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Abstract 

 

The prolonged “Millennium” drought affecting Australia in the 2000s had important consequences 

on surface-water bodies, including the Lower Lakes (Lake Alexandrina and Lake Albert) located at 

the terminal end of the River Murray system. Shallower water depths, limited solute dilution and 

altered geochemical processes ensured that the concentration values of several water constituents 

increased considerably during drought, including the water parameters of photochemical 

significance (nitrate, bicarbonate, carbonate and the dissolved organic carbon, DOC). The aim of 

this study was to model the photochemical processes in the Lower Lakes during the drought and 

post-drought periods, to provide insight into the changes that photoinduced reactions can undergo in 
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periods of water scarcity. Among the photochemical processes involved in the light-assisted 

transformation of dissolved compounds, an important role is played by indirect photochemistry 

where degradation is triggered by photogenerated transient species such as hydroxyl (
•

OH) and 

carbonate (CO3
•−

) radicals, and the triplet states of chromophoric dissolved organic matter 

(
3
CDOM*). Results of photochemical modelling suggest that the reactions induced by 

3
CDOM* 

would be enhanced during drought, while the processes triggered by 
•

OH and CO3
•−

 would be less 

modified. For compounds undergoing efficient degradation with 
3
CDOM*, enhanced 

photochemistry during drought could offset the higher concentration values resulting from lower 

dilution. In contrast, for compounds mainly degraded by 
•

OH or CO3
•−

 the drought period could 

produce a concentration increase not balanced by an increment in the photochemical reactivity of 

the water body. 

 

Keywords: Indirect photochemistry; photochemical modelling; dissolved organic matter; 

environmental changes; solute photodegradation; water scarcity. 
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Introduction 

Photoinduced reactions play an important role in the degradation of both natural compounds and 

anthropogenic pollutants in surface waters (McNeill and Canonica, 2016; Rosario-Ortiz and 

Canonica, 2016; Parker et al., 2016; Bintou et al., 2015). These reactions are usually divided into 

direct photolysis, where a molecule absorbs sunlight and gets transformed as a consequence, and 

indirect photochemistry (Packer et al., 2003; Sanchez-Prado et al., 2012; Remucal, 2014; Hamdache 

et al., 2018). In the latter case, sunlight is absorbed by the so-called photosensitisers (such as nitrate 

and the chromophoric dissolved organic matter, CDOM) to produce reactive transient species 

involved in the degradation of dissolved compounds. In particular, nitrate and CDOM produce 

hydroxyl radicals (
•

OH) under irradiation, while some irradiated CDOM chromophores (e.g., 

aromatic carbonyls and quinones) can be promoted to the excited singlet and then triplet states 

(Vione et al., 2014). The triplet states of CDOM (
3
CDOM*) have enough oxidising power to be 

involved in the degradation of dissolved compounds (McNeill and Canonica, 2016). Moreover, 
•

OH 

can oxidise inorganic carbon species (HCO3
−

 and CO3
2−

) to produce another transient, the carbonate 

radical (CO3
•−

), which is also generated upon oxidation of CO3
2−

 by 
3
CDOM* (Canonica et al., 

2005). Direct photolysis and reactions with photogenerated 
•

OH, 
3
CDOM* and CO3

•−

 are among 

the main photoinduced processes that are responsible for the degradation of dissolved compounds in 

natural freshwaters (Zeng and Arnold, 2013; Challis et al., 2014; Remucal, 2014; Yan and Song, 

2014).  

In addition to being photogenerated, the reactive transients are also quenched/scavenged in natural-

water environments. In particular, 
•

OH reacts with HCO3
−

, CO3
2−

, and most notably with the 

dissolved organic matter (DOM, not necessarily chromophoric), as well as with Br
−

 in saltwater. 

