).

The Expert System

The C-Language I ntegraged Production System (CLIPS), devel oped by the National
Aeronauticsand Space Administration, wasused for the expert system shell, and isan essential part of
EISES. Thedevelopment of the prototype HAB expert system actually proceeded under three different
stages. Thefirst stagewasfor parsing theraw datafile and producing acolumnar datareport, which
was easier to work with, and could al so be used in daily postings of the raw datato theWeb. ASCI|
columnadatafilesproduced in Stage 1 were screened against production rulesin Stage 2 to determine
whether thevauesfor theinstrumentswerewithin realistic ranges, or whether theinstrument appeared
to bemalfunctioning or off-line (garbled or no data). A comprehens ve description of how Stage 1 and
Stage 2 function can be seenin Hendee (2000); however, an overview of how Stage 2 operatesis
herewith described.

Sage 2

Toadintheanaysisof data, which might vary widely depending upon thetime of day and the
season of theyear, valueswere averaged for eight three-hour periods per day, termed midnight (2200
t0 0100 hrslocal time), pre-dawn (0100 to 0400 hrs), dawn (0400 to 0700 hrs), morning (0700 to
1000 hrs), mid-day (1000 to 1300 hrs), pre-sunset (1300 to 1600 hrs), sunset (1600 to 1900) and
evening (1900to 2200 hrs). These groupingswere convenient because meteorol ogical, oceanographic
and biologica phenomenaquite often show predictabl e fluctuations during these periods of theday, for

instance the change of wind direction and wind speed, and the onset of crepuscular animal behavior and
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phytoplankton migration patterns, with sunriseand sunset. Theaveraged valueswithin each of these
categorieswerethen subjectively assigned to fal within one of €l even categories. unbelievably low,
drastically low, very low, low, somewhat |ow, average, somewhat high, high, very high, drastically high,
and unbdlievably high. Thesegroupingswerearbitrary terms, and parameters such aswind direction
werefurther trand ated to different regions of the compass (e.g., NE-ENE). Thisapproachwassimilar
tothat of Uhrmacher, Cellier, & Frye(1997) who argued that discretization of quantitativeinto
qualitative valuesenabled them to represent a“ gap-free history of thevariables.” Asthey also pointed
out, an approach such asthisisof vaueif the knowledge of the system of interest isimpreciseor
incomplete, whichistheusual casewith ecologica systems. Theassignment of valuestothese
categories depends upon what the season of year is(spring, summer, fal or winter), so, for instance,
what might be considered “ somewhat high” inwinter might otherwise be considered to be“ average”
during summer. Vaueswhich aredeterminedto be* unbelievably high” or “ unbelievably low” represent
vaueswhich are consdered to betotaly unredistic for the parameter in question. However, should it
happen that these values might beginto represent real-life values, therangesmay beeasily reset to
encompassthe newer vaues. Theexpert system thusalso servesasan environmental model utilizing
subjectivetermsinitsdescriptions.

Thestatusof the parameters, that is, where they were on the continuum from unbelievably low
to unbelievably high, and when thevalues occurred (i.e., the period of the day), were saved asCLIPS-
loadable“facts’ represented in atext file, and thusavailablefor Stage 3 processing. Thesefactsthus
represented subj ective interpretations of the measured data, and therefore represented information, not
just columns of numbers. An abbreviated exampleof Stage 2 CLIPS-|oadablefactsfromLong Key
canbeseeninFigurel.

Sage 3

Thethird stagewasthe expert system devel oped for the monitoring of conditionshypothetically
conducivetotheonset of an HAB. Theexpert system looksfor high fluorometry readings, low wind
speed, and high photosynthetically activeradiation (PAR). Wind directionismeasured and reported,
but not used in theinferencing system. Following isapseudocode representation of the productionrule
used inthe operational expert system.

| Ffluorometry readings are high during late morning, mid-day and/or early afternoon
AND wind speedislow during late morning, mid-day and/or early afternoon,
AND PARishighduring latemorning, mid-day and/or early afternoon

THEN conditionsare apparently cons stent with, and conduciveto, an HAB event.

The expert system was used to screen hourly dataover the past 72 hoursworth of data, oncea
day, and reported output viaafileand an e-mail messageto the knowledge engineer, aslong asthere
wasanything to report. Thereportswere cumulative over seven days, so that aslong asany report was
generated during that time, acumulative report was generated and sent. Once conditionshad not been

met with seven days, reportswereno longer sent. Thus, if conditionswere met on March 1 only, you
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would get thereport until March 8; if conditionsweremet on March 1 and March 6 only, you would
continueto get adaily report showing the results of thosetwo daysuntil March 8, but only for March 6
until March 13.

Results

Theexpert system operated continuoudy and without i ntervention from the knowledge engineer
throughout atrial period of four months. Anexampleof the output of thereport isrepresented in Figure
2. Wind speed was measured in knots, and PAR in microeinsteing/m? Thefluorometry output voltage
wasafunction of theamplifier onthefluorometer. Actud chlorophyll vaueswerenot derivedinthis
particular tria, but areapart of theusua field sampling and validation component of the SEAKEY S
program. Inatest of anactua HAB expert system, field validation of the phytoplankton pigment levels
would be anecessary part of the knowledge engineering process.

Discussion

Although wind direction and other parameterswere not used in the operationa expert system
inferencing, they easily could be. Infact, any measured parameter could be accounted for inthe
matching pattern represented by aproduction rulesimilar totheabove. For instance, followingisa

hypothetical example production rule (as pseudcode) that could berepresented in an HAB expert
system a mythical Deadman’sBay:

| Ffluorometry was high during noon,
AND wind speed washighto very high,
AND tidewasvery low during noon,
AND winddirectionwasN-NE al day,
AND sdinity waslow during daylight hours,
AND seatemperaturewashighal day,
THEN output areport that saysnortherly winds pushing high temperature,
low sdlinity water during the day haspossibly resulted
in bloom conditionsduring anoon low tide at Deadman’s Bay.

