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Abstract: Detecting changes to the transparency of the water column is critical for
understanding the responses of marine organisonsh as coralsto light availability.
Long-term patterns in water transparency determine geographical and depth distributions
while acute eductions cause shedrm stress, potentially mortality and may increase the
organi smso6é6 vulnerability to other environm
optimal, operational algorithm for light attenuation through the water column across the
scak of the Great Barrier Reef (GBRAustralia We implemented and tested a
guastanalytical algorithm to determine the photic depthBR waters and matched
regional Secchi depth §2) data to MODISAqua (20022010) and SeaWiFS (19062010)
satellite dataThe results of then situ Zsp/satellite data matchup showed a simple bias
offset between thén situ and satellite retrievals. Using a Type Il linear regression of
log-transformed satellite and situ data, we estimatedsg and implemented the validate

Zsp algorithm to generate a decadal satellite time series (2002) for the GBR. Water
clarity varied significantly in space and time. Seasonal effects were disftitictlower
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values during the austral summer, most likely due to river runoff andased vertical
mixing, and a decline in watetarity between 2008012, reflecting a prevailing La Ra
weather patternThe decline in water clarity was most pronounced in the inshore area
where a significant decrease in mean inner sBeif of 2.1 m (fom 8.3 m to 6.2 m)
occurred over the decade. Empirical Orthogonal Function Analysis determined the
dominance of Mode 1 (51.3%}vith the greatest variation in water clarity along the
mid-shelf, reflecting the strong influence of oceanic intrusions on #patiectemporal
patterns of water clarity. The newly developed photic depth product has many potential
applications for the GBR from water quality monitoring to analyses of ecosystem
responses to changes in water clarity

Keywords: water clarity; photicdepth; Secchi depth; satellite; Great Barrier Reef;
spatietemporal patterns; biophysical processes

1. Introduction

The quantification of environmental variables in space and time is essential to understand the ecology
of marine organisms and their pegises to a changing environment. For benthic organisms, temperature,
salinity and the availability of light and nutrients are key parameters controlling their distribution and
productivity. Ocean color satellites, such as the NASA-\&®aing Wide Fieldof-view Sensor
(SeaWiFS) and the NASA Moderate Imaging Spectroradiometer onboard Aqua (M@QD&$ provide
oceanographic data records on spatial and temporal scales unattainable using conwventianal
sampling schemes. The current state of operatisatdllite remote sensing is that algorithms for
measuring geophysical parameters, such as chlorophyll concentration or water clarity, are reasonably
reliable over deep watebut still limited in optically shallow regions. Considerable progress has,
howeve, been made in the application of polar orbiting satellite data to mapping nearshore optical
properties [11 3]. Recent progress in remote sensing applications includes the development of
bio-optical algorithms for determining thghotic depth (%, units d m) from the observed satellite
radiancesZyis a measure of water claripg] with, for exampleZiq, reflecting the depth where only
1% of the surface irradiance (PAR, photosynthetic available radiation; unis-@f?-s %) remains.

The value of 1% of surface PAR has bemmvenientlyconsidered as an ecologically important
threshold, théi e u p h o t ,oclowdrdimpittohtlde euphotic zoner A compensati on d
below which most photautotrophic organisms cannathieve positive net daily productifi,6]. The
euphotic depthelates inversely tbght attenuatiorand, thus, provides a direct, intuitive measur¢hef

clarity or transparency of the overlying water coluisin

Detecting changes to the transparemfythe water column is critical for understanding the
responses of benthic organisms to light availability, especially in shallow coastal and shelf, regions
such as the Great Barrier Reef (GBR), Austréifi®]. Degradation in the condition of coastal and
inshore ecosystems due to poor water quality is a key issue for thg9hB# terrestrial runoff of
excess nutrients and sediments affects turbidity and sedimentation regimes and intermittently increase
wate column productivity, in turn leading to the deterioration of inshore coral reefs at local[$Cdles
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Water clarity is considered a key measure of water quality on the GBR, with Secchi dgpth (Z
units of m) being the most widely used measure. Measmts of optical properties of the water are
usually carried out during dedicated {miptical research cruises anlderefore, are limited in number,
while Zsp is @ common and easily obtained parameter in monitoring, making it suitable for satellite
data @aluation [11]. A water quality trigger level of & < 10 m has been formulated for the
GBR [12], below which macroalgal cover rapidly increases and coral richness dg8linewever

the links between reef health and water quality at ®@Bde scalesemain the subject of debate due to
the limited availability of largescale data. For large ecosystems, such as the GBR, efficientcmtean
algorithms that can produce accurate synoptic satellite imagery and estimates -@oluater optical
properties,such as water clarity, are essential for understanding the links between oceanographic
processes and the biological response.

