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Highlights 46 

• Coral luminescence green-to-blue ratio (coral G/B) is a quantitative proxy for 47 

terrigenous dissolved organic carbon concentration in river-influenced tropical coastal 48 

oceans. 49 
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• Coral G/B can also be used to reconstruct the absorption spectrum of terrigenous 50 

chromophoric dissolved organic matter (CDOM) over the wavelength range 230-550 51 

nm.  52 

• Downcore luminescence G/B variability can therefore be used to investigate temporal 53 

variability in tDOC input and its impacts on optical water quality.  54 

 55 

Abstract 56 

The riverine flux of terrigenous dissolved organic matter (tDOM) to the ocean is a 57 

significant contributor to the global carbon cycle. In response to anthropogenic drivers such as 58 

land-use change the flux is expected to increase, and this may impact both the availability of 59 

sunlight in coastal ecosystems, and the seawater carbonate system and coastal CO2 fluxes. Yet 60 

despite its biogeochemical and ecological significance, there are few long-term and high-61 

resolution time series of tDOM parameters. Corals incorporate fluorescent tDOM molecules 62 

from the chromophoric dissolved organic matter (CDOM) pool in their skeletons, and the 63 

resulting luminescence variability in coral skeleton cores has traditionally been used to 64 

reconstruct hydroclimate variation. Here, we use two replicate coral cores and concurrent in-65 

situ biogeochemical data from the Sunda Sea Shelf in Southeast Asia, where coastal peatlands 66 

supply high tDOM inputs, to show that variability in coral luminescence green-to-blue ratios 67 

(coral G/B) can be used to quantitatively reconstruct the concentration of terrigenous dissolved 68 

organic carbon (tDOC). Moreover, coral G/B can be used to reconstruct the full absorption 69 

spectrum of CDOM from 230–550 nm, as well as the specific ultraviolet absorbance at 254 nm 70 

(SUVA254) of the DOM pool. Comparison to a core from Borneo shows that there may be site-71 

specific offsets in the G/B–CDOM absorption relationship, but that the slope of the relationship 72 

is very similar, validating the robustness of the proxy. By demonstrating that coral cores can 73 

be used to estimate past changes in coastal tDOC and CDOM, we establish a method to study 74 
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natural and anthropogenic drivers of land–ocean tDOM fluxes and their ecological 75 

consequences in tropical coastal seas over decadal to centennial time scales. 76 

 77 

Keywords 78 

corals, luminescence G/B, tDOC, CDOM, dissolved organic matter, Southeast Asia, 79 

peatlands  80 

 81 

1. Introduction 82 

 83 

The transfer of terrigenous Dissolved Organic Carbon (tDOC) from land to the coastal 84 

ocean is a significant flux in the global carbon cycle (Le Quéré et al., 2013). Tropical rivers 85 

contribute nearly two-thirds of the global land-to-ocean tDOC flux (Dai et al., 2012). 86 

Moreover, this flux appears to have been considerably perturbed by human activity in recent 87 

times (Butman et al., 2015; Monteith et al., 2007; Noacco et al., 2017). Long-term increases in 88 

surface water DOC across North America and Europe are largely attributed to the recovery of 89 

ecosystems from historical atmospheric pollution (Monteith et al., 2007), although 90 

anthropogenic landscape alterations (Butman et al., 2015; Noacco et al., 2017) and climatic 91 

changes and permafrost thaw (de Wit et al., 2016; Larsen et al., 2011; Wauthy et al., 2018) are 92 

also implicated. In tropical regions, deforestation destabilizes soil organic carbon pools (Evans 93 

et al., 2014) and can lead to either net increases (Moore et al., 2013; Sanwlani et al., 2022) or 94 

net decreases (Drake et al., 2019) in riverine tDOC flux, depending on the lability of the newly 95 

mobilized soil carbon. 96 

 97 

The environmental consequences of changing tDOC fluxes to the ocean depend on the 98 

biogeochemical fate of tDOC at sea, which remains poorly understood (Ciais et al., 2014). In 99 
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parts of the Arctic and Southeast Asia, extensive remineralization of tDOC results in coastal 100 

seawater acidification and eventually degassing of CO2 to the atmosphere (Wit et al., 2018; 101 

Zhou et al., 2021). tDOC is also rich in chromophoric dissolved organic matter (CDOM), which 102 

is that fraction of DOM that absorbs light. Increased fluxes of terrigenous CDOM can thus 103 

reduce underwater light availability and spectral quality in coastal waters (Urtizberea et al., 104 

2013).  105 

 106 

Despite the significance of tDOC and CDOM, long time series of their fluxes and 107 

concentrations in coastal waters are only available in parts of Europe and North America. 108 

Although CDOM and DOC can be estimated by satellite remote sensing (Sanwlani et al., 2022) 109 

accurate remote sensing in optically complex coastal waters requires extensive optical and 110 

biogeochemical field data for algorithm development, which limits the widespread use of this 111 

technique. Moreover, satellite remote sensing can only provide data over the most recent few 112 

decades. Longer records are required to understand the impact of anthropogenic changes that 113 

pre-date the satellite era, as well as long-term and cyclical drivers of terrigenous CDOM and 114 

tDOC variability such as temperature and hydrology. It is therefore necessary to find a 115 

paleoproxy to reconstruct terrigenous dissolved organic matter (tDOM) parameters. 116 