DOM is also the main CO3
•−

 scavenger, while 
3
CDOM* is mostly quenched by dissolved oxygen 

(Vione et al., 2014). The photogeneration/consumption budget yields very low steady-state 

concentrations for the mentioned transient species in sunlit natural waters. Furthermore, the 
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mentioned processes ensure that indirect photochemical reactions are affected by water chemistry 

(Zhou et al., 2018). The dissolved organic carbon (DOC, which is a measure of the DOM in natural 

waters) is a major driver in the selection of the photoreaction pathways, because DOM scavenges 

•

OH and CO3
•−

 while its chromophoric fraction (CDOM) is involved in the photogeneration of all 

transient species, in addition to being the main sunlight absorber in natural waters. As a result, the 

occurrence of 
•

OH and most notably CO3
•−

 is enhanced in low-DOC waters, while high-DOC 

environments favour 
3
CDOM* (Vione et al., 2014; Koehler et al., 2018). Furthermore, high nitrate 

levels enhance the generation of 
•

OH and CO3
•−

, and CO3
•−

 itself occurs to a higher extent in waters 

that are rich in inorganic carbon (most notably, HCO3
−

 and CO3
2−

) (Brezonik and Fulkerson-

Brekken, 1998; Mack and Bolton, 1999; Huang and Mabury, 2000).  

The occurrence of different transient species may importantly affect phototransformation, primarily 

because not all the dissolved compounds react fast with all the transients, and some compounds are 

selectively degraded by one or few of them (Fabbri et al., 2015). Furthermore, different reaction 

pathways involving the same molecule may produce different transformation intermediates, with 

peculiar toxicological and environmental effects (Marchetti et al., 2013). Water depth is also very 

important, because the bottom layers of deep and/or coloured waters are poorly illuminated by 

sunlight. Therefore, photoreactions are most efficient in shallow and clear water bodies (Vione et 

al., 2014). 

Environmental changes that affect the chemical composition of surface waters (and especially the 

parameters of photochemical importance) and/or the water column depth have the potential to 

deeply alter the photoreaction kinetics and pathways. In this context, prolonged drought periods are 

among the phenomena that could most impact the photoinduced processes (Minella et al., 2013). 

Drought affects water availability (which is reflected in reductions of water depth), sediment 

transport, and water chemistry (Mosley, 2015). Unfortunately, at the moment there is very little 

knowledge about the implications of drought on surface-water photoreactions. Based on simple 
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hypotheses concerning the mechanisms of water loss (outflow vs. evaporative concentration) in an 

otherwise closed aquatic compartment, it has been possible to assess possible trends in 

phototransformation kinetics and pathways (Minella et al., 2013). However, the natural 

environments are very complex systems where inputs and outputs of photoactive solutes and 

substrates occur alongside with losses of water. Moreover, chemical and biological processes taking 

place inside aquatic environments may further modify the chemical composition of water, including 

the precursors of key photoreactions (Mosley et al., 2014; Mosley, 2015). 

It is very important to understand the photoinduced transformation processes that occur in drought-

affected water bodies. Periods of water scarcity are increasing worldwide and are often 

characterised by increased effects of pollution because of lowered dilution (Benotti and 

Brownawell, 2007; Osorio et al., 2014; Mosley, 2015; Karaouzas et al., 2018). In these cases, 

photochemical reactions may help degrade biorecalcitrant compounds. However, one should 

consider actual cases from real environments to see which phenomena may be more important in 

photodegradation. A very useful example from this point of view is the prolonged drought period 

affecting Australia in the 2000s, the so-called Millennium Drought (Mosley et al., 2012). While 

photochemical measurements have unfortunately not been carried out during drought, it has 

recently become possible to apply photochemical modelling to water chemistry data and obtain 

insight into the relevant photoinduced reactions (Minella et al., 2016). Photochemical modelling has 

become reliable enough to derive interesting environmental inferences from data of sunlight 

irradiance, water chemistry and depth (Marchetti et al., 2013; Bodrato and Vione, 2014). Extended 

time series of water chemistry data and water column depths, allowing for photochemical 

modelling, are available for the Lower Lakes of the Murray-Darling Basin, Australia’s largest river 

system, for extreme years of the drought (2007-2010) and the post-drought recovery period (post 

2010) (Mosley et al., 2012). The Lower Lakes are at end of this highly regulated arid-semi arid river 

system with barrages installed and operated since 1940 to prevent seawater ingress due to increased 

upstream diversion of water. They are designated a wetland of international importance under the 
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Ramsar convention, and have high environmental, cultural and socio-economic value. The goal of 

this work is the assessment of the possible impact of drought on photoinduced reactions in the 

Australian Lower Lakes. 