The circulation in the GBR region is complex, wittariability in the physical processes
significantly influencing thepatterns of water clarityThe GBR ecosystem extends along the
continental shelf of northeastern Australia betwet® &nd 245 and covers ~34%80 knf, including
approximately D00 coral reefs. The direction of water currents on the inner GBR shelimiariby
northward, driven by the predominant southeast wind regime. Along the outer sheSpultie
Equatorial Currenbifurcates to form the northwaiftbwing Hiri Current and the southwaiftbwing
East Australian Current (EAQL3]. The location of thebifurcation varies seasonally between 1435,
during austral summgwhen the EAC is strongest, and 205 during austral winter. Drifter stundies
suggested another bifurcation at aroun®,18nd within the GBR lagoon, a strong and consistent
northwest fbw north of 185 anda weaker and more variable flow south of 185, with limited water
exchange between the two latitudinal regid@d]. In the southern GBR, the deep {850 m)
Capricorn Channel separates the inner and the outer shelf into two destihsystems, while a stable
cyclonic eddy, the Capricorn Eddy, typically forms in the lee of the shelf bathyfhBirEstimates of
water residence times for the GBR lagoon differ between recent studies, ranging fronilwddka7]
to several month$13,18]. Analyses of satellite imagery of riverine flood plumes suggest water
residence times of several weeks in the coastal and inshord1OER]

The primary objectives of this study we(#) to develop a photidepth product for the GBR; (2) to
detect changes iIGBR water clarity in space and time based on the optimal, available algorithm for
light attenuation through the water column; and (3) to determine the dominant modes of variation and
identify the physichdrivers that influence the spatiemporal patterns of water clarity across the
GBR ecosystem.

2. Data and Methods

Since sufficient GBRn situ optical data were not readily available for validation purposes, regional
measurements of s collected bythe Australian Institute of Marine Science (AIMS) and the
Queensland Department of Primary Industries and Fisheries (QDPI) were used to serve as a first orde
groundtruth for the satellite data products, with ove®® records acquired. These data were
somewhatbiased towards the inshore regigfigure 1),due to the focus of the regional research and
monitoring programs with Zsp often quite low (<5m). Such values araot unusual in GBR inshore
waters, which experience intermittent high turbidity dueekuspension and flood inputs. HighepZ
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valueswere generally found further offshore. The timeframes of the data (1998; 19922010)
largely predated the MODISAqua satellite data (2002010), hence SeaWiFS data (102010) were
also used to validate and improve the photic depth product for the GBR ecosystem.

Figure 1. Map of Secchi depth measuremértations (red) in the Great Barrier Reef from
1994 to 2010.

Two operational photic depth algorithms have been impiged into the standard NASA ocean
color satellite data processing environment, both of which are available via the SeaWiFS Data
Analysis System (SeaDASittp://oceancolor.gsfc.nasa.gov/seadas empirical algorithm based on
Casel assumptiong21] and asemtanalytical algorithm based on the inherent optical properties
(IOPs)of the water columid]. The IOP approachwhere photic depth is described a$unction of
spectral absorption and backscattering coefficients, was selected for this study agetobarity
algorithm to determine light penetration depth in eutrophic, -Qaseastal waterfs]. This algorithm
has been tested and validated for oceanic and coastal waters in the Arabian Sea, Monterey Bay, Gulf
Mexico and Yellow Se§d], but not in the GBR.
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In this studylOPs from thequastanalytical algorithm@QAA; [2]) wereused to determine the depth
where 10% of the surface light (PAR) leweés still available, 4oy, Which was in turn regionally
tunedtoZpu s i ng A ma tircshuZgp data. Thei satdilitto-in situ matchups for the AIMS and
QDPIin situZsp datasetvere acquired from the NASA Ocean Biology Processing Group (OBR2(5)
Matchups were generated for both SeaWaiR8 MODISAqua. These matchups were generated using
the methods and quality assurance procedures described in Bailey and {Z8idelhich included:
(1) locating satellite observations made within3-hours of the time ofin situ data collection;
(2) calculating the filtered median of all unflagged pixels within & 5 pixel box centered on the
situtarget; and (3) excluding any matchups where the coefficiewnariation of the unflagged satellite
pixels exceeded 0.15. To the best of our knowledgegxcluded matchup stations in optically shallow
water, where light reflected off of the sea floor contributes to the \edemg signal observed by
the satellite.

