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Protein-like fluorescence intensity as a possible tool for
determining river water quality
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Abstract:

The results of a comparison between chemical water quality determinants and river water fluorescence on the River
Tyne, NE England, demonstrate that tryptophan-like fluorescence intensity shows statistically significant relationships
between nitrate, phosphate, ammonia, biochemical oxygen demand (BOD) and dissolved oxygen. Tryptophan-like
fluorescence intensity at the 280 nm excitation/350 nm emission wavelength fluorescence centre correlates with
both phosphate (r = 0-80) and nitrate (r = 0-87), whereas tryptophan-like fluorescence intensity at the 220 nm
excitation/350 nm emission wavelength centre correlates with BOD (r = 0-85), ammonia (r = 0-70) and dissolved
oxygen (r = —0-65). The strongest correlations are between tryptophan-like fluorescence intensity and nitrate and
phosphate, which in the Tyne catchment derive predominantly from point and diffuse source sewage inputs. The
correlation between BOD and the tryptophan-like fluorescence intensity suggests that this fluorescence centre is
related to the bioavailable or labile dissolved organic matter pool. The weakest correlations are observed between
tryptophan-like fluorescence intensity and ammonia concentration and dissolved oxygen. The weaker correlation with
ammonia is due to removal of the ammonia signal by wastewater treatment, and that with dissolved oxygen due to the
natural aeration of the river such that this is not a good indicator of water quality. The observed correlations only hold
true when treated sewage, sewerage overflows or cross connections, or agricultural organic pollutants dominate the
water quality—this is not true for two sites where airport deicer (propylene glycol, which is non-fluorescent) or landfill
leachate (which contains high concentrations of humic and fulvic-like fluorescent DOM) dominate the dissolved organic
matter in the river. Mean annual tryptophan-like fluorescence intensity agrees well with the General Water Quality
Assessment as determined by the England and Wales environmental regulators, the Environment Agency. Copyright
© 2004 John Wiley & Sons, Ltd.

KEY WORDS chemical water quality; fluorescence; River Tyne; tryptophan; ammonia; biochemical oxygen demand;
dissolved oxygen

INTRODUCTION

Dissolved organic matter (DOM) has distinctive spectrophotometric properties in terms of both absorption
and fluorescence. As well as strong absorption in the ultraviolet, much DOM fluoresces (FDOM). Recent
advances in fluorescent spectrophotometry permit the rapid (~1 min) detection of FDOM at a wide range
of both excitation and emission wavelengths to produce an excitation—emission matrix or EEM. An EEM
will typically cover a range of excitation and emission wavelengths from ~200 nm (short wavelength UV)
through to ~500 nm (visible blue—green light), and may contain fluorescence centres that are attributed to
both natural DOM such as humic and fulvic-like material, as well as fluorescent protein-like fluorophores (for
a review of possible fluorescence centres see Coble, 1996 and Stedmon et al., 2003 and for typical EEMs
see Baker, 2001). Studies of FDOM EEM properties have principally focused on wastewater characterization
within the treatment process (for example see Reynolds and Ahmad, 1997; Westerhoff et al., 2001; Vasel and
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Praet, 2002) as well as DOM characterization in marine and estuarine waters (for example see Coble et al.,
1990; Mopper and Schultz, 1993; Mayer et al., 1999; Parlanti et al., 2001), but more recently research has
included riverine DOM. For example, Stedmon et al. (2003) use fluorescence to derive five DOM fractions
in a Danish freshwater and estuarine catchment. Fluorescence has been demonstrated to be able to detect the
differences between both anthropogenic and natural DOM sources in rivers impacted by sewerage effluents
(Baker, 2001; Baker et al., 2003). Anthropogenic DOM sources such as farm wastes, sewage treatment outfall
or sewerage overflows are all characterized by high levels of protein-like (tryptophan-like and/or tyrosine-like)
fluorescence (Baker, 2001, 2002b). Baker (2002a) shows how a combination of optical properties (fluorescence
and absorbance) together with conventional total organic carbon measurements can be used to discriminate
both temporal and spatial variations of DOM in a small urban catchment. Fluorescence can also be used to
trace DOM within ‘natural’ catchments: McKnight et al. (2001, 2003) used fulvic-like fluorescence wavelength
variations as a tracer of microbially vs terrestrially derived fulvic material in an alpine/sub-alpine catchment
in the USA; Thoss et al. (2000) used fluorescence to trace DOM fractions in six catchments of contrasting
land use in North Wales; Newson et al. (2001) and Bolton (2004) have also used fluorescence properties of
coloured river water as a natural tracer in a small peaty subcatchment of the River Eden (Coalburn).
Previous research has demonstrated that the measurement of FDOM EEMs in micro (<40 km?) scale
catchments (both urban and rural) can provide useful information on DOM sources (Newson et al., 2001;
Baker, 2002b). Protein-like fluorescence centres observed in EEMs are described as tryptophan-like and
tyrosine-like. Tryptophan-like fluorescence centres occur at two wavelength pairs—220 nm excitation/350 nm
emission and 280 nm excitation/350 nm emission—whereas tyrosine-like fluorescence is predominantly
observed at wavelengths of 220 nm excitation/305 nm emission (a second centre at 280 nm excitation is
obscured by the Raman line of water). These locations in optical space are where tryptophan and tyrosine
laboratory standards fluoresce; however, it is not known whether tryptophan or tyrosine per se are present as
DOM, or rather similarly structured groups within DOM that have similar fluorescence properties (Reynolds,
2003). Although it is not known how these fluorescence centres relate to the structure of riverine DOM,
their presence in rivers with anthropogenic DOM inputs requires further investigation. In particular, to
determine if the relationship between increased protein-like fluorescence (tryptophan-like and tyrosine-like)
intensity and anthropogenic DOM inputs is maintained in a larger scale (>1000 km?) catchment, where
multiple organic point and diffuse source inputs, together with in-stream organic matter processing, will
complicate any distinct fluorescence signature from individual point sources. In addition, it is useful to
determine if fluorescence properties provide a useful alternative chemical water quality indicator to existing
methods (such as biochemical oxygen demand, ammonia, nitrate, phosphate, dissolved oxygen) that are
used to determine river water quality in England and Wales. Although some of these chemical determinants
do provide information as to a possible source of input (for example, phosphates are often predominantly
derived from sewage effluent), many do not (biochemical oxygen demand provides a general index of oxygen
demand that is time-consuming to perform). In contrast, fluorescence can be measured rapidly, portable
spectrophotometers permit field-based EEM analysis (Hart and Jiji, 2002) and the simultaneous determination
of several fluorescence centres using EEMs could in a single analysis provide several correlations between
fluorescence and chemical water quality. Therefore we present the results of a comparison between standard
chemical water quality determinants (as performed by the England and Wales water quality regulator, the
Environment Agency) and fluorescence on water samples from the Tyne catchment in NE England.