 117 

In the absence of measured instrumental records, we look to natural archives such as corals 118 

for geochemical paleoproxies. Corals offer exceptional chronological constraints and allow for 119 

approximately monthly-resolution climate and environmental proxy reconstruction over 120 

hundreds of years (Thompson, 2022 and references therein). It has long been known that 121 

skeleton cores from corals such as Porites spp., composed of the calcium carbonate polymorph 122 

aragonite, show luminescent layers under UV light (Isdale, 1984). The luminescence intensity 123 

of these bands correlates with freshwater run-off, as shown in multiple locations including 124 
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Australia (Rodriguez-Ramirez et al., 2014), Florida Bay (Smith et al., 1989) and Madagascar 125 

(Grove et al., 2013). 126 

 127 

The luminescence is caused by the incorporation of humic-like substances into the coral 128 

skeleton during growth (Kaushal et al., 2020; Susic et al., 1991). Humic-like substances on 129 

land are formed from the breakdown of plant tissue, and after leaching into aquatic ecosystems 130 

they form an integral component of terrigenous CDOM and tDOC. Humic-like substances are 131 

rich in fluorescent aromatic moieties, and this fluorescence extends to longer wavelengths than 132 

that of coral skeletal aragonite. Therefore, when a coral core is illuminated with ultraviolet 133 

light, the ratios of emitted luminescence in the green wavelength band to that in the blue 134 

wavelength band (G/B ratio) measures downcore variability in the concentration of terrigenous 135 

humic-like substances, while normalizing for luminescence variation caused by changing coral 136 

skeletal structure (Grove et al., 2010; Kaushal et al., 2020). Moreover, we recently showed that 137 

luminescence G/B in a coral from Borneo tracks sub-annual terrigenous CDOM variability, as 138 

estimated from satellite-based measurements of the CDOM absorption coefficient at 440 nm 139 

(Kaushal et al., 2021). While luminescence G/B thus clearly has high potential as a paleoproxy 140 

for tDOM, reconstructing just CDOM absorption at a single wavelength can only give limited 141 

insights into land–ocean carbon flux dynamics. Here, we analyse two replicate coral cores 142 

collected from Singapore, where we collected ~monthly measurements over 2 years of CDOM 143 

absorption spectra, DOC concentration, and estimated tDOC concentration based on carbon 144 

stable isotopes (Zhou et al., 2021). We show that coral luminescence G/B can be used as a 145 

quantitative proxy to estimate tDOC concentration as well as the full CDOM absorption 146 

spectrum, demonstrating that this proxy can provide considerable insights into coastal carbon 147 

cycling in the tropics.  148 

 149 
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2. Material and methods 150 

  151 

2.1 Study site and coral core collection 152 

 153 

Figure 1: (a) Map of our study region showing the location of tropical peatlands and seasonal 154 

monsoon wind directions. During the northeast (NE) monsoon months, the currents transport 155 

waters from the South China Sea to our study region. During the southwest (SW) monsoon 156 

months, the currents reverse, transporting waters with inputs from tropical peatlands located 157 

on the east coast of Sumatra to our study site. Red rectangle indicates the region shown in panel 158 

(b).  (b) Site for time series sampling and coral core collection in the Singapore Strait (yellow 159 

marker).  160 
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The Singapore Strait is located in the central Sunda Shelf Sea (Fig. 1) where water 161 

depths are mostly <50 m, and strong tidal currents fully mix the water column (Mayer and 162 

Pohlmann, 2014). The annual net circulation runs from the South China Sea into the Indian 163 

Ocean via the Malacca Strait owing to the pressure gradient between the South China Sea and 164 

the Andaman Sea that results from the basin-wide response to the monsoon winds. The 165 

monsoon system also causes seasonal reversal of currents, and during the peak southwest (SW) 166 

monsoon months from June to August, the current flows eastward from the coast of Sumatra 167 

through the Singapore Strait (van Maren and Gerritsen, 2012). Sumatra harbours the largest 168 

deposits of peat in Southeast Asia (Page et al., 2011) and the rivers draining these peatlands 169 

(which carry up to 5000 µmol l-1 DOC) are one of the most significant sources of tDOC to 170 

Southeast Asian coastal waters (Alkhatib et al., 2007; Baum et al., 2007; Rixen et al., 2008; 171 

Wit et al., 2018). The seasonally reversing currents thus result in seasonally high concentrations 172 

of tDOC and terrigenous CDOM in the Singapore Strait (Martin et al., 2021; Zhou et al., 2021). 173 

 174 

One plug core was collected from the main growth axis of each two massive Porites spp. 175 

corals (KU-K and KU-L) off Kusu Island in the Singapore Strait (1.226°N 103.860°E, Fig. 1) 176 

at 2-3 m depth in Nov-2020, using an underwater electric drill with a 3 cm diameter, 30 cm 177 

length diamond bit core barrel. The cores were cleaned with water and sliced (~0.7 cm thick) 178 

using a rotary saw, and then further cleaned for 48 hours in a 1:4 dilution of household bleach 179 

(NaOCl, 3–7% reactive chlorine) and sonicated in deionized water for a total of 30 min (water 180 

changed every 10 min); this removes contaminants and increases the luminescence intensity 181 

(Nagtegaal et al., 2012). The KU-K core (hereafter KU-K) measures ~13 cm in length and has 182 

11 visible couplets of dark and light bands. The KU-L plug core (hereafter KU-L) measures ~7 183 

cm in length and has 7 visible couplets of dark and light bands (Figure 3). The seasonal timing 184 

of luminescent band formation in Singapore was previously ascertained through alizarin 185 
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staining and repeated subsampling of tagged colonies (Tanzil et al., 2016). The dark bands in 186 

true colour images (bright bands in luminescence images) represent coral skeletal growth 187 

during the southwest monsoon period of high tDOC influx (Tanzil et al., 2016; Zhou et al., 188 