A regression of thén situ Zsp values against the matching satellite estimates;®f was used to
adjust the satellitélerived 4. to Zsp. A Type Il linear regression (RMA) of lefyansformed satellite
andin situdata was used to estimaterZor the GBR according to:

Zsp= 10M{log 10 (Z10%) T ao}/ai] (1)

where gand a are 0.518 and 0.811 for SeaWif$ = 235; F = 0.78; RMSE= 0.148)and0.529 and
0.816 for MODISAqua(N = 71; ¥ = 0.83; RMSE= 0.096) This method for regional tuning is ultimately
insensitive to our choice of a specifig,&s the assignment of percéght level in Leeet al.[4] changes
only the absolute magnitude of the depth estimateasthedr variability. For example, had we used
Z379,1n Equation(1), & and a would be different than reported above, but their derivgdnould not.
Finally, this GBRvalidated %p algorithm was implemented into the SeaDAS environment and
applied to the full regional time series of MODPA§jua data (20022012). Daily, monthly and decadal
means and anomalies were generatedlanh@resolution and analyses undéea. For the purpose of
this study, the analyses focused on the central to southern GBRRS185i1 2435).

To represent the temporal evolution of water clarity on #@BR over the last decade (July 2002
to June 2012), latitudeme Hovmdler diagrams wee generated for both the@BR continental shelf
and inshore lagoon regions. Bathymetry masks were created to limit the spatial doma2@0tan0
and G35 m for the shelf and inshore regions, respectively, excluding topographic reef features.
Monthly mea Zsp values were averaged along each ~0.01°line of latitudknflresolution) for each
of the selected masked areas. Pixels coinciding with missing v@B®g and over topographic reef
features were ignored in the computation.

To characterizehe varidility of the satellitederivedZsp on the SGBR, an Empirical Orthogonal
Function (EOF) Analysis was performed on the-year monthly Zp dataset. An EOF Analysis is a
statistical technique used to decompose the spatial and temporal variability oétiesedsitasets into
a few independent dominant modes, each representing a certain percentage of the total variance of th
dataset. In this study, we employed the singular value decomposition (SVD) rfiz&thtal calculate
the spatial eigenfunctions and teonal eigenvectors. The former describes the spatial pattern
associated with the mogehile the latter provides the corresponding temporal variation, which can be
interpreted in relation to physical processes. The EOF assumes that there is no gaata tineed
series. Hence, prior to doing the analysis, missing data over smal{(<gosn total) were filled for
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each monthly dataset, using a kernel interpolafii). The bathymetry mask was used to limit the
spatial domain to the shelf area 200 m). The longterm (10 yeas) temporal mean was removed
from the time series at each pixel location prior to analysis to reduce the dominant seasorjai$ignal

3. Results and Discussion

The results of the satellte-in situfi mat c hups 0 /QDPtZsptdataset dreMe3 better
than expected, given that there had been no regional refinementi©Rpaotic depth algorithm. The
results showed primarily a simple bias offset betweerirttsitu and satellite retrievals, with similar
slopes and intercepfer SeaWiFS and MODKAqua (Eqiation (1)). Using a linear regression of
log-transformed data to generate the G&tRdated £p algorithm eliminated negative values returned
for Zsp when the regression was applied in normal spkmgire 2shows theMODIS-Aqua GBR
satelliteto-in situmatchupdunedusing logtransformed data in the regression.

Figure 2. MODIS-Aqua GBR satellitdo-in situ matchups using the GBfalidated
algorithm. Panel & showsin situ Zsp versus MODIS-Aqua Zoy With the best fit
(Equation (1)) shown in redPanelsly) and €) comparan situ Zsp with MODIS-Aqua Zsp

from the GBRvalidated ajorithm.A Type Il linear regression analysis of the results presented
in (b) yields N= 71, ¢ = 0.63, RMSE= 3.45 and slope 1.03 andintercept=i 0.25.
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The GBRvalidated Zp time series of monthly and decadal means generated from MAMIS
data showed considerable seasonality in water clarity, with distinct patterns of spatial distribution. On
the GBR shelfinshore waters were geadly more turbid than further offshore, with waters most
turbid duringMarch and most transparent during Septembiggu¢e 3. Thisdistinct seasonal variation
is due to variability in the oceaatmosphere dynamicwith moreturbid watersin the austral s mmer
(Figure 3a)), the fiwet seasomon the GBR, when the prevailing nostlesterlies and the Coriolis
effect result in primarily offshore surface flow of sedimiten waters fromriver dischargeand
increased vertical mixing. During austral winter, or fitky seasoa on the GBR, the prevailing
southeasterly trade winds dominate, limiting crslsslf surface flow. Furthermoreseasonal
strengtheningf the southwardlowing EAC in early spring (8pembet Octobel), when the opposing
trade winds begin to subsid26i 28], results in strong intrusions of clear, oligotrophic EAC waters
through the Palm and Magnetic Passages in the central [@8Rwith southward flow along the
mid-shelf channel Kigure 3b)). At the southern end of the GBEie Capricorn Eddy forms most
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strongly during spring when the EAC strengthemgh resultant intrusions of clear EAC waters into
the Capricorn and Curtis Channgls$], further enhancing separation of the inned auter shelf
regions Figure 3b)).