 

Methods 

 

Study area description and source data 

The study area comprises two lakes, Alexandrina and Albert, collectively known as the Lower 

Lakes (Figure 1). The lakes are large (650 and 170 km
2
 respectively) and shallow (mean depths of 

ca. 2.4 m and 1.5 m respectively) (Mosley et al. 2012). The lakes do not have significant submerged 

(as turbidity high) or riparian vegetation influences on water quality. This area comprises the lowest 

portion of the Murray-Darling Basin, which has a total catchment area of 1,061,469 km
2
. The River 

Murray enters Lake Alexandrina from the north. The two Lower Lakes are connected via a narrow 

channel “the Narrung Narrows” with Lake Albert being a terminal lake. Water levels in the lakes 

are controlled under normal conditions using a series of barrages, gated structures that can be 

adjusted to regulate outflows to the estuary and Murray Mouth region.  

Water quality was measured at three sites (Figure 1); two in Lake Alexandrina (Milang and 

Goolwa) and one in Lake Albert (Meningie) from 2003–2010. These sites were the long term lake 

monitoring sites in this region (see Mosley et al., 2012). The water quality parameters analysed 

were salinity/total dissolved solids (TDS), temperature, pH, turbidity, DOC, alkalinity, nutrients 

(total nitrogen, TN; oxidised nitrogen, NOx; total phosphorus, TP; filterable reactive phosphorus, 

FRP) and chlorophyll a. NOx, measured with the cadmium reduction method (APHA 2005), 

practically coincides with the concentration of nitrate in samples from shallow lakes. 

Samples were taken approximately monthly by grab sampling, using polyethylene plastic bottles in 

accordance with standard methods (APHA 2005). Subsamples were filtered through 0.45 µm 
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membrane filters immediately following collection and stored in the dark at 4ºC for determination 

of dissolved nutrients (NOx, FRP). All analyses were undertaken at the Australian Water Quality 

Centre, a National Association of Testing Authorities (NATA) accredited laboratory using standard 

(APHA 2005) methods. For further details see Mosley et al. (2012). 

 

 

Figure 1 – Map of study area. The green dots highlight the sampling sites. 
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Photochemical modelling 

The modelling of the steady-state concentrations of 
•

OH, CO3
•−

 and 
3
CDOM* used the following 

data: sunlight irradiance and spectrum relevant to the month of the sampling for the Lower Lakes 

location (35.63° S, 138.28° E; day-averaged data were derived with the TUV Quick Calculator 

software for clear-sky conditions; NCAR, 2015), water depth, as well as the concentration values of 

chemical constituents of photochemical significance (nitrate, DOC, bicarbonate and carbonate). The 

water depth values were obtained from the Department for Environment and Water (South 

Australia) and corrected to the Australian Height Datum (AHD) of the water surface, i.e., the water 

height relative to the standard seawater level (see Figure SM1 in the Supplementary Material, 

hereinafter SM). The concentrations of bicarbonate and carbonate were obtained from the available 

data of alkalinity and pH, following the calculation procedure provided in the SM.  

The DOC datum was used to derive the water absorption spectrum (i.e., the CDOM content) on the 

basis of known correlations, and was also used as a measure of DOM that is the main scavenger of 

both 
•

OH and CO3
•− 

(Bodrato and Vione, 2014). CDOM and nitrate were considered as sources of 

•

OH, and CDOM alone as 
3
CDOM* source (Vione et al., 2014). Furthermore, the formation of 

CO3
•−

 was computed by taking into account the oxidation of HCO3
−

 and CO3
2−

 by 
•

OH, and that of 

CO3
2−

 by 
3
CDOM* (Canonica et al., 2005). As scavenging processes we considered the reactions of 

•

OH with DOM, HCO3
−

 and CO3
2−

, as well as the consumption of CO3
•−

 by DOM (Vione et al., 

2014). The quenching rate constant of 
3
CDOM* used here (5×10

5
 s

−1
) is relevant to air-equilibrated 

waters because it largely represents the interaction between 
3
CDOM* and dissolved O2 (Canonica 

and Freiburghaus, 2001). The absorption of sunlight by CDOM and nitrate was calculated by 

considering that CDOM is the main radiation absorber in natural waters below 500 nm (Loiselle et 

al., 2008), and by assuming competition for irradiance between the two species with a Lambert-