2021). Here, we subsampled 4.8 cm of the KU-K and 3.0 cm of the KU-L cores, covering the 189 

growth period from the end of the SW monsoon in 2017 to core collection in Nov-2020. 190 

 191 

2.2 Kusu seawater biogeochemical sampling 192 

 193 

Biogeochemical sampling was conducted at Kusu once or twice per month at 5 m depth 194 

from Oct-2017 to Nov-2020. Details of collection, preservation, measurements and analysis of 195 

water samples are described in detail in Zhou et al., 2021 (Zhou et al., 2021), and are only 196 

briefly mentioned here and below (Section 2.3.1). Profiles of salinity and temperature were 197 

measured using a FastCTD Profiler (Valeport Ltd). Water samples for CDOM, DOC and 198 

δ13CDOC measurements were collected using a Niskin bottle and immediately filtered on the 199 

boat through a pre-rinsed 47 mm diameter, 0.22 µm pore-size polyethersulfone membrane filter 200 

(Supor, Merck Millipore) in an in-line filter housing connected to a peristaltic pump.  201 

 202 

2.3 Experimental methods 203 

 204 

2.3.1 Water sample analysis 205 

 206 

CDOM absorption spectra were measured on a Thermo Evolution 300 dual-beam 207 

spectrophotometer in a 10-cm quartz cuvette from 230 to 900 nm. Ultrapure deionized water 208 

(18.2 MΩ cm−1) was used as the reference. The CDOM absorbance (Aλ) was converted to 209 

absorption coefficient (aλ) using: 210 
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aλ = 2.303 ×  (Aλ ÷ l)        (1)  211 

where, aλ and  Aλ are, respectively, the absorption coefficient and the absorbance at wavelength  212 

λ, and l is the cuvette length in m. We refer to CDOM absorption at wavelength λ as aCDOM(λ). 213 

SUVA254 is the specific UV absorbance at 254 nm and was calculated from the absorbance at 214 

254 nm and the DOC concentration (Weishaar et al., 2003). The CDOM spectral slope S275-295 215 

and spectral slope ratio SR (the ratio of S275-295 to the spectral slope between 350-400 nm) were 216 

calculated as in Helms et al. (2008) (Helms et al., 2008). DOC samples (30 ml) were acidified 217 

with 100 µl 50% v/v H2SO4 and analyzed on a Shimadzu TOC-L system. Potassium hydrogen 218 

phthalate was used for calibration and accuracy was monitored using deep-sea certified 219 

reference material from the University of Miami, USA with a long-term reproducibility of 48.0 220 

± 3.9 μmol L−1. The δ13CDOC samples were measured at the Jan Veizer Stable Isotope 221 

Laboratory, University of Ottawa Canada using an OI Analytical Aurora Model 1030W TOC 222 

Analyzer interfaced to a Finnigan Mat DeltaPlusXP isotope ratio mass spectrometer with a 223 

long-term reproducibility of ± 0.4 ‰. The spectral slope ratios were published in Martin et al., 224 

2021 (Martin et al., 2021), while the remaining parameters (water temperature, salinity, CDOM 225 

absorption, S275-295, SUVA254, DOC concentration, δ13CDOC) were published in Zhou et al, 2021 226 

(Zhou et al., 2021).  Here, we used monthly averaged values of the water measurements for 227 

comparison against coral data. We used the higher-resolution aCDOM(350) data only for age-228 

depth model development. 229 

2.3.2 Coral core luminescence, δ18O and Sr/Ca measurements 230 

 231 

Luminescence was measured parallel to the sampling track for Sr/Ca and δ18O 232 

measurements. The cleaned KU-K and KU-L sections were scanned under ultraviolet light 233 

(365 nm) using spectral line scanning on an Avaatech XRF core scanner at the Asian School 234 
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of the Environment following Grove et al. (2010) and Tanzil et al. (2016). The line scan camera 235 

records luminescence emission with the light source and recording camera progressing down 236 

the coral section as a single unit scanning multiple lines that are stitched together to produce a 237 

continuous core section image. The incoming light from the sample is split into three 238 

wavelength bands (red, green and blue) by a dichroic RGB beam splitter prism and recorded 239 

by separate sensors. Luminescence green-to-blue (G/B) measurements (or coral G/B) were 240 

obtained along the main growth axis for a 2 mm wide track at a resolution of 143 pixels cm-1 241 

(~0.07 mm), with wavelength bands of green: 525-575 nm and blue: 425-475 nm. Ratioing to 242 

the blue band normalizes for changes to the luminescence signal resulting from downcore 243 

changes in coral density and architecture (Grove et al., 2010). Coral samples for Sr/Ca and δ18O 244 

were drilled continuously at 1 mm resolution for Sr/Ca and δ18O measurements. Further details 245 

of these measurements have been provided in Supplementary Information.  246 

 247 

2.4 Theory and calculation 248 

 249 

2.4.1 Estimating terrigenous Dissolved Organic Carbon (tDOC) 250 

concentration  251 

 252 

Zhou et al. (2021) used a two-endmember mixing model to estimate the concentration of 253 

tDOC from our measured time series of DOC concentration and 13CDOC in the Singapore 254 

Strait, and the estimated endmember 13CDOC values for peatland-derived DOC (i.e., pure 255 

tDOC) and for marine DOC. The δ13CDOC endmember values (mean ± 1 uncertainty) were 256 

taken as −29 ± 1‰ for peatland DOC, based on data from Sumatra, Borneo, and peninsular 257 