METHODOLOGY

The River Tyne has a catchment area of 2935 km? and comprises two main tributaries, the North and South
Tyne which meet near Hexham (sample site 25, see Figure 1). The North Tyne rises in the Cheviot Hills near
the Scottish Border, the South Tyne in the Cumbrian Pennines. The other main tributaries of the Tyne are
the River Rede and Tarset Burn on the North Tyne, rivers Allen and Nent on the South Tyne, and the River
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Figure 1. The Tyne catchment, NE England, showing location of the sample sites. Sizes of proportional circles reflect tryptophan-like
fluorescence intensity as measured in the January 2003 sample run. Urban areas are shown in light grey, and the city limit for
Newcastle-upon-Tyne by the grey line

Derwent, River Team, Ouseburn and River Don which enter the Tyne in its tidal section (downstream of site
33, Figure 1). Land-use and its relationship with water quality on the Tyne was a focus of a major study
(NELUP: North East Land Use Project); recent catchment land use is therefore well understood (Adams et al.,
1995; Wadsworth and O’Callaghan, 1995; Dunn et al., 1996; Lunn et al., 1996). Outside the predominantly
rural upland North and South Tyne, approximately 750000 people live within the rest of the Tyne catchment,
and urban and industrial areas have an influence today on the water quality of the river, with 214 consented
discharges from sewage treatment works, 126 consented industrial discharges and 492 storm sewer discharges.
The Environment Agency classification of the water quality of the river is that 375 km of stream length are of
‘very good’ quality, 204 km are ‘good’, 17 km are ‘fairly good’, 23 km are ‘fair’, 4 km are ‘poor’ and 1 km
is ‘bad’. This overall good water quality has led to the river becoming a major salmon and trout fishery. River
lengths with poor quality are predominantly small tributaries in lowland urbanized parts of the catchment
[River Don (sites 34, 35); Ouseburn (sites 1-3); River Team (sites 36—39); and the lower reaches of the
River Derwent (sites 40—42)] with many sewerage and treated sewage inputs and without substantial upland
clean water supplies to dilute them.

Sixty-two sites have been sampled every two months between May 2002 and May 2003 as part of a
larger project to investigate the spectrophotometric variations in river water in the catchment and its relation
to land-use (results are to be published elsewhere). The sites are a mixture of main river locations, as
well as downstream samples of major subcatchments, and mid-catchment samples at points of changing
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land-use or anthropogenic impact. Figure 1 shows the location of the sample sites. We measured a range
of spectrophotometric (both absorbance and fluorescence) parameters in river water at the 64 sample sites
under a range of flow regimes from summer base flow (August 2002; ~30 m?® s~! at site 30) through to
winter storm flow (November 2002; ~200 m?® s~!) and during winter low flows during extensive snow cover
(January 2003; ~50 m® s~!). Water samples were collected in 30 ml polypropylene bottles which had been
cleaned in 10% HCI and distilled water. Samples were kept refrigerated, and upon return from the field were
filtered (Whatman GF/C ashed glass microfibre filter papers) before being analysed within 48 h. Such a delay
between sampling, filtering and then analysis was unavoidable given the time taken (two days of fieldwork)
to sample a catchment of this size. Some changes in fluorescence during storage due to this delay must be
anticipated, especially for more labile samples (Baker, 2002b). Fluorescence measurements were undertaken
using a Perkin-Elmer LS-50B luminescence spectrometer as described elsewhere (Baker, 2001). The Raman
intensity (excitation 348 nm, emission ~396 nm, 5 nm slit width) of distilled water in a sealed water cell was
used as standard. This permitted testing for machine stability, and also provides a means of inter-laboratory
comparison. All data presented here is calibrated to a Raman peak intensity of 20-0 units at ~396 nm emission
wavelength. Absorption at 254 nm, 340 nm and 410 nm was undertaken using a WPA lightwave UV-VIS
spectrometer, both to investigate the relationship between this spectrophotometric technique and land-use
(results not considered further in this paper), as well as to provide a check for inner-filtering effects. The
latter are particularly observed in waters of high concentrations of dissolved natural organic matter that are
often highly absorbent in ultraviolet light. In these conditions, emitted fluorescence is often reabsorbed by
dissolved organic matter within the sample cuvette, resulting in a quenching of emitted fluorescence and
a resultant decrease in intensity (Mobed et al., 1996; Ohno, 2002). We ran serial dilutions on a subset of
samples, and observed that samples from the peat-dominated North Tyne catchment, which were visibly
coloured, often exhibited inner-filtering, with absorbance maxima of >0-3 cm~! at 254 and 340 nm and a
decreased fulvic-like fluorescence intensity of >10%. However, one of the advantages of fluorescence analysis
is the rapid analysis time, an advantage that is negated if samples have to be corrected for inner-filtering.
Hence no inner-filtering correction was applied to the dataset and raw fluorescence values were used as we
wished to test if the raw fluorescence data could be used as a potential water quality determinant.

Our sample sites are also those used by the Environment Agency in their general water quality assessment
scheme. The General Quality Assessment scheme (GQA) is the national method for classifying water quality
in rivers and canals. The scheme provides a way of comparing river quality from one river to another
and for looking at changes through time: this assessment includes chemical and nutrient analyses including
orthophosphate, nitrate, dissolved oxygen, ammonia and biochemical oxygen demand. Ammonia, biochemical
oxygen demand (BOD) and dissolved oxygen are used as measurements of organic pollution. Phosphate and
nitrate are used to indicate possible existing or future problems of eutrophication: additionally nitrate is useful
where river water may be abstracted for drinking water and needs to comply with the EC Drinking Water
and Nitrate Directives. GQA analyses are on samples from routine, pre-planned sampling programmes with
samples analysed by accredited laboratories: to avoid bias all extra data collected for special surveys or in
response to incidents or accidents are ignored. All data and results for all rivers are made available to the
public. Standard analytical methods are used (Standing Committee of Analysts Methods for the Examination
of Waters and Associated Materials, 1980, 1981a,b, 1988).

Monthly samples that were taken for the GQA assessment over the same period as the fluorescence sampling
have been used here. Comparison between GQA and fluorescence results is not on paired samples, chemical
water quality parameters within the Environment Agency sample collection programme are sampled on
different tributaries on different days, and fluorescence sampling occurred over two days that rarely overlapped
with Environment Agency sampling dates. Environment Agency samples (every four weeks) were also taken
more frequently than fluorescence samples (every eight weeks). Such sampling methods permit a statistical
analysis of the relationship between fluorescence intensity and chemical water quality parameters, based on
the mean and standard deviation of each parameter at each sample site. Such an approach is similar to that
used by the Environment Agency to determine river water quality standards and objectives.
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RESULTS AND DISCUSSION

Table I presents the summary of all results for the 62 sample sites. Environment Agency chemical water
quality data demonstrate that for the majority of sample sites the chemical water quality is very good, with
dissolved oxygen ~100%, BOD <1 mg 17! and ammonia <0-1 mg 1~!. A few sites on urban tributaries have
much poorer water quality. For example, sites 1-3 are on the Ouseburn (and correspond to sites 16, 10 and
3 respectively of Baker, 2002a), which is known to be impacted by sewerage failures: additionally during the
study period sites 1 and 2, downstream of Newcastle International Airport, were affected by a >60 mg 17!
BOD event in January 2003 due to propylene glycol deicer runoff from the airport (Turnball and Bevan, 1995
provide details of airport-derived pollution on the river from urea applications in the 1980s and 1990s). Sites
34 and 35 are on the River Don, which also suffers from sewerage inputs from combined sewer overflows,
and sites 36—39 are on the River Team which comprises treated sewage as a significant proportion of flow
(sites 36—38 are downstream of the East Tanfield wastewater treatment works, whose impact on river water
fluorescence was investigated by Baker, 2001). In addition, site 36 is downstream of a pumped mine water
discharge and a sewage treatment works, the combination of which can provide a substantial proportion of
total river discharge, as well as a tributary that suffers from leachate from an unlined landfill. The combination
of these inputs explains the high ammonia concentration at site 36.