Figure 3. Longterm (20022012) monthly mean Secchi depth (m) on the cestathern
Great Barrier Reef showing waters most turtall during March and most transparent

(b) during September. The solid black line denotes the 200 m isobath. The large white
arrow represents the southward flow of the East Australian Current, with smaller white
arrows showing the directions of oceanic intrusions onto the sHedf.circular arrows
show he location of the Capricorn Eddl) that forms in the lee of the shelf bathymetry.
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The Zsp anomalies clearly showed areas and times where water clarity was anomalously poor,
following periods of increased cyclonic or storm activior examplejnteng positive anomalies
followed excessive storm activitg March 2009 with the crossshelf extent and turbid water track of
Tropical Cyclone (TC) Hamish, a powerful category 5 storm, clearly visible along the continental shelf
edge of the $5BR, evenexterding offshoreas far aghe 1,000 m isobatl{Figure 4a)). Similarly, the
newly implemented GBR g6 product allowed neaealtime tracking of the intrusion of anomalous
conditions following TC Yasi (category 5) that impacted the central GBRlmuary2011 Figure 4b)).

In contrast,the strongest negative anomalies occurred in September goig8re 4c)), when
intrusions of clear oceanic waters appeared particularly intense, both into the central GBR channel anc
from the south, into the Capricorn a@drtis Channels.

The Hovmdler diagrams illustrate the variation of water clarity on th@ R in space (latitude)
and time (July 2002 to June 201Ppth across the entire continental shelf (Figure 5) and along the
inshore region (Figure 6). A distinceasonal signal is apparent on th&BR shelf (Figure 5), with
water generally more turbid in late summer (February to April) and clearest in late winter/early spring
(August to October). Spatially, mean water clarity across the shelf is higher in tatlti@dinds
coincident with intrusions of oceanic waters in the central (between 18.255 and 19.253) and
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southern GBR (between 22.255 and 23.25%). However, most notable is the decline in water clarity in
recent years, with a significant decrease in méaif sp of 2.00m (from 13.9 m to 11.9 m) over the

last decade, after removal of the seasonal signa {©.58;p < 0.0015; n= 120). A progressive
increase in spaeme for which the average creshkelf Zspvalues remained below the critical water
qualty level for the GBR of <10 m & [8] is also apparent. Poor water clarity was especially
pronounced in April to May 2012 (Figure,5khen mean crosshelf Zsp values of € m were
experienced in the-6BR, declining at locations to as low as 6 m in May, likely dugtriang vertical
mixing and intrusions onto the shelf of anomalously turbid waters following sustained, strong winds in
the greater study region (Australian Bau of Meteorologyhttp://www.bom.gov.ay/

Figure 4. Secchi depttanomalies(m) on the centrasouthern Great Barrier Regbanel
orientations rotated by 40 The darkand lightblack lines denote the 200 rand 1000 m
isobatls, respectivelyPanel &) showsintense positive anomalieand the turbid water
track of Tropical Cyclone (TC) Hamish along the shelf edge fronol47 March 2009.
Panel b) shows intrusions of turbid waters on64February 2011ollowing TC Yasi; and
panel €) showsstrong negatie anomalies from 120 17 September 2008 following
intrusions of clear oceanic waters onto the shelf.
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Figure 5. Hovmdler diagram illustrating the variation of water clarity on the
centralsouthern Great Barrier Reef in space°@&4°S) and time (July2002 June 2012).
Areas with mean crosshelf Secchi depthx10 m are highlighted bgrey contour. The
right-hand panel shows the bathymetry mask used to limit the spatial domai20o @,
excluding reef features.

Figure 6. Hovmadler diagram illustratig the variation of water clarity on the inner shelf of
the centrakouthern Great Barrier Reef in space (128%) and time (July 2002June
2012). Areas with mea8ecchi deptk5 m are highlighted by grey contoRight) panel
shows the bathymetrgnask used to limit the spatial domain t©36 m, excluding reef
features Thelocations of (A) the Burdekin River, (B) Broad Sound, and (C) the Fitzroy
River are annotate(eft).

On the inner shelf {B5 m), a distinct seasonal signal is also appafegtufe 6), along with the
turbid water signatures of the seasonal riverine inputs from the Burdekin {SLar”d Fitzroy Rivers
(~23.5S), the two largest rivers in Queensland, which had abmaian flows for the Burdekin from
2007 2012 and abovenedian flowsfor the Fitzroy in 2008 and 201R012, respectively. Also clearly