Malaysia, and as −21.88 ± 0.79‰ for autochthonous marine DOC, based on the Singapore 258 

Strait data during the late NE monsoon and inter-monsoon (late February-March, when the 259 
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Singapore Strait receives waters from the open South China Sea). The tDOC concentration for 260 

each sampling date was calculated by Zhou et al. (2021) as follows: 261 

In our coastal sites, the measured DOC concentration ([DOC]meas) is the sum of the 262 

terrigenous fraction ([tDOC]) and the marine fraction ([mDOC]): 263 

[DOC]meas = [tDOC] + [mDOC]      (2) 264 

Also, the measured concentration of DO13C ([DO13C]meas) is the sum of the terrigenous fraction 265 

([DO13C]tDOC) and the marine fraction ([DO13C]mDOC): 266 

[DO13C]meas = [DO13C]tDOC + [DO13C]mDOC     (3) 267 

The [DO13C]meas is calculated from the measured DOC and δ13CDOC as: 268 

[DO13C]meas ≈ [DOC]meas × Rmeas      (4) 269 

where Rmeas is the measured carbon isotope ratio, calculated as: 270 

Rmeas = (δ13CDOCmeas(‰ ) ÷ 1000 + 1) × RVPDB    (5) 271 

The [DO13C]tDOC is approximated as: 272 

 [DO13C]tDOC ≈ [tDOC] × RtDOC      (6) 273 

where RtDOC is the carbon isotope ratio of tDOC, and calculated using the riverine endmember 274 

of carbon isotopic composition of DOC: 275 

 RtDOC = (δ13CDOCriver(‰ )  ÷ 1000 + 1) × RVPDB    (7) 276 

Similarly, RmDOC is the carbon isotope ratio of marine DOC and is calculated in the same 277 

fashion from the marine DOC (mDOC) 13C endmember value. Equation 2 can then be 278 

rewritten as: 279 

 [DOC]meas × Rmeas = [tDOC] × RtDOC + [mDOC] × RmDOC   (8) 280 

where RmDOC is the carbon isotope ratio of marine DOC, calculated using the marine 281 

endmember of carbon isotopic composition of DOC. 282 

Solving Eqn. 2 and Eqn. 8 will return the concentration of terrigenous DOC. 283 

 284 



 13 

2.4.2 Coral age-depth model 285 

 286 

The age-depth models were created using coral G/B and our measured aCDOM(350), which 287 

has a pronounced SW monsoon peak (Zhou et al., 2021). Seasonal coral luminescence G/B at 288 

this site are distinct and cyclically reproducible between colonies from the same location, while 289 

skeletal density variations show a lack of discernable annual patterns (Tanzil et al., 2016).  290 

Sixty-three aCDOM(350) measurements were made at Kusu from Oct-2017 to Oct-2020, which 291 

provides a less ambiguous seasonal marker than water temperature or salinity (Supp. Fig. 1). 292 

QAnalySeries software was used to peak-align the 2018 and 2019 SW monsoon peaks in 293 

aCDOM(350) with corresponding peaks in coral G/B, providing an age-depth model for each 294 

core, yielding a growth rate of 16 mm year-1 for KU-K and 10 mm year-1 for KU-L. To further 295 

validate our age-depth model, we compared our temperature and salinity time series data to the 296 

coral Sr/Ca and 18O measurements. 297 

 298 

2.4.3 Reconstructing full CDOM absorption spectra from coral G/B 299 

 300 

We used two different methods to test whether coral G/B can be used to reconstruct full 301 

CDOM absorption spectra. In Method 1, we used coral G/B to reconstruct CDOM absorption 302 

at 300 nm and 400 nm, set the absorption at 700 nm to 0 m-1 (Green and Blough, 1994) and fit 303 

a first-order exponential curve through the three points. We also test a second approach 304 

(Method 2), in which we used coral G/B to reconstruct absorption at wavelength 350 and took 305 

the average the measured water CDOM spectral slope over the range 300–550 nm, and 306 

calculated the rest of the absorption spectrum following (Twardowski et al., 2004):  307 

 308 

aλ = aλref e-S(λ – λref)        (9) 309 
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 310 

where aλ and aλref are the absorption coefficients (m-1) at wavelengths λ and λref, λref is the 311 

reference wavelength (350 nm in our case), and S is the spectral slope between 300–550 nm. 312 

 313 

3. Results 314 

 315 

3.1 Monsoon-driven seasonality of tDOC in the Singapore Strait 316 

 317 

As previously described (Martin et al., 2021; Zhou et al., 2021), the Singapore Strait 318 

experiences a large input of tDOC and terrigenous CDOM during the SW monsoon (mid-May 319 

to mid-September, Fig. 3), when currents transport peatland-influenced waters from the east 320 

coast of Sumatra through the Singapore Strait. Consequently, there is a drop in salinity from 321 

~33 to ~30, spikes in DOC concentration (>80 μmol kg−1) and in CDOM absorption 322 

(aCDOM(350) >0.5 m-1) and SUVA254 (>1.5 L mg-1 m-1), large decreases in CDOM spectral slope 323 

S275-295 (< 0.020 nm-1) and in δ13CDOC (<-24 ‰), and high estimated tDOC concentrations (> 324 

20 μmol kg−1).  325 

The early NE monsoon (December-January), when currents begin to transport open South 326 

China Sea water to the Singapore Strait, is also the season with most rainfall in Singapore and 327 

southern Malaysia. At this time, there is a smaller drop in salinity from 33 to 31, and lowest 328 

annual water temperatures of 28°C. DOC concentration increases to ~80 µmol kg-1, comparable 329 

to the SW monsoon, but indicators of tDOM input show much smaller changes than during the 330 