Absorbance data for the sample sites show a strong variation between the North Tyne, which is
predominantly an upland peat catchment, and the South Tyne, whose source is in limestone uplands with
brown earth and thin peats. Samples from the peaty catchments of the rivers North Tyne and Rede have
absorbance high enough to be affected by inner-filtering (Ohno, 2002); hence fluorescence intensities might
be expected to be decreased at these locations. Fluorescence results are reported as both excitation and
emission wavelengths and intensity of the observed peaks. Those often defined as ‘humic-like’ and ‘fulvic-like’
(although their precise nature is poorly understood) are located at 220—250 nm excitation and 400—460 nm
emission (‘humic-like’), and at 300-350 nm excitation and 400—-460 nm emission (‘fulvic-like’). Increases in
wavelength of both excitation and emission of the fulvic-like peak can be due to increasing molecular weight,
increasing aromacity or increasing inner-filtering effects (Ohno, 2002; Bolton, 2004). In our case, without
inner-filtering correction applied to our dataset, the latter is the most dominant effect, with highest excitation
and emission wavelengths correlating with high absorbance at sites 12, 13 and 14. For the protein-like
fluorescence centres attributed to tryptophan-like and tyrosine-like fluorescence, only fluorescence intensities
are reported as significant wavelength variations did not occur. Protein-like fluorescence intensities can be
seen to be highest in the urban catchments of the Ouseburn, Team and Don, and this is also shown by
proportional circle size in Figure 1.

Table II presents the correlation [Pearson rank correlation due to the presence of statistically outlying
data at sites 1, 2 (biochemical oxygen demand) and 36 (ammonia)] between the mean annual concentration
or intensity of each of the variables between the 62 sample sites. Within the Environment Agency dataset,
phosphate, ammonia and nitrate have the strongest correlation, suggesting a similar source for all three. Nitrate
is often agriculturally derived: however, although the Tyne contains a large proportion of agricultural land-
use, almost all of this is extensive in nature, with only a small area (predominantly around the Whittle Burn
upstream of site 31) that can be considered intensive. Therefore the correlation between nitrate and ammonia
and phosphate, the latter two being indicators of sewage pollution, confirms a predominant sewage source of
nitrate in the Tyne. Weaker correlations occur with BOD and dissolved oxygen. For the former, it is due at
least in part to the influence of the two deicer pollution events at sites 1 and 2, which had high BOD but no
nitrate, phosphate or ammonia. For dissolved oxygen, it is due to the geomorphology of the Tyne catchment
in general: the river is typically well aerated with a combination of steep gradients on tributaries flowing in
post-glacially incised valleys, as well as regular ripple-pool sequences, chutes and rapids in the main river.
For the catchment as a whole, dissolved oxygen is therefore not a good measure of water quality.

Within the spectrophotometric data, absorbances at 254, 340 and 410 nm correlate strongly with each
other, reflecting the nature of DOM absorbance with little structure and decreasing absorbance at increasing

Copyright © 2004 John Wiley & Sons, Ltd. Hydrol. Process. 18, 2927-2945 (2004)