Beer approach (Braslavsky, 2007). While a modelling software based on this computation approach 

is freely available (APEX: Aqueous Photochemistry of Environmentally-occurring Xenobiotics; 
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Bodrato and Vione, 2014), APEX has no procedure for reading spreadsheet files and is thus hardly 

suited to the present task. Suitable software based on the same computation engine was developed 

by one of us (MT) and used in the present framework, but it is not yet available for public use. 

The model calculations, carried out according to the general procedure described above (details are 

reported as SM), yielded the steady-state concentrations [
•

OH], [CO3
•−

], and [
3
CDOM*]. These data 

are daily averages referred to the month of the sampling, under the assumption of cloudless sky and 

perfect mixing of the water column (absence of water stratification). The steady-state 

concentrations thus obtained can be used to predict the phototransformation kinetics of compounds 

that are transformed by reaction with 
•

OH, CO3
•−

 and 
3
CDOM* (Bodrato and Vione, 2014). The 

tripeptide glutathione (hereinafter GSH) was chosen to this purpose, because it does not undergo 

direct photolysis and because its main known photodegradation pathways involve the three transient 

species examined here (Chu et al., 2017; Vione, 2018). The reaction between GSH and each 

transient is a second-order process, but the transients have steady-state concentrations unaffected by 

reaction with GSH. Like all individual solutes in the vast majority of cases, GSH is actually a 

negligible scavenger of 
•

OH, CO3
•−

, and 
3
CDOM* in natural-water conditions because of its much 

lower concentration in comparison with the naturally occurring scavengers (i.e., DOM for 
•

OH and 

CO3
•−

, O2 for 
3
CDOM*). GSH degradation can thus be described by a (pseudo) first-order kinetic 

model, where the overall degradation rate constant (kGSH) is the sum of the contributions of the 

processes triggered by 
•

OH, CO3
•−

 and 
3
CDOM*: 

 *][][][ 3

*,3,, 3
3

CDOMkCOkOHkk
CDOMGSHCOGSHOHGSHGSH ++=

−••

−••
   (1) 

The second-order reaction rate constants used in Eq. (1) are 
OHGSH

k
•

,
 = 3.5 ×10

9
 L mol

−1
 s

−1
, 

−•

3,COGSH
k  = 5.3 ×10

6
 L mol

−1
 s

−1
, and 

*,
3
CDOMGSH

k = 8 ×10
7
 L mol

−1
 s

−1
 (Buxton et al., 1988; Neta et 

al., 1988; Chu et al., 2017; Vione, 2018). 
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Results and Discussion 

 

The extreme drought period (2007-2010) in the Lower Lakes had profound effects on water quality 

with significant increases in salinity, total nitrogen, nitrate, total phosphorus and chlorophyll a 

(Mosley et al. 2012). The post-drought flooding period resulted in input of water rich in dissolved 

organic carbon derived from rewetting of floodplains and microbial breakdown of organic material 

(Biswas and Mosley, 2019). These changes provided an ideal opportunity to model photochemical 

process variations. 

 

Drought and post-drought evolution of photochemically significant parameters 

 

Generally speaking, the concentration values of several parameters of photochemical significance 

were higher during the drought period in all the sampling stations under study. However, while a 

simple "less water - more concentrated solutes" relationship may partially explain some of the 

observed trends (Mosley et al. 2012), in some instances the variations were somewhat different than 

expected from mere water depth changes. In the case of the Goolwa channel, the maximum 

concentrations reached by HCO3
−

, NO3
−

 and DOC during drought were about twice higher than the 

corresponding post-drought values (see Figure 2 for the DOC trend and Figure SM2 in the SM for 

all the other parameters). Considering that water depth was halved during drought, increasing 

concentrations can be explained by a lower degree of solute dilution. For the Milang station (Lake 

Alexandrina), which also experienced a drought-related halving of the water depth, the 

concentration values of HCO3
−

 and NO3
−

 were actually three times higher during drought (see 

Figure SM3 in the SM). In this case the water volume reduction only partially explains the 

concentration difference.  