SW monsoon: aCDOM(350) is <0.5 m-1, SUVA254 ~1 L mg-1 m-1, δ13CDOC ~-22.5‰, and S275-295 331 

~0.025 nm-1. The estimated tDOC concentration is therefore consistently <20 µmol kg-1.  332 
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 333 

Figure 2: Monthly average biogeochemical data at Kusu Island (for full time series with all 334 

individual data, see (Martin et al., 2021; Zhou et al., 2021)). Note: The X-axis goes from 335 

younger-to-older from left-to-right to facilitate comparison with the coral data. (a) Salinity 336 

indicates a large input of freshwater during the SW monsoon (grey shading), while (b) water 337 

temperature shows limited seasonal variation with lowest temperature during the NE monsoon. 338 

(c) The bulk DOC pool shows clear peaks during the SW and NE monsoon, but (d-f) the CDOM 339 

parameters and (g) δ13CDOC show that a large input of tDOM only takes place during the SW 340 

monsoon. (h) Concentration of tDOC as calculated from the DOC concentration and the 341 

δ13CDOC data. The tDOC for March 2019 and April 2019 are less than zero, which is a result of 342 

using a single, fixed marine endmember value for δ13CDOC (from late February-March).  343 

 344 
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3.2 Coral age-depth model 345 

 346 

Following the results from peak-aligning we use the KU-K section that grew from Jan-347 

2018 to Feb-2020, and the KU-L section that grew from Oct-2017 to Nov-2019 for analysis in 348 

this study. These sections cover both the 2018 and 2019 SW monsoons, represented by bright 349 

layers in the coral luminescence images (Fig. 3a and 3b), dark brown colored bands in the true-350 

colour images (Fig. 3c and 3d) and peaks in coral G/B ratio (Fig. 3e and 3f). The aCDOM(350) 351 

peak-aligned coral G/B values are shown in Fig. 3g.  352 

 353 

Figure 3: Coral luminescence G/B measurements. Luminescence (under ultraviolet excitation) 354 

and true-color images of coral plug cores (a,c) KU-K and (b,d) KU-L from Kusu Island. Dashed 355 

black lines in (c,d) indicate the growth axis along which luminescence G/B was quantified.  356 
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(e,f) The raw coral G/B measurements have been plotted against core depth. The core top 357 

‘tissue layers’ show very high G/B and are omitted from our analysis. The approximate timing 358 

of the 2019 and 2018 SW monsoon periods are marked. (g) A monthly resolution age model 359 

was developed for the coral G/B by peak-aligning with measured aCDOM(350).  360 

 361 

We then compared the measured temperature and salinity data to the corresponding coral 362 

Sr/Ca and δ18O data according to our age-depth model (Supp. Fig. 2). In both cores, high water 363 

temperature coincides with low Sr/Ca, and high salinity coincides with high δ18O, which 364 

provides additional, independent validation of our age model. 365 

 366 

3.3 Reconstructing tDOC and CDOM using coral G/B as a proxy 367 

 368 

To test whether coral G/B ratios can track tDOC in coastal waters we compared coral G/B 369 

ratios with bulk DOC (which includes both the marine and terrigenous components of DOC; 370 

Fig. 4a), with δ13CDOC (where more negative values indicate a greater contribution from 371 

terrigenous DOC to the bulk DOC pool; Fig. 4b), and with our calculated tDOC concentration 372 

(Fig. 4c and 4d).  The coral G/B ratio varied between 0.58 to 0.68 with distinct peaks in the 373 

SW monsoon, which coincided with the SW monsoon peak in bulk DOC (Fig. 4a). However, 374 

the coral G/B did not reflect the NE monsoon peak in bulk DOC, and coral G/B was therefore 375 

only poorly correlated with bulk DOC (KU-K R=0.21; KU-L R = 0.3; Fig. 4a). Coral G/B 376 

instead correlated well with δ13CDOC (KU-K R = -0.60; KU-L R = -0.86; Fig. 4b) and with 377 

calculated tDOC concentration (KU-K R = 0.64; KU-L R = 0.90; Fig. 4c,d). We then used the 378 

two regression models from Fig. 4c to reconstruct tDOC from the coral G/B records; this 379 

reconstruction has an RMSE of ±6.3 µmol kg-1. Our reconstructed tDOC time series varies 380 
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from 3 to 37 μmol kg−1 between Oct-2017 and Feb-2020, with both cores indicating higher 381 

tDOC concentrations during the 2018 SW monsoon than in 2019 (Fig. 4d).  382 

 383 

 384 

Figure 4: tDOC reconstruction using coral G/B measurements. (a) bulk DOC concentration, 385 

(b) δ13CDOC, (c) coral G/B versus tDOC (d) and reconstructed tDOC have been plotted. tDOC 386 

has been calculated using the bulk DOC concentration and δ13CDOC measurements and an 387 

isotope mass balance approach. The relationship between measured coral G/B and tDOC has 388 

been used to reconstruct tDOC going back to Oct-2017. The measured tDOC and reconstructed 389 

tDOC values show RMSE values of 6.3 μmol kg−1 during the overlapping period from Jan-390 

2019 to Feb-2020. 391 

 392 

Moreover, coral G/B was strongly correlated (R >0.6) with monthly average CDOM 393 

absorption at every wavelength between 230 to 550 nm (Fig. 5a), which essentially covers the 394 

full wavelength spectrum of CDOM absorption. At wavelengths greater than 550 nm, monthly 395 

mean CDOM absorption was always <0.01 m-1 (Fig. 5b). 396 
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 397 