A. BAKER AND R. INVERARITY

2932

01 S S 33 8 4 s 9 8 700 SIT-0 0¥€-0 2000 € L0S 0 1600 800:0  A9pIs SAVM
LE ST 81 81 6vy Ove 6L1 Ovy O¥C <TOI-0 ¥8C0 €8L0  1€00 66 oSLT 1620 6200  ueow IV ANAL HIMON 81
[44 1T 8 (44 T 81 99 L € 6L0°0 €TT0 0LS'0 €000 ¥ 6¥9:0 801-0 9ty0  A9pIS VM
33 14! 81 991 ISy 8¥¢ 981 6ty 9¢C  8CTI'0 LSE0 8960 €00 66 0881 0¢€0 091-0  ueow IV NIN9G SIVM LT
LT ST 9 81 4 € [44 9 4 6£0°0 €600 S¥C0  S00-0 L 1€9-0 SeT-0 9100  A9pIs HLNOWSddgd
6S 6¢ LT YO  Lvy  6€€  9VT  Tey  9¢C  €L00 9610 I¥SO €00 66 €L6°T 11€0 9¢0-0  ueow Iv 9add 91
Ic 4! L 14 01 61 LS I 0l 9900 €810 6L¥0 6000 9 €LY"0 6900 8000  ASPIS  INVHONITTAL LV
94 Y4 1C o1 ISy 8ve 91T TP TvT 6800 8YCTO0 L990  TLO0 S6 8861 €0 9200  ueawr  NINd MVHSHIVH ¢I
L1 1T S w ¥ € (43 6 6 0800 c¢€C'0 LO9O0 9100 4 S06°0 8700 060-0  A9pIs LASIVL
0¢ 4! 91 LST  Lvy  OvE 191 Svv Ivc 0€1-0 ¥LEO CIOT  8€00 86 G981 9120 0€0-0  ueow IV NIN9g LISIVL #1
LT 8 S 0¢ 9 4 6¢ 9 8 790°0 L8I0 SISO 6000 4 6650 08L:0 0100  Aop3s LHSYVL
T 11 €l ol ISy Tve  LST ey O¥C  I¥I0 L6E€0 6L0°1T  +€0°0 86 ¥08°1 w0 1€0°0  ueow IV NYNd NOQYIHD €I
8 1T 4 LT ¥ € ¥C 8 4 T200 6500 IST-0 €000 9 0590 €800 6000  A9pIS LASIVL
53 L1 LT vl 6kF  8c€  OLT 8¢k 9¢T 0010 08T0 09L0  1¢£0°0 00T 1861 62¢0 6200  ueow IV ANAL HIMON TI
S 8 € S1 L [4 €C It 01 1100 2200 ¥90:0  600-0 14 67¢-0 LEO0 6000 A9pIS YA 1A
53 4! 91 ocT 8y I¥E  L9T Oy  6€C L60°0 TLTO LVLO  ¥€00 101 6CS 1 0020 8200  ueow SN NINISIMAT 11
LT 4! 4 9¢ 11 81 (1% 6 S €L0°0 6810 €8%0  T000 € £€9¢-0 8710 1200 Aops YAATAA
143 v 4! €01 6vy  6ve Tyl ey 8¢C ¥80°0 €CC0 ¥95°0  1€00 001 eve1 8¢€C0 6200  ueow SN ANAL HLION 01
4! 8 ¥ 33 9 C LT 8 4 6200 SL0°0 T0T0 €100 L YyL0 S€T0 0100  Aop3s L00JddOHS
0S [44 1c 8¢l 9vy  6g€e 961  6tvy  ¥EC SSO'0 6VI0 CIVO  S€00 86 69L1 81¢-0 L20-0  ueow NOLLOD 1V 94ad9d 6
0C 8 8 6S 01 61 8 S €l 1L0-0 8810 8L¥0 8000 9 S} €00-0 °0°0  A9pIs avod
(1% ST 1C 691  vvvr b €CCT ey €¥T 9600 TLTO OVLO  ¥€00 L6 8YLT 610 9¢0'0  ueow SSV IV NIN9 STIS 8
0¢ €C 14! 99 8! € 0s 8 0l  €¥0°0 LTI'0 LEEO  €¥0°0 8 €90 0Tt-0 9v0-0  A9pIS NANFIALLO
¥9 6¢ [43 081  Lvv I¥E 96T Iy 6€C 6900 SOTO0 SLSO 900 76 8181 S617°0 860-0  ueaw IV NIN9 44110 L
€T 1T L St 6 C 0S L I ¥L0-0 8610 9050  0¢€T0 01 ELY0 10S°0 6700  A9pIS NINGIALLO
Sy Ic 1c ISt 9% 6¢€  vOT  sey  9€C  T600 09C:0 TIL0  L60°0 £6 [45%58! 8810 Sy0-0  ueaw v 4add 9
0¢ 1T 01 8¢ 8 € 8¢ 01 I 9¢0:0 ¥0T-0 98C0  S00-0 4 590 ¥6C°0 0100  AdpIs 969V
€L €€ [43 LyT 8¢y 6g€  0ST 9ty S€C  1¥0'0 9IT0 8¢€0  TEOO 96 691 S6t0 $200  ueewr [V NINd NOASTH ¢
€S [43 L1 09 Cl S w I 0l 9¢00 8010 T6C0 8000 9 8€v:0 LYT0 Y100 A9pIS NodsT1d
SL 184 €€ evT 9¢v  8ee T Tevy  SE€C £v0'0 ITI0 LPEO  S€00 86 8LST €S0 0€0-0  ueawr IV NJNd NOASTH +
a4 14! 8 g € 01 a4 8 14 00 6¥0°0 0€I'0  86C0 91 8LLO LyL 1 180°0  A9pIs NOLODNISTOOM
611 Sy LS oyl 8y I€e 69T  CIy  LeC 6100 9¥0:0 0910  S61-0 8L 126°1 SL8T €61°0  uedw Iv NJINg 4sno ¢
68 1¢ 9¢ 149 8 8 88 6 I ¢10:0 1¥0-0 8010  9CI-0 61 SC1-8C 8LT'T 0900 A9pIs NOINN¥d
LLT LL 6L L81  6l¥ 6T 8eE  BIF  9¢C 6100 €500 L8I'O 9600 98 SeEv 6 ovs-C Pr1-0  ueow 1Iv NJdng 4sno ¢
1L 144 14! 144 ¥ 1 1L 9 14 ¥10:0 1¥0-0 8010  00¢-0 33 901-91 8S¢-1 880-0  A9pIs HI404S0D
OLT 9L 8L 08T LIy LTte SIE €Iy 8€C 0T00 9500 0610  00¢0 001 1689 L30T 0Tc0  ueow IV NdNg 9sn0 1
(wu)  (wnw) (wu)  (w)

Kysueyur Aisualil gy yors wopel  ANS  UOIS  UODE) WU WU WU ({1 Su)
o WW  _yoyup -stwg -toxg -uodu[ -stwg -1oxg Ol Oobe bsg G-18W (%) (_18w) (,_[Sw)  (ewep

Ocg e Asuawr - (Gg e (erep  (ewp  (wiep (e1ep va)
ueyd aurs ueyd Qoud2saIONY QoudIsAIONY vd) vda) Vi) vd) aeyd

-oidA1y,  -01k,  -oydA1y, AMI[-J1A[Ng AI[-oIuny e 90UBQIOSqQY eluowwy  Od and AeniN  -soyd-0

s1o1owered omowojoydonoadg s1o)owered Ajfenb-191em-[eoruay) Qweu IS el

elep

sewojoydonoads oy Joj sepduwres xis pue ‘eyep Aifenb 1o1em [eorwoyd (o) Aously JuswuolAug ay) 10§ So[dwes 7]~ I0J 9Ie UOTBIASP PIEPUE)S O] PUe UBIA
‘ejep Aifenb 10jem [BOIWIOYD pue (S0USDSAIONY SYI[-duIsoik) pue ayi-ueydoidAn ‘ONI[-o1A[ny ‘OYI[-oruny ‘ooueqiosqe) duowojoydonoads Lrewwng T 9[qeL,

Hydrol. Process. 18, 2927-2945 (2004)

Copyright © 2004 John Wiley & Sons, Ltd.



2933

USING FLUORESCENCE INTENSITY TO DETERMINE RIVER WATER QUALITY

(Jpajtaa0 panunuod)

1c €l 8
901 (14 €5
94 el 9

(74 €9 [43
IL ST [43
8¢C¢ 9 Sel
09 01 6¢
L61 19 96
[43 ST 6l
¢8c TL 801
8¢ €C €

411 99 [43
18 Sy 91
961 €8 06

91 cl 9
St 14 €C
LT 1T L
8 0T €C
LT LT 8
LL 123 (4%
4! 1T 9

St €C (44

LT €l S
0L 23 LE
1C €l 9
L9 53 9¢
9C LT L
oL 33 0€
S1 01 9
or [44 €
cl SI S
LS 33 0¢
ST 11 9
¥S 6C LT
LT 8 S
LE 8T 61
SI o1 9
09 8¢C e
6 SI €
LE X4 0T
€C 8 1T
oL 6¢ [U%
L1 01 L

L9 6C LE

1C
So1
LT
91l
0s
661
8¢
6L1
€
8¢l
€<
601
S
161
€
L91
€
(941
(94
8¢CI
[U%
8v1

L4
(81
54
€€l
8¢
1c1
143
vl
w
£el
[43
96
oy
0sT
€C
1cI
LE
1!
LT
44!
IL
(44!