11 

 

 

 
Figure 2 – Time trends of the dissolved organic carbon in the three sampling stations under study 

(Goolwa channel, Milang, Meningie). The yellow band refers to the extreme drought period (March 

2007 – November 2009) as reported in Mosley et al. (2012). 
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The shallower water during drought resulted in more resuspension (Mosley et al. 2012) that could 

have caused mobilisation of dissolved nutrients from the sediment or lessened algal uptake. It is 

interesting to observe that the nitrate concentrations, although highest during drought, never reached 

really elevated values (they were typically in the 10
−4

 mol L
−1

 range).  

Finally, in the case of Lake Albert (Meningie station), the lowest water depth values observed 

during drought were a factor ∼3 lower compared to the post-drought period. While the 

concentration values of NO3
−

 varied accordingly, the DOC during drought was sometimes higher by 

a factor of 4-5 compared to the post-drought period (Figure 2). In contrast, the concentration of 

HCO3
−

 varied very little (see Figure SM4 in the SM). Higher productivity during drought, which is 

testified by increased levels of chlorophyll a (Mosley et al., 2012), results in increased algal 

biomass and higher release of water-soluble compounds upon cell lysis (Wetzel, 2001). This could 

contribute to the DOC enhancement beyond the level expected by lower dilution. The limited 

variations in HCO3
−

 between drought and post-drought periods at Meningie are not dissimilar from 

observations reported for other environments (Mosley, 2015). This finding is likely accounted for 

by the terminal Lake Albert system reaching and maintaining saturation with calcium carbonate, 

which could offset the lower degree of dilution. In support of this, in all the three stations the pH 

values did not undergo important variations between drought and post-drought (Figures SM2-4 in 

the SM). For this reason, the relevant CO3
2−

 trends did not differ much from those of HCO3
−

. Large 

pH variations in the Lower Lakes have been reported only in the case of seawater intrusion or 

oxidation of sulphides in exposed sediments (Mosley et al., 2014). 

 

Expected effects on lake-water photochemistry 

 

The drought and post-drought trends of water depth, NO3
−

, DOC, HCO3
−

 and CO3
2−

 have variable 

impacts on the lake-water potential to produce photogenerated transients. Moreover, one should 
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also consider the related seasonal variations in sunlight irradiance (highest in spring/summer and 

lowest in autumn/winter), which produce comparably oscillating trends in the transient 

concentrations (Minella et al., 2016). All these factors are taken into account in photochemical 

modelling, to see which trends can be expected for the steady-state concentrations of 
•

OH, CO3
•−

 

and 
3
CDOM* that are involved into the photodegradation of natural and anthropogenic compounds. 

The time trends of the modelled [
•

OH], [CO3
•−

] and [
3
CDOM*] in the three stations under study for 

the period 2008-2016, which encompasses the 2008-2010 drought, are reported for Goolwa channel 

(Figure 3a), Milang - Lake Alexandrina (Figure 3b) and Meningie - Lake Albert (Figure 3c).  

Higher [CO3
•−

] during drought was observed at Milang representing the main lake water body of 

Lake Alexandrina (Figure 3b), and lower [CO3
•−

] during drought was observed in Lake Albert 

(Figure 3c). In contrast, the limited differences in [CO3
•−

] at Goolwa might be accounted for by the 

parallel decrease of both DOC (
•

OH and CO3
•−

 scavenger) and nitrate (direct 
•

OH and indirect 

CO3
•−

 source) in the post-drought recovery period (Fig. 2 and SM2). Indeed, higher nitrate during 

drought enhanced the formation rates of both 
•

OH and CO3
•−

, which was offset by higher DOM 

levels that consume both radical species. When the water depth increased after drought, the dilution 

decreased the concentrations of both 
•

OH/CO3
•−

 sources and scavengers, resulting in almost 

unchanged 
•

OH and CO3
•−

 steady-state concentrations. However, in the Meningie sampling station 

(Lake Albert), [
•

OH] and [CO3
•−

] peaked just after the drought (summer 2011, Figure 3c), when a 

DOC minimum occurred (Fig. 2). This DOC minimum is the lowest value recorded in all three 

water bodies and is connected with the highest levels of both 
•

OH and CO3
•−

.  