Figure 5: (a) Pearson’s correlation coefficient between coral G/B and CDOM absorption 398 

coefficient at every wavelength between 230-600 nm. Strong correlations (R ≥0.6) are seen at 399 

all wavelengths up to 550 nm. (b) CDOM absorption spectra measured at Kusu in Mar-2019 400 

and Jul-2018, which mark the lowest and highest CDOM absorption measured in our time 401 

series, respectively. At wavelengths greater than 550 nm, CDOM absorption was always <0.01 402 

m-1, which indicates that coral G/B correlates with CDOM absorption throughout the full 403 

CDOM absorption spectrum.  404 

 405 

CDOM absorption and spectral slope parameters are a valuable way of comparing CDOM 406 

variability in different environments (Vantrepotte et al., 2015) in addition to providing 407 

independent information on the composition and biogeochemical processing of CDOM (e.g. 408 

(Helms et al., 2008; Weishaar et al., 2003). Of the CDOM parameters, coral G/B was most 409 

strongly correlated with aCDOM(350) (KU-K R = 0.91; KU-L R = 0.83; Fig 6a) and with 410 
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SUVA254 (KU-K R = 0.89; KU-L R = 0.83; Fig. 6b), which are good tracers of terrigenous 411 

DOM in this region (Martin et al. 2018; 2021; Zhou et al. 2021). Coral G/B was also quite 412 

strongly correlated with the CDOM spectral slope parameters S275-295 (KU-K R = -0.78; KU-L 413 

R = -0.76; Fig 6c) and slope ratio (KU-K R = -0.78; KU-L R = -0.73; Fig. 6d), although these 414 

correlations are weaker than for aCDOM(350) and SUVA254 because S275–295 and the slope ratio 415 

showed little difference between the 2018 and 2019 SW monsoons. SUVA254 is emerging as a 416 

key measure to understand and model tDOC in the ocean (Anderson et al., 2019) and we found 417 

that coral G/B can also be used as a proxy to reconstruct SUVA254, with low RMSE values of 418 

±0.34 L mg-1 m-1 (Fig. 6e,f).  419 

 420 

 421 

Figure 6: Coral G/B has been correlated (Pearson’s correlation coefficient) with CDOM 422 

parameters relevant for tracing tDOM in the coastal ocean. The highest correlations are seen 423 
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with (a) aCDOM(350), and (b) SUVA254, both of which trace terrigenous CDOM concentration 424 

in this region. The correlation is slightly lower for the spectral slope parameters (c) S275-295 and 425 

(d) the slope ratio. Panels (e) and (f) demonstrate that coral G/B can be used to reconstruct 426 

SUVA254 with low RMSE values of ±0.34 L mg-1 m-1.  427 

 428 

3.4 Reconstructing full CDOM spectra using coral G/B as a proxy 429 

 430 

We tested two methods for reconstructing the full CDOM absorption spectrum: Method 1 431 

simply reconstructs absorption at a limited number of points and estimates the full spectrum 432 

by fitting an exponential curve to the reconstructed points, while Method 2 requires an estimate 433 

of the CDOM spectral slope from field measurements. We find that both methods provide 434 

similarly accurate reconstructions of the CDOM absorption spectrum, as measured by the 435 

absolute and percentage RMSE between reconstructed and measured absorption at each 436 

wavelength, although Method 1 may perform very slightly better (Fig. 7). The linear models 437 

for reconstruction of absorption spectra, spectral slope measurements (from 300 to 550 nm) 438 

and plots of measured and reconstructed spectra are shown in supplementary figures 3, 4 and 439 

5.  440 
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   441 

442 

 443 

 444 

Figure 7: RMSE (300-700 nm) (a) and RMSE percentage (b) against wavelength between the 445 

measured CDOM spectra and spectra reconstructed from coral G/B using both reconstruction 446 

methods. Method 1 uses coral G/B to reconstruct absorption at wavelengths 300 and 400 nm, 447 

assumes 0 absorption at 700 nm, and fits a first-order exponential curve through these three 448 

points. Method 2 uses coral G/B to reconstruct absorption at wavelength 350 and uses the 449 

average CDOM spectral slope between 300-550 nm from in-situ CDOM measurements. 450 

 451 

4. Discussion 452 

 453 
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4.1 tDOC source and seasonal variability 454 

 455 

In this study, we use tDOC estimates calculated from carbon isotope mass balance 456 

calculations and CDOM parameters as measured by Zhou et al, 2021 to quantify tDOM at our 457 

study site. The terrigenous organic carbon in peatland-draining rivers into the Sunda Sea Shelf 458 

is overwhelmingly in the form of DOC (typically >95%) rather than POC (Alkhatib et al., 2007; 459 

Moore et al., 2011; Müller et al., 2015), so that our proposed proxy for tDOC captures the bulk 460 

of the terrigenous carbon input to the Sunda Shelf Sea. Coastal waters in the Sunda Shelf Sea 461 

receive relatively high tDOC inputs year-round (Sanwlani et al., 2022; Wit et al., 2018; Zhou 462 

et al., 2021). Although year-to-year variation in rainfall may cause some variation in the tDOC 463 

flux from peatlands, the seasonal variability in tDOC seen in Singapore is caused by the 464 

monsoonal reversals in ocean currents that bring peatland-influenced waters from the Sumatran 465 

coast in the SW monsoon, and open marine waters from the South China Sea during the NE 466 

monsoon (Zhou et al., 2021). The large and regular seasonal variation in tDOC at our site 467 

therefore make this a particularly suitable location for coral paleoproxy development. 468 