Thus, the expert system approach provides apowerful meansfor pattern matching of various measured
parameters, something that ismuch more difficult to do with astandard procedural (vs CLIPS symboalic)
programming approach.

Outlook

Satellites have been used to remotely sensealgal bloomsin freshwater (e.g., Yacobi et a 1995;
Jernakoff et al 1997)) and salt water (for example, using Sea-viewing Wide Fiel d-of-view Sensor, or,
SeaWiFS satdllites; e.g., Murtugudde, et al 1999, and many others), but there have been apparently few
successful effortsat sensing HABsusing satellites (but see Prasad and Haedrich 1993). Althoughthere
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has been somethought and effort at sensing HAB pigmentsusing in situ and in vivoinstrumentation
(Gentienand Lunven 1993; Millieet a 1995), thegod remainselusive. However, evenif such sensor
developmentisfar inthefuture, thefact that satellites can measure dinoflagellate pigments, and that the
present expert system can be used with satellite dataaswell asin situ data, and finally, that artificial
intelligence hasbeen usedin the study of determining chlorophyll concentrationsfrom satellite data
(Keiner & Brown, 1999), givesus causefor optimisminthedevelopment of an expert systemfor the
early warning of the onset of HABS, such asiscurrently donefor coral bleaching (Hendeeet a 2000a).
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(lonfl airT 23.1 average all-day of day 75)

(lonfl airT 24.5 average all-day of day 77)

(lonfl airT 25.1 average ni ght-hours of day 81)
(lonf1l barom 1015 average ni ght-hours of day 81)
(lonfl barom 1017 average all-day of day 76)

(lonfl fluoro 0.118 drastic-high norning of day 77)
(lonfl fluoro 0.124 drastic-high evening of day 75)
(lonfl fluoro 0.126 average all-day of day 75)
(lonfl fluoro 0.126 drastic-high m dnight of day 75)
(lonfl parSurf 483 somewhat-|ow ni d-day of day 75)
(lonfl parSurf 53 very-low m dni ght of day 75)
(lonfl parSurf 587 average m d-day of day 78)

(lonfl parSurf 82 very-low pre-sunset of day 76)
(lonfl salinlm 35.8 average ni ght-hours of day 78)
(lonfl salinlm 36.0 average all-day of day 76)
(lonfl salinlm 36.1 sonewhat-hi gh nmid-day of day 75)
(lonfl salinlm 36.4 sonmewhat-hi gh pre-sunset of day 75)
(lonfl sealm 25.1 average afternoon of day 76)
(lonfl sealm 26.0 average all-day of day 78)

(lonfl sealm 27.0 average ni ght-hours of day 81)
(lonfl tidelm-9.4 |ow night-hours of day 81)

(lonfl tidelm-9.4 | ow pre-sunset of day 75)

(lonfl tidelm-9.6 very-low sunset of day 75)

(lonfl transm ss 2.851 average all-day of day 76)
(lonfl transm ss 2.852 average all-day of day 78)
(lonfl transm ss 2.878 average all-day of day 77)
(lonfl volts 14.6 very-high nid-day of day 75)
(lonfl volts 14.6 very-high pre-sunset of day 75)

NNNOO DD

(lonf1l wi ndDir 89 ENE-ESE pre-dawn of day 75)

(lonfl windDir 94 ENE-ESE ni d-day of day 78)

(lonf1l windDir 97 ENE-ESE afternoon of day 78)

(lonfl windGu 9.5 sonewhat-| ow sunset of day 78)
(lonf1l windGu 9.9 sonewhat -1 ow dawn- norni ng of day 77)
(lonfl windSp 9.4 sonewhat-| ow norni ng of day 80)
(lonfl windSp 9.9 sonewhat-|ow afternoon of day 78)
(lonfl windSp 9.9 sonewhat -1 ow pre-dawn of day 81)

Figurel. Exampleof CLIPS-loadablefactsinthe HAB expert system.
Abbreviations. lonfl1=identifier for Long Key, airT=air temperature,
barom=barometric pressure, fluoro=fluorometer, parSurf=PAR (seetext),
sainlm=sdlinity at 1m, sealm=seatemperatureat 1m, tidelm=tideat 1m,
transmiss=transmi ssometer, volts=voltage of instrumented array,
windDir=wind Direction, windSp=wind speed.
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Rul e Flu-Wnd-PAR-1 (high fluoro, |ow wi nd, high PAR
(Bl oon?)
Day 148

Fl uoronetry was about 0.073 (high nid-day)

W nd Speed was about 2.9 (very-I|ow nid-day)

Wnd Direction was from NE- ENE direction (nid-day)
PAR was about 868 (high m d-day)

Rul e Flu-Wnd-PAR-1 (high fluoro, |ow wi nd, high PAR
(Bl oon?)
Day 147

Fl uoronetry was about 0.066 (sonewhat-hi gh m d-day)
W nd Speed was about 1.4 (drastic-|ow nid-day)

Wnd Direction was from WBW W direction (m d-day)
PAR was about 862 (high m d-day)

Rul e Flu-Wnd-PAR-1 (high fluoro, |ow wi nd, high PAR
(Bl oon?)
Day 146

Fl uoronetry was about 0.082 (very-high nid-day)

W nd Speed was about 4.4 (low nid-day)

Wnd Direction was from NE- ENE direction (nid-day)
PAR was about 969 (high m d-day)

Figure?2. Fileand e-mail output of the HAB expert system.
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