The modelled trends of [
3
CDOM*] in the three stations show the highest values during drought and 

a decrease in the post-drought period (Figure 3). The rationale of this consistent finding in the 

model results is linked to the fact that the contents of dissolved organic matter (measured as the 

DOC and representing the photochemical 
3
CDOM* source) were highest in all the stations during 

drought (see Figure 2).  
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Figure 3 – Model-predicted steady-state concentrations of •OH, CO3

•− and 3CDOM* in: (a) Goolwa 

channel; (b) Milang sampling station (Lake Alexandrina), and (c) Meningie sampling station (Lake 

Albert). Water chemistry and depth data refer to the sampling time, and so does the fair-weather 

sunlight irradiance and spectrum (35.63° S; 138.28° E, 9.00 a.m.) used in model calculations. The 

yellow band refers to the extreme drought period (up to November 2009) as reported in Mosley et 

al. (2012). 
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Increases in organic carbon concentrations in lakes and rivers have been observed globally during 

droughts (Mosley, 2015), thus the related [
3
CDOM*] increase might be a key photochemical 

change that occurs across different systems. 

It is interesting to assess what are the possible implications of the reported trends for the 

photochemical fate of dissolved compounds. The naturally occurring tripeptide glutathione (GSH) 

is a convenient model molecule to this purpose. GSH is produced by microorganisms for different 

purposes (detoxification, redox processes, antioxidant action), and it occurs in the photic zone of 

natural waters upon release in the extracellular environment. Its environmental fate involves both 

consumption by microorganisms, and photochemical degradation (Chu et al., 2017).  

A comparison between experimentally published reaction pathways of GSH photodegradation by 

irradiated humic substances and photochemical model predictions is provided in the SM, Figure 

SM5. The comparison shows good agreement between the experimental (Chu et al., 2017) and 

modelled (Vione et al., 2018) roles of 
•

OH in GSH degradation. The experimental work did not 

single out the 
3
CDOM* process among the phototransformation pathways (Chu et al., 2017), but the 

absence of direct photolysis, the lack of inorganic carbon in the experiments and the presence of 

humic substances as photosensitisers strongly suggests that triplet sensitisation could play a key role 

(Vione et al., 2018). With this assumption, the agreement between experiments and predictions 

becomes very good. 

The pseudo-first order photodegradation rate constants of GSH were here assessed based on the 

model results for [
•

OH], [CO3
•−

] and [
3
CDOM*] (Eq. 1), by which one obtains the GSH rate 

constants accounted for by the three different transient species, as well as the overall rate constant 

of photodegradation. We used the 
•

OH, CO3
•−

 and 
3
CDOM* steady-state concentrations obtained 

for January 2009 (austral summer) to describe the worst drought phase for the three water bodies. In 

all the cases we took as post-drought conditions an average of the relevant austral summertime 

concentrations from 2010 onwards. The calculation results are shown in Figure 4.  
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Figure 4 – Predicted first-order degradation rate constants of the tripeptide glutathione (GSH), 

accounted for by reactions with •OH, CO3
•− and 3CDOM*, at the three sampling sites (Goolwa, 

Milang, Meningie) for extreme drought and average post-drought conditions. The kinetics is 

relevant to fair-weather, summertime sunlight conditions. The error bars represent the sigma-level 

uncertainties of model predictions. The different values of [•OH], [CO3
•−] and [3CDOM*] are 

reported in Table 1. 

 

 

 

Table 1. Modelled steady-state concentration values of [•OH], [CO3
•−] and [3CDOM*] in the three 

sites under study, used to describe the worst drought phase as well as the post-drought recovery. 