 469 

4.2 Coral G/B is a sensitive proxy for tDOC concentration 470 

 471 

Based on a simple linear relationship, we have found that tDOC can be reconstructed from 472 

coral G/B measurements with RMSE values of ±6.3 μmol kg−1. The measured tDOC ranged 473 

from 0 to 30 μmol kg−1 with SW monsoon values of >20 μmol kg−1. From our coral G/B-based 474 

reconstruction, we inferred a 10 μmol kg−1 difference in tDOC between the 2018 and 2019 SW 475 

monsoon peaks with a higher concentration in 2018 than 2019. This is also reflected in the 476 

measured CDOM parameters, bulk DOC concentration, and salinity, which suggested more 477 
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freshwater input and higher concentration of tDOM in the Singapore Strait in 2018 compared 478 

to 2019 (Martin et al., 2021; Zhou et al., 2021).  479 

 480 

Although the 13CDOC suggests that there might be up to 10 µmol kg-1 tDOC during the NE 481 

monsoon period, the CDOM parameters such as aCDOM(350) and SUVA254 show only small 482 

changes at this time (Fig. 6). This may indicate that the tDOC pool at this time is inherently 483 

less CDOM-rich and less aromatic, or that it has undergone more extensive prior 484 

biogeochemical processing that preferentially removed CDOM (e.g. photobleaching; see 485 

Helms et al., 2008; Martin et al., 2018). It is possible that less CDOM-rich and less aromatic-486 

rich tDOM may be less well incorporated by corals. Abiotic precipitation experiments have 487 

shown that aragonite does not incorporate DOM indiscriminately, but preferentially 488 

incorporates peatland-derived DOM over marine DOM (Kaushal et al., 2020), which may be 489 

due to the variable structures of humic-like aromatic ring compounds and available sites for 490 

binding with calcium carbonate. However, coral cores also show luminescence due to 491 

terrestrial input in regions without peatlands (e.g. Grove et al., 2013), which shows that the 492 

G/B proxy is not just specific to peatland-derived tDOC. 493 

 494 

Instead, it is possible that tDOC during the NE monsoon was overestimated, since it was 495 

calculated using a fixed value for the marine end-member 13CDOC, even though marine 496 

autochthonous carbon can span a relatively wide range of 13C values (Verwega et al., 2021). 497 

It is also not clear whether the peatland tDOC end-member 13C value used by (Zhou et al., 498 

2021) is appropriate during the NE monsoon, because the most likely sources of tDOC during 499 

the NE monsoon would be local or regional input from the south and east coasts of the Malay 500 

Peninsula, where few peatlands are found (Fig. 1).  501 

 502 
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Overall, our data show that coral G/B can be a sensitive proxy for tDOC concentration, and 503 

that G/B is not affected by variation in the bulk concentration of marine autochthonous DOC. 504 

However, it is possible that coral G/B might not be less sensitive to some types of tDOC that 505 

are less aromatic and CDOM-rich, or that have undergone very extensive prior photobleaching. 506 

Knowledge of the regional tDOC sources their CDOM:DOC ratios, and of the possible extent 507 

of biogeochemical processing of the tDOC, is therefore advisable before applying this proxy 508 

in different regions. 509 

 510 

4.3 Coral G/B can be used to reconstruct additional CDOM parameters that reflect 511 

DOM composition 512 

  513 

CDOM parameters measure the absorption of light by DOM at different wavelengths, and 514 

DOM that originates from partial degradation of terrigenous vegetation is particularly light-515 

absorbent (Massicotte et al., 2017; Vantrepotte et al., 2015a). This is reflected in the high 516 

CDOM absorption measured during the SW monsoon (Fig. 5). The high correlation of > 0.6 517 

between the measured CDOM absorption and coral G/B ratio is consistent with the corals 518 

incorporating humic-like material of terrestrial origin. Of the different measured CDOM 519 

parameters, the coral G/B measurements showed highest correlation with aCDOM(350) and with 520 

SUVA254 (R > 0.83). SUVA254 is strongly correlated with aromaticity (Weishaar et al., 2003), 521 

which fits well with our understanding of coral luminescence. SUVA254 was also recently 522 

proposed as a measure to distinguish tDOC pools according to their source and reactivity 523 

(especially as photolabile versus biolabile tDOC) in marine carbon cycle models (Anderson et 524 

al., 2019). However, SUVA254 data from tropical coastal oceans are scarce, so the fact that this 525 

parameter can be reconstructed with relatively good accuracy (RMSE of ±0.34 L mg-1 m-1) 526 

from long coral cores may help to inform better marine carbon cycle models. 527 
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 528 

Compared to CDOM absorption coefficients and to SUVA254, we found that coral G/B was 529 

slightly less strongly correlated with the CDOM spectral slope parameters S275–295 and slope 530 

ratio. In particular, the spectral slope parameters did not reflect the difference between the 2018 531 

and 2019 SW monsoons in tDOM input (as inferred from our in-situ CDOM, DOC, and salinity 532 

measurements). While both S275–295 and slope ratio are very sensitive measures of the presence 533 

of tDOM (Fichot and Benner, 2011; Vantrepotte et al., 2015; Zhou et al., 2021), CDOM 534 

spectral slope properties change in a strongly non-linear manner when tDOM mixes with low-535 