8¢y

1y

1Ty

61

91y

1y

ocy

Sy

344

8Ty

oy

LTy

6CY

LEY

vy

Sy

183%

(24

8Ty

[Si%4

0cy

LTy

ove

6¢£¢

323

6¢¢

323
9¢e
9¢€
8¢¢
6¢€
LEE
8¢¢
01

1533
6¢€
01

6C¢

LEE

8¢
[4%4
Ly
(44
8Y
0¢
S
91¢
€9L
S09
99
0cc
LL
80¢
84
see
1€
861
14
€€C
[43
L6l

33
0ce
123
1€¢
0T
oce
€€
961
184
11e
6S
161
IS4
€81
LT
6CC
1€
[49)!
144
0LT
29
0rc

LTy
STy
61Y
Siv
€y
1484
(484
01

344
14!

Sey
(444
01

6¢Y
9ty
0cy
Sty
01

(444
9ty
LTy
(444
1534
394
9ty

Il
(Y44

354

34

e

IvC

8¢C

4

8¢C

8€C

o1

9¢C

€T

8¢C

1274

See

6CC

LET

354

PEC

(74

344

€eC

354

8¢C

0100
0200
9000
¥10-0
S00-0
€200
9000
L10:0
6000
L10°0
L100
L100
S10-0
120°0
8¢0-0
¥80-0
8¢00
$80°0
€200
9200
100
¥80-0

9100
6100
L100
8200
£€00
L£00
6£0°0
9800
€00
8500
6100
L100
€600
901-0
900-0
€200
9200
2600
800-0
§20°0
€200
L200

8100
Sv0-0
110:0
8200
Sv0-0
900
L00-0
9¢0-0
8100
€00
L£00
§€0-0
€00
8¥0-0
€€1-0
8610
901-0
€0
090-0
1L0°0
801-0
1€20

s0°0
150°0
§S0-0
0L0°0
SOT-0
001-0
801-0
1€C:0
6800
8S1-0
2900
LY0-0
8¥1-0
06C-0
o0
650-0
€L0°0
6v¢-0
o0
§90-0
¥60-0
8900

1500
IST-0
6€0°0
LTT-0
920-0
L9T-0
€€0°0
910
9500
SIT-0
101-0
1€1-0
€600
€LT-0
csTo
8¢9:0
6LT0
6¥9:0
(340
€0
LLTO
8¢9:0

SYI-0
€LT-0
SST-0
€¢C0
$620
¥0€-0
6LC0
290
o
00
691-0
191-0
26¢0
68L0
€600
L0T0
0020
890
0800
9¢C0
0810
ST1C0

8200
¥L0°0
£ee0
6€1-0
€LS0
8900
Yr-0
01¢0
L80T
SOP-1
LyS0
L6E0
9680
L9S°0
£60-0
S11-0
8100
S¥0-0
€100
L£00
100
I¥0-0

800-0
9¢0-0
9100
%00
110:0
¥€0-0
S00-0
€00
L90-0
850-0
8200
0%0-0
0200
170:0
¥00-0
1€0°0
¥10-0
9¢0-0
0€0-0
8¢0°6
6100
6£0°0

101
S6
68
L6
ST
L
[44
06
ST
08
96
96
66

L6

L6

L6

01

S6

001

L6

6

L6

001

101

66

L¥8C
89C
LS90
0SL 1
68LC
w60v
€00°C
00LC
0cee
0€CS
6CC
9¢6-C
9961
9¢0-¢
Ser0
80L1
LLEO
961
90%-0
(42t
S0
YIS 1

19¢-0
1161
SLEO
861
67¢0
6Ly 1
LTV 0
Y961
€0
Ge81
0LE0
€Ll
8L9-0
LLLT
1210
Se9 1
STr0
8961
14581
1191
¥6€£-0
0011

6500
£9C-¢
8660
€T 1
6CS€
YLEOT
08T
868
8181
s
801
908-C
6Ey 1
Y6LT
LOE0
¥96°0
$6C0
8SL0
€08C
£16°¢
LOE0
9L80

69T 1
8I¥¢
6860
688-C
109:0
9660
8¢¢0
6290
8¢¢0
9%9:0
£0S-0
0ce 1
0LC0
€760
90T 1
CI9c
S50
6CS0
¥26°0
9Cl-C
§¢s0
9¢€8°1

0€1-0
0cy0
§€0-0
500
¥$6°0
Y81
w90
IS¢ 1
w0
STLO
LIT-0
6S1-0
981-0
cee0
0200
9%0-0
¥10-0
8£0°0
0¥0-0
€500
¥10-0
6£0°0

L10°0
170:0
SIT-0
L8T-0
9000
¥20-0
8000
8200
£90-0
¥60-0
00
$€0°0
6000
9200
8000
0€00
800-0
6200
800-0
6200
LT00
0L00

AIPIS
ueow
AJPIS
ueour
AJDIS
ueowr
AJPIS
ueow
APIS
ueowr
AJDIS
ueour
AJPIS
ueowr
APIS
ugow
AJDIS
ueowr
AJPIS
ueowr
AJPIS
ueow

AJPIS
ugour
APIS
ueow
AJDIS
ueour
AJPIS
ueowr
AJPIS
ueow
AJPIS
ueowr
AJPIS
ueour
AJPIS
ueour
APIS
ueow
AJDIS
ueowr
AJPIS
ueouwr

LATd
NAINGID0TO

LV INIMY¥Fd
avod

HIGOLNVL IV NVAL
g0dr4d

HSINVHY IV NVAL
TIIHADAAS

SN NVHL
HOdId dNNIAY

@IIHL IV WVAL
LINVSVATd

LINNOW IV NOd
AJHLANAD

MOIIVI IV NOd
H0drdd

IWVTAM LV INAL
INVHONIAO

IV ANAL
INVHONIAO

IV NIN9 TLLIHM

TIHMAEL LV INAL
ATIIISYOO0LS
IV Ndnd
ATHIISYO0LS
HSNOH NOLJId
IV NJN4g HOIVIAN
TIVH NOLSTId
IV J4IVM STIAFd

IWVHXHH LV INAL
Ddrdd NHAIvm

IV ANAL HLNOS
HONOYIMIAN IV

NINd HONOIIMIN
AIOJIATIOHD

LV ANAL HLION
NOLJATIOHD

IV NINg DNIIIA
AIOASVIIvE

LV ANAL HLION
AIOASVIIVE

IV NININIMS
HLNONWNING IV

NANT NOLIINNND

oy

6€

8¢

LE

9¢

33

123

€€

[43

0¢

6C

8¢

LT

9C

Y4

¥C

€C

(44

0¢

61

Hydrol. Process. 18, 2927-2945 (2004)

Copyright © 2004 John Wiley & Sons, Ltd.