 

 [••••OH], mol L−−−−1  [CO3
••••−−−−], mol L−−−−1 [3CDOM*], mol L−−−−1 

Goolwa, drought 4.1×10−18  4.5×10−16 2.1×10−16 

Goolwa, post drought 3.7×10−18 3.3×10−16 1.2×10−16 

Milang, drought 5.1×10−18 7.2×10−16 2.1×10−16 

Milang, post drought 5.0×10−18 4.3×10−16 9.7×10−17 

Meningie, drought 2.7×10−18 2.8×10−16 4.4×10−16 

Meningie, post drought 4.7×10−18 1.3×10−15 1.6×10−16 
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Overall, the GSH degradation rate constants decreased when passing from drought to post-drought 

conditions, which can be largely attributed to the decrease of the 
3
CDOM* steady-state 

concentration (see Table 1 and Figure SM6). However, the decrease would be more important in 

the sites of Goolwa channel and Lake Alexandrina (Milang) than in Lake Albert (Meningie). This 

prediction could be linked to the water quality recovery timescales (>5 years) for Lake Albert being 

much longer due to the terminal nature of the lake and its narrow connection with Lake 

Alexandrina. In contrast, water quality in Lake Alexandrina recovered quickly (<1 year).  

Looking at the role of the reactive transient species in the GSH photodegradation, it can be 

observed that in Goolwa and Milang the decreasing 
3
CDOM* role is the only important difference 

between drought and post-drought (Figure 4). In contrast, in the case of Lake Albert the decrease in 

the GSH photodegradation rate by 
3
CDOM* is partially offset by enhanced 

•

OH and CO3
•−

 

phototransformation pathways. This result can be accounted for by the very high (compared to 

Goolwa channel and Lake Alexandrina, and also in general; Wetzel, 2001) DOC levels in Lake 

Albert, especially during drought (DOC = 40-50 mgC L
−1

), combined with a considerable decrease 

in the post-drought period (down to DOC = 10-15 mgC L
−1

; see Fig. 2). In these conditions (DOC > 

10 mgC L
−1

) the steady-state [
•

OH] and [CO3
•−

] are dominated by DOM scavenging, and they are 

inversely proportional to the DOC (Vione et al., 2014; Koehler et al., 2018). In contrast, in both 

Goolwa channel and Lake Alexandrina the DOC levels were generally lower and they did not 

undergo a comparably important decrease between the drought and post-drought periods.  

It should be underlined that the present results were obtained under the assumption of complete 

water mixing. This hypothesis is very reasonable in the context of observed monitoring data and the 

shallow and exposed nature of the Lower Lakes, but it is also interesting to have some insight into 

the possible photochemical consequences of water stratification. In a stratified lake, the sunlit 

epilimnion hosts higher photoreactivity than the dark hypolimnion. Therefore, the photodegradation 

of compounds that mainly reach the lake-water surface is enhanced by stratification, because they 
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are confined in the photoreactive epilimnion. In contrast, compounds reaching the lake bottom via 

groundwater remain in the hypolimnion during stratification conditions, and their photodegradation 

is inhibited as a consequence. Finally, the photodegradation of compounds that are initially 

distributed evenly in the water column is inhibited by stratification to a variable extent, depending 

on their photolability. In particular, highly photolabile compounds tend to be totally degraded in the 

epilimnion, at which point their further photodegradation has to stop. On the other hand, the 

compound fraction occurring in the hypolimnion is poorly photodegraded, and the outcome is 

inhibition of phototransformation compared to a well-mixed system. The same effect is much less 

important for photostable molecules, which are unlikely to be totally photodegraded in the 

epilimnion during the stratification phase (Vione and Scozzaro, in press). 

 

Implications for drought-affected environments 

 

It is interesting to observe that variable and different conditions, even in nearby environments, 

might lead to important differences in behaviour as far as the photodegradation processes are 

concerned. The 2008-2010 drought had an important impact on the water chemistry and depth in the 

Australian Lower Lakes. From a photochemical point of view, the occurrence of shallower water 

and the concentration maxima of nitrate and DOC during drought would be most significant. A 

parallel increase in both nitrate and DOC might potentially produce approximately constant values 

of [
•

OH] and [CO3
•−

] (following an increase in both their sources and scavengers) as well as an 

increase in [
3
CDOM*], which is for instance the expected outcome of evaporative water 

concentration (Minella et al., 2013).  