CDOM marine DOM, such that even small quantities of terrigenous CDOM initially lead to 536 

large changes in spectral slopes, but spectral slopes are then relatively insensitive to further 537 

increases in terrigenous CDOM (Stedmon and Markager, 2003). Hence, slope ratios might not 538 

be ideal measures of absolute concentration of tDOM and tDOC unless the terrigenous 539 

contribution is relatively low. The fact that coral G/B reflects variation in CDOM absorption 540 

coefficients and in SUVA254 more closely than variation in CDOM spectral slope properties 541 

therefore suggests that coral G/B primarily traces the variation in absolute tDOM 542 

concentration. 543 

 544 

The two methods of CDOM reconstruction from coral G/B work comparably well in our 545 

case. Method 1 fits an exponential curve through reconstructed points and has a slightly lower 546 

RMSE compared to Method 2 which uses spectral slope of CDOM from in-situ measurements. 547 

Method 2 requires in-situ measurements, which are also likely to have varied in the past, thus 548 

adding uncertainty to the paleo-reconstruction. Therefore, Method 1 provides a stronger 549 

approach for the reconstruction of CDOM.  550 

 551 

4.4 Comparison to previous coral core calibration 552 
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 553 

 In our previous work, we calibrated G/B ratios of a coral core collected off the coast of 554 

Borneo (Talang) with aCDOM(440) from satellite remote sensing, and also found a strong and 555 

linear relationship (Kaushal et al., 2021). Comparing the relationships for coral G/B to 556 

aCDOM(440) between our new, in-situ calibration from Kusu with the previous calibration from 557 

the Talang core (Fig. 8) reveals that the slopes of liner regressions are statistically 558 

indistinguishable since the standard errors (s.e.) of the slopes overlap (KU-K slope = 2.3 ± 0.3; 559 

KU-L slope = 2.6 ± 0.4; Talang slope = 2.1 ± 0.2). Moreover, a regression analysis of the 560 

combined dataset for all cores showed no significant interaction term between luminescence 561 

and coral core.  However, there is a clear offset, with the Talang core having higher G/B for a 562 

given seawater aCDOM(440) value than either of the Kusu cores. This might simply reflect 563 

individual differences between coral colonies, although the fact that the two Kusu colonies 564 

have nearly identical calibrations might also indicate that there is a consistent difference in the 565 

tDOM pool between the sites. The Talang coral is located close to a peatland-draining river, 566 

and thus receives tDOM that is likely comparatively fresh and undegraded, given the 567 

predominantly conservative mixing pattern of tDOM in Talang coastal waters (Martin et al., 568 

2018). In contrast, the Kusu cores receive tDOM from more distant rivers on Sumatra, and this 569 

tDOM has already undergone extensive remineralization and likely significant photobleaching 570 

in the coastal ocean prior to reaching the Singapore Strait (Zhou et al., 2021). Coral G/B is 571 

caused by the incorporation of a humic- and aromatic-rich fraction of the fluorescent tDOM 572 

pool, which itself is a subset of the light-absorbing CDOM pool. It is therefore possible that 573 

corals preferentially incorporate a relatively labile fraction of the tDOM pool (perhaps 574 

especially to photobleaching), in which case the observed offset between corals might be linked 575 

to how rich the terrigenous CDOM pool at each site is in this putatively labile tDOM fraction 576 

incorporated by the corals. Further research is clearly warranted to identify which chemical 577 
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fractions of the tDOM pool contribute to coral G/B. Importantly, while our results suggest that 578 

local calibrations of coral G/B to measured tDOM parameters may be desirable, the similarity 579 

in calibration slopes between both sites suggests that at least relative variation in terrigenous 580 

CDOM can be inferred from coral G/B without a local calibration.  581 

 582 

Figure 8: The relationship between coral G/B measurements of the KU-K and KU-L cores and 583 

measured aCDOM(440) is compared to the relationship between the Talang coral core G/B 584 

measurements and aCDOM(440) as estimated from satellite remote sensing (Kaushal et al., 585 

2021). The offset on the luminescence axis may suggest that corals preferentially incorporate 586 

a relatively labile fraction of the tDOM pool; however, the similarity in slopes suggest that 587 

variability within a core nevertheless accurately reflects relative changes in CDOM absorption.    588 

 589 

We find that we can reliably reconstruct full CDOM absorption spectra during high CDOM 590 

absorption periods (SW monsoon) at our study site. This provides information about changes 591 

in optical water quality that are important to fully understand the ecological effects of tDOM 592 

fluxes to coastal waters. In Singapore, the large seasonal variation in CDOM absorption leads 593 

to significant shoaling of the euphotic zone and causes a shift in underwater irradiance 594 

spectrum to longer wavelengths, which likely contributes to the seasonal change in 595 

phytoplankton pigment composition and to limiting the depth distribution of photosynthetic 596 

corals (Martin et al., 2021). Anthropogenic changes to tDOM input have been inferred to have 597 



 29 

similar impacts at several temperate sites as well (Aksnes et al., 2009). While coral G/B only 598 

provides information about variation in the terrigenous CDOM absorption spectrum, and thus 599 

cannot provide a complete description of the underwater light environment, the proxy may help 600 

to constrain relative variation in light penetration, especially in regions where information 601 

about particulate optical properties is available.  602 

 603 

5. Conclusion 604 

 605 

Our study demonstrates that monthly-resolution tDOC and CDOM variability in tropical 606 

coastal oceans can be reconstructed using coral cores. Given the long growth periods of coral 607 

cores extending back to several decades, our method provides a way to understand long-term 608 

drivers of tDOM to the coastal ocean. This is vital for better quantification of variability in 609 

land-to-ocean transfer of carbon, a significant component of the global carbon cycle, as well as 610 

to examine the ecological effects of coastal terrigenous CDOM variability. 611 
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