A. BAKER AND R. INVERARITY

2934

ST ST S e 8 ¥ 93 € [4 120-0 8%¥0-0 0¢€I-0 0000 14 81¢-0 L£O0 €100 A9pIS TTHMINNH
99 oy ¥ 0T Pizd LEE L0T 9¢y  veC 8700 T1LOO LITO 0€0-0 101 961 cIco €00  ueaw LV NHTTV LSVd ¢S
1T L1 S 81 8 8 (44 6 9 ¢10-0 1200 SO0 000-0 9 8190 LOE0 900°0  A9pIS HONHNTANOD
¢SS v 0C LS 9¢ey  gcee 9Tl 8¢y  C¢T  ¥10°0 6700 0010 000 L6 SLG 1 SLY0 1200 uesw IV NdN4d S1109 1€
HLIS
9C 018 S 61 8 4 (44 S € 8100 ¢¥0-0 OII-0 2000 6 €810 88C0 €000 A9pIs DINDId SADIIIVO
LS 1 0C 98 oy 6L 991 ey S€T 6200 9900 S8I1-0 1€0°0 01 ST 1 LTY0 ¥200  ueaw IV INIMYdd 6%
0T Cl 14 6 8 6 (44 L 14 S00-0 0100 T1€0°0 2000 8 990 LYT0 9000  A9pis HOdrdd SAddd
9¢ €€ 9C LOT 8¢y gee €0C SEy  €€C 600 S60°0 VvLCO 1€0-0 66 §o'1 19L-0 €¢0°0  ueow IV LNIMJdd 8t
40drad
0T 01 9 8¢C o1 9 LE S 0 €10:0 T€0°0 8800 9€0-0 9 €610 ¢8I0 S00°0  A9pIS avod Lv Ndngd
1L 184 9C 6 9¢y  9¢e  L8I 1ey  S€¢ 200 LSOO ILI'O  €£00 66 0561 €0 $20-0  ueaw ddOHAHTISYOH LYy
AYOASNATIV
61 €l 4! 1€ 8 1T 0¢ S S ¢10-0 TTO0'0 9500 8100 8 8290 e LIT-0  A9pIS LV Ndnd
111 ST 89 €CC X474 Iee  °9¢  0cy  6£C  ¥C0'0 €900 SYCO 190-0 001 0091 9868 0LT-0  Ueow STIVM HSITIVM 9%
LNIMIHA
9 6 € €C L € 9 8 1 8000 CI0°0 0500 L100 9 ovy-0 €980 910°0  A9pIS YIAE IV
14y 6C LT €L ey 9ge 961 ¥ery  S€T €100 620°0 9800 Ge00 96 €es 1 S0C-C €600 uedwr  NYNI AHINIVHM St
1T L € L1 8 9 61 9 0 9000 600°0 9¢0-0 100-0 L 8¢60 8510 9000  A9pis AYOASNATIV
19 0¢ 9C €01 Ley  pee  SOT Ley  S€T 1€00 €L0°0 CcT0 000 01 oSy 1 6280 §C0-0  uedw IV INIMYdd  ++
Sl 8 4 81 L 6 ST 01 0 L00°0 0100 6£00 €100 S 92S0 6L50 6000  A9pIS HDOAIYd AHTLOHS
L 1€ €€ LOT LEY  PEE 90T 9¢y  9¢C 8700 6900 97T0 S€0°0 00T SLS T 1€l-1 1€0-0  ueawr LV INIM¥Hd €
6¢ oI 61 9¢ € L ot 8 L L00°0 LOO0 9¢0-0 T80 L 8LS0 £€CeC 6€9°:0  A9PIS 81¢68
6¢C1 14 89 scl Iy pee 90¢ (4474 I¥¢  S10°0 6200 CIT-0 LLT0 S6 €L 9619 60¢-1 ueowt IV NdN49 INOd ¥
30drad
(44 €l S (44 L 14 9T 01 0 6000 9100 0500  L¥0-0 6 0€6°0 6050 €91:0  A9pIS AYOJZLINI'T
L6 (34 LY So1 1ey gee 0T oty §€C  TC0'0 7900 T9I1-0 8600 96 L1811 W8T 19¢-0  uesw LV INIMEHd 1y
(ww)  (ww) (W) (wu)
Ayisuayur Lmsuait gy yors womer  ANS  uOIS  UOPE) WU WU WU (I Su)
ww WW gy -spwg -toxg -uowp sty -PXE 0 ope psg (-18W (%) (_18w) (_13w)  (ewp
0Cz e Ansuoyur - (Gg Je (erep (erep (erep (erep vd)
ueyd suts ueyd ERIERTE Y Qousosaony va) vd) va) va) areyd
-odA1y,  -o1fp  -oudAap SYI-o1A[N] SYI-orungy 1® 90URQIOSqY viowwy  Od  dDdg NN -soyd-o
s1ajouwrered ormawojoydonoadg s1oowrered Ajenb-1ojem-eorwoy) Qweu I a

(ponunuoD) 1 1qeL,

Hydrol. Process. 18, 2927-2945 (2004)

Copyright © 2004 John Wiley & Sons, Ltd.



2935

USING FLUORESCENCE INTENSITY TO DETERMINE RIVER WATER QUALITY

LT
S9
LT
98
6¢
09

LT
[43
1
L9
€l
[43
0C
99

oY
11
(tig
€l
143
L1
(44

o1
LE
ST
8¢
€l
9T

91
Y4
ST
6¢
91

61
5%
€l
LT
€l
9¢
4!
143

8¢

8¢

LT

T

01
9T

0¢

0¢

€C

61

91

1c

1C

23
811
33
LTT
€5
vl

Ly
€91
LE
6L1
6C
€6
LT
08
6¢
S6
LT
06
[43
€01
k4
8

6
a44

8¢y

Svy

vy
{944
1844
o1

LEY
led
(424
oy

€y

333

8¢¢

1ve

8¢¢

(123

1ve

LEE

144
€Ic
184
€0C
€€
01¢c

IS
LTC
LT
1LT
LE
LLT
184
8LI
6¢
CLT
0€
181
123
891
<
9¢1

1434
Sey
ST

9ty

S1
6¢eY

9ty

9ty

(434

Sev

8cy

8¢y

ey

GeT

374

8¢C

6£C

8¢€C

PeC

1474

9€C

354

GeT

1474

0200
6£0°0
w00
9100
£€€0°0
2900

650-0
€800
1€0-0
2900
€200
LEO0
9100
L100
00
9€0°:0
§20-0
1¥0-0
00
§€00
810°0
9200

8500
LO1-0
LOT-0
6110
$60-0
691-0

991-0
1€C:0
1900
6910
500
1600
0€00
LEO0
0500
180:0
6500
SO1-0
500
0600
L£0°0
8900

LTT-0
81¢0
9LT0
8¥¢-0
8120
620

LEV0
1€9:0
€¢C0
SLY0
wi-0
¥$C0
€800
8¢I-0
1€1-0
ISY4
Sv1-0
88¢:0
Ly1-0
LSTO
8110
¥Zc0

0100
9¢0-0
9000
€00
S00-0
1€0-0

¥10°0
9%0-0
L00-0
€€0°0
9000
€00
9100
€00
2000
1€0-0
100-0
1€0-0
€00-0
1€0-0
000-0
0€00

01

01

01

€8

001

€01

€01

01

66

101

86

990
LL6'T
S8¢-0
LOL T
8LY0
STLT

L6¥"0
0061
89L-0
0561
89¥-0
1291
LSE0
9811
(430
0SS-1T
0Le1
0SL T
6£v°0
1Ly 1
1960
cov1

18:0
€080
810
LEEO
10
01¢-0

520
§780
8610
89¢-0
8¥0-0
6¢C0
8¢I-0
96C-0
£v0-0
0Cc0
9000
161-0
€00
90C0
100-0
9610

8200
w00
6200
8¢0-0
£€€0°0
€00

€200
w00
L100
9¢0-0
cI00
6200
€000
1200
L100
L200

110:0
9200
9000
200

AJPIS
ueow
AJPIS
ueou
AJPIS
ugour

AJPIS
ueowr
AJPIS
ugout
AJPIS
ueow
AJPIS
ueou
AJPIS
ugour
AIPIS
ueou
AJPIS
ueow
AJPIS
ugour

TIVH
MIID IV INAL
SYANVANATIV
IV NHTIV
HTLSIHML TVH
IV ANAL HLNOS
JDdrdd
avod 69V
IV NIN4g LTVdLL
HOVTTIA Mdvd
LV NIN4 Ivd
STvd
IV ANAL HLNOS

NOLSTV IV ININ
NOLSTV

IV ANAL HLNOS
SOVINI

IV NIN4 0VvI1d
IO TIIDIIIVO

IV ANAL HLNOS
HTOHLIVIDS

IV NHTIV LSIM

9

€9

29

09

8¢

LS

9¢

39

¥

€s

Hydrol. Process. 18, 2927-2945 (2004)

Copyright © 2004 John Wiley & Sons, Ltd.



A. BAKER AND R. INVERARITY

2936

€9 €9 €9 €9 9 9 9 9 19 N

TH0-0 00000 00000 0000 000-0 LLOO €TI0 0000 1000 (parrey-g) 318

LSTO  wbb80  WbE80  wO0IS80  w89P0—  LTTO 9610~ wWEEL0— s IEP-0— IUSIOYJI0D UOHER[ALIOD wo-H
€9 €9 €9 €9 9 9 9 29 19 N

v00:0  ¥000 €000 9000 8000 7000 tE8:0 1000 (parrer-) “S1s

00077 wSSE0  wbSE0  wlLE0  wlbE0  wSEE0— wT6E0  LTO0  wSIP0  IUSIOLJO0D UOHBILIOD xo-H
€9 €9 €9 €9 9 9 9 9 19 N

000 00000 0000 0000 00 0IS0 0000 €100 (pa1re3-7) 318

SSE0 000 T wb660  wb960  wmLTE0—  PSI0  S80-0— w6790~  STE-0— IUSIOYJO0D UOHRLIO) WU T4~V
€9 €9 €9 €9 9 9 9 9 19 N

¥00:0 0000 000-0 €100 LSTO  TTSO 0000 1200 (parrey-g) 318

“6S€0  wb66:0  0007T w8860  LEIE0—  9FI'0  €80:0— wTI90—  «S6T-0— IUSIOYJO0D UOHBLIOD WU (OpE-V
€9 €9 €9 €9 9 9 9 9 19 N

€000 0000 0000 €600 6LT0  €€90 0000 €600 (pa1re1-7) 318

SILE0  wb86'0 w8960 0001  4ILT0—  OFI0  T90-0— w8850~  LT-0— IUSIOYJO0D UOHRLIOD WU $ST-V
9 ) 9 9 9 9 9 9 19 N

9000 6000 €100 £€00 00000 0000 0000 000-0 (parmey-g) 318

wlVE0  wlTE0—  LE1€0— 4ILT0— 0001  w09S0— wl6V'0  w90L0  wT6L-0  IUSIOYJO0d UOHBLIOD  BIUOWWY
9 ) 9 ) 9 9 9 9 19 N

9000  T0TO  LSTO  6LT0 000-0 8000 1000 1000 (pa1rer-z) 318

“SEE0— 910 9PT0  OPI'0  w08S0— 0001  wSEE0— wETHO0— wSTH-0— IUSIOYJE00 UOHR[ALIOD oa
9 ) 9 9 9 9 9 9 19 N

2000 0IS0 TS0 €590 000-0 800-0 T0-0 000-0 (parmey-g) 318

“T6E°0  S80:0— €800~  T900— wT6FO  wSEE0— 0001 «6ST0 0SS0 IUSIOYJI00 UOHE[OLIO) aod
9 ) 9 ) 9 9 9 ) 19 N

v€S0 0000 0000 0000 0000 1000 2800 0000 (pa1re3-7) 318

LT00 w6290~ w190~ w8850~ wO0L0  wETHO— 46ST0 00071  +TS9-0  IUSIOLJA00 UOHR[ALIO) enIN
19 19 19 19 19 19 19 19 19 N

1000 €100 1200 €€00 000-0 1000 0000 0000 (parrey-g) 318

WSIP0  WSIE0—  4S6T0— PLTO0— wT6L0  wSIP0— 0SS0  4TS90 000-1  IUSIYJ00 uoneRLI0)  dleydsoyd oyl s ueuLeads

wu wu wu
X-H 01V 0pEV  $STV  ewowwy  Od aog  mmIN  wydsoyq

SOIUD 9OUISAIONY AYI[-AUIS0IA) pue ay1[-ueydoidAn oy
JO SONISUAUI AIe AUISOIAL, PUB OZZ-L ‘08C-L 9NUID 20UIISAIONY ANI[-OIA[NJ Y} JO AISUAIUI PUB SYISUI[OABM UOISSIUD PUB UONEIIOXD ) oIe [- Pue Wo-J
X9- $9IUD 9JUISAIONY INI[-OWNY Y} JO AJISUNUI pue SYISUS[OABM UOISSIUS PUB UONEBIIOXS oY) It [-H pue Wo-H ‘Xo-H "A[oAnoadsar ‘wu 0T pue (¢
G T8 SIJURQIOSqR AIe ()[H-V PUB OpE-V ‘pSg-V 'siojoweled Ajienb 1ojem [eOIUOYD puB 90UBQIOSE ‘9UIISAIONY UIOMIQ SIUIIOLJI0D UONEB[AII0D ‘[] J[qBL

Hydrol. Process. 18, 2927-2945 (2004)

Copyright © 2004 John Wiley & Sons, Ltd.



2937

USING FLUORESCENCE INTENSITY TO DETERMINE RIVER WATER QUALITY

€9
£59-0
860°0—
€9
LEO0
«¥9C-0—
€9
6¢L0
£¥0°0
€9
000-0
€9
61¢C0
LST-0
€9
L0000
€9
00

€9
000-0
«+09L0—
€9
000-0
€9
000-0
€9
100-0
€9
000-0
€9
000-0
€9
0100

€9
000-0
*ESL0—
€9
000-0
€9
000-0
€9
000-0
€9
000-0
€9
000-0
€9
6100
«96C°0—

€9
000-0
«+9EL0—
€9
000-0
€9
000-0
€9
000-0
€9
000-0
€9
000-0
€9
8700
«0ST0—

a9
000-0
«=+8CS0
a9
8000
a9
000-0
a9
000-0
9
000-0
a9
€000
9
000-0

9
8CI-0
961-0—

a9
000
601-0—

9
8000

a9
€000

9
6200

9
Y1v-0
901-0

4%
6000

29
8100
+00€-0
a9
8700
«CST0
29
900-0
a9
000-0
9
011-0
¢0C-0—
a9
6LE0
y11-0—
9
100-0

29
0000
w I7L°0
9
000-0
29
000-0
9
9610
991-0
29
000-0
29
000-0
29
000-0

19
000-0
=+£€6°0
19
8000
19
000-0
19
000-0
19
000-0
19
8200
+C8C0—
19
000-0

N
(pafres-g) "8IS
JUIIOYJA0I Uone[alIo)
N

(pa[re)-¢) "8IS
ucoﬂommooo EoﬁﬂﬁobOQ
N

(pafrey-g) "8IS
JUAIOYJA0I Uone[aLIo)
N

(pa[re)-7) 818
uco_o@mooo EOﬁSO.EOU
N

(pafres-7) "8IS
ucoﬂo@mvoo :OEMMUEOU
N

(po[re1-7) "8IS
JUANDYJI0D uone[2.L0)
N

(pafres-g) "8IS
uco_o@wooo EOUNMGEOU

0C¢-L

QUISOIL],

08¢-L

I-4

we-

Xo-

I-H

Hydrol. Process. 18, 2927-2945 (2004)

Copyright © 2004 John Wiley & Sons, Ltd.



A. BAKER AND R. INVERARITY

2938

€9 €9 €9 €9 €9 €9 €9 €9 N
0000 0000 0000 L1170 0000 0000 0000 (payrer-g) ‘S1s
V80—  w8LL'0—  x8080— Y010 #+LL80 #+C0L"0 #+9€60— 000-T JUSIOLYJ0D UOHR[ALIOD we-H
€9 €9 €9 €9 €9 €9 €9 €9 N
€590 L€00 6¢L0 0000 6120 L00-0 w00 00 (porres-g) ‘31s
860°0— «¥9C-0— £€v0°0 #+£69°0 LST-0 #+8€€°0 «LST0 «LST0 JUIIOLGJ200 UOHB[ALIOT Xo-H
€9 €9 €9 €9 €9 €9 €9 €9 N
0000 0000 0000 1000 0000 0000 0100 0000 (parres-g) ‘31s
#+09L°0— #8050~  x6690—  «0V0 #0980 #+ELLO «CCE0—  wbP80 JUSIOLJ00 UOHE[aLIo) WU OIy-V
€9 €9 €9 €9 €9 €9 €9 €9 N
0000 0000 0000 0000 0000 000-0 6100 0000 (payrer-g) ‘SIS
#ECL0~  wO0I80—  w¥89°0—  wiev0 #0980 «0LL0 9600~  «¥E80 JUSIOGY200 UONe[aLIo) WU OpE-V
€9 €9 €9 €9 €9 €9 €9 €9 N
0000 0000 0000 0000 0000 0000 8700 0000 (parres-g) “31s
#IEL0— w0090~  wEG9°0—  «E8Y0 #0780 #+8€L0 «0SC0— 0180 JUSIOLJ00 UOHR[aLIO) WU {07~V
(€ a9 (4% 9 9 a9 9 a9 N
0000 900-0 0000 000-0 0000 €000 0000 0000 (payrer-g) ‘SIS
#8050 #7€€0 #+C59°0 #+CEV0 #8160~ 890~  4«E8G0 #89P0—  JUSIOOJS00 UOHR[OLIO)  BlUOWWY
9 9 [4% 9 9 9 9 9 N
9CI-0 00%°0 800°0 €000 6200 14840 600-0 LLOO (porres-g) “31s
961-0— 601-0—  wEeE0—  wILE0— «8LT0 901-0 #+0€€0— LTT0 JUSIOLJS0D UOHB[LIOD od
(€ a9 (4% 9 9 9 9 a9 N
8100 8700 900-0 0000 0110 6L¢0 100-0 €CI-0 (payrer-g) ‘SIS
«00€-0 «CST0 #8VE0 #=+SEY0 S0C-0— PIT:0—  «Ll0¥0 861-0 JUSIOGJ200 UOHB[ALIOT aod
9 9 (4% 9 9 9 9 9 N
0000 0000 0000 961-0 0000 0000 0000 0000 (porres-g) ‘31s
wx17L0 #7090 #7680 9¢1-0 #+88L°0~  wS0L0— €90 wCEL"0—  JUSIOGJS0D UOHB[ALIO] RIS\
19 19 19 19 19 19 19 19 N
0000 8000 0000 0000 0000 8200 0000 100-0 (payrer-g) ‘S1s
«€€6°0 #+S€E0 #0L9°0 #VEY0 #9670~ «C8C0 #6190 w[€F°0—  IUBIOYJE00 uone[ario)  eydsoyd oyl s ueuneadg
0Cc¢-L ouISOIAT, 08¢-L Id wo-q Xo-4 I-H we-H

(ponuzguo)) 11 21qeL,

Hydrol. Process. 18, 2927-2945 (2004)

Copyright © 2004 John Wiley & Sons, Ltd.



2939

USING FLUORESCENCE INTENSITY TO DETERMINE RIVER WATER QUALITY

“(PAIIeI-Z) [9AS] 1(-( Y 1 JUBIYIUSIS UONIL[OLIOD)
*(P[Ie)-7) [9AJ] SO0 Y} e JuBOYIUSIS UOHB[ALIOD) ,

€9

0001
€9
000-0
€9
000-0
€9
¥L9-0
¥50-0
€9
000-0
€9
000-0
€9
000-0

€9
000-0
w1780
€9

0001
€9
000-0
€9
L20°0
«8LC0—
€9
000-0
€9
000-0
€9
000-0

€9

000-0

«=+S176°0
€9

000-0
€9

0001
€9
01-0
LOC0
€9
000-0
€9
000-0
€9
000-0

€9
¥L9-0
7500
€9
L20°0
«8LC0—
€9
010
LOT0
€9

0001
€9
000
8010
€9
911-0
0020
€9
000-0

€9
000-0
«=L98°0—
€9
000-0
€9
000-0
€9
000
9010
€9

0001
€9

000-0
€9

000-0

€9
000-0
«=*STL0—
€9
000-0
€9
000-0
€9
911-0
0020
€9
000-0
€9

0001
€9
000-0

€9
000-0
= LSL0
€9
000-0
€9
0000
€9
000-0
€9
000-0
€9
000-0
€9

000-T

€9
000-0
V80—
€9
000-0
€9
000-0
€9
L1t°0
¥01-0
€9
000-0
€9
000-0
€9
000-0

N
(parrey-g) "8IS
JUAIOYJA0I Uone[alo)
N

(psre1-7) 818
ucodommooo EoﬁﬂﬁobOQ
N

(parrey-g) “S1S
JUAIOYJA0I Uone[alIo)
N

(pare1-7) “S1g
uco_o@mooo EOﬁSO.EOU