However, the overall trends caused by, e.g., variable water dilution overlap with additional 

processes that produce short-term variations, and seasonal sunlight irradiance also plays an 

important role. For instance, in the case of Lake Albert the high peaks of the modelled [
•

OH] and 
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[CO3
•−

] during the 2011 summer were the combination of low DOC values, relatively elevated 

nitrate and (for CO3
•−

) high inorganic carbon, as well as intense irradiance. Interestingly, if similar 

phenomena take place during winter, their photochemical effects may be considerably weakened by 

low irradiance. As far as 
3
CDOM* is concerned, the high levels that are consistently predicted for 

all the stations during the drought period are the direct consequence of high DOC concentrations 

and shallow water.  

On these bases one can make some tentative inferences for drought-affected environments, and 

particularly for the cases where a limited degree of dilution produces high concentration values of 

the chemical parameters. Elevated DOC is generally favourable to the 
3
CDOM* processes. 

Moreover, a further increase in [
3
CDOM*] beyond the levels predicted in this work may take place 

if the concentration of dissolved O2 decreases during drought. Actually, low O2 leads to slower 

3
CDOM* quenching (not taken into account in this work) and, as a consequence, to higher 

[
3
CDOM*]. The evolution of [

•

OH] and [CO3
•−

] is much less straightforward, however. A wider 

range of environmental cases and direct photochemistry measurements will be needed to understand 

which trends are more typical for [
•

OH] and [CO3
•−

] during droughts. 

 

 

Conclusions 

 

The prolonged drought period that affected Australia in the 2000s decade had important 

consequences on both the depth and chemical composition of water in the Lower Lakes. In 

particular, a lower degree of solute dilution together with additional processes ensured that the 

concentration values of several components (and especially of the photochemically significant 

parameters DOC and nitrate) were higher during drought compared to the post-drought years. 

Higher DOC levels during drought would favour the 
3
CDOM* reactions, enhancing the 
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transformation of 
3
CDOM*-reactive compounds and partially compensating for low dilution. 

Actually, the pollution of water environments may increase during drought because human 

emissions occur within lower water volumes and flushing (Mosley 2015). Examples of pollutants 

that are mainly degraded by reaction with 
3
CDOM* are phenylurea herbicides, some sulphonamide 

antibiotics and several phenolic compounds (Canonica, 2007).  

The corresponding drought vs. post-drought trends of 
•

OH and CO3
•−

 were not consistent in all the 

stations, with Milang showing drought-related CO3
•−

 peaks and Meningie featuring the opposite 

behaviour. These inconsistent findings might be caused by the post-drought lowering of both the 

•

OH/CO3
•−

 sources and scavengers. Overall, compared to the simplified model approaches available 

in the literature to describe drought photochemistry (Minella et al., 2013), the combination of 

enhanced 
3
CDOM* and little modified 

•

OH and CO3
•−

 makes the Lower Lakes system approximate 

an evaporative concentration scenario which is consistent with the findings of Mosley et al. (2012). 

Although photochemical degradation is a phenomenon that has potential to at least partially offset 

some environmental consequences of water scarcity, and which could for instance be enhanced by 

shallower water columns, favourable effects might not take place in all environments and for all 

involved compounds. A case-by-case assessment is presently needed to better understand the link 

between variations in environmental factors and photoreaction kinetics. At the present state of 

knowledge, it is possible to tentatively figure out that drought conditions with the associated (at 

least partial) evaporative concentration might enhance the 
3
CDOM* processes as shown in this 

work. On the other hand, processes induced by 
•

OH and CO3
•−

 might show specific dependencies 

on the particular environmental conditions. 

A limit of the approach used here is that the formation quantum yields of 
•

OH and 
3
CDOM* by 

irradiated CDOM and the scavenging rate constants of 
•

OH and CO3
•−

 by DOM were assumed to be 

the same during both the drought and the post-drought periods (see the calculation procedure in the 

SM). At the moment there are no indications of possible drought-induced variations of these 
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parameters, but they may be linked to changes in the nature of CDOM (Maizel et al., 2017). 

Additional research is needed to understand if and to what extent the photoreactivity of CDOM and 

the scavenging ability of DOM may be affected by water-scarcity conditions. 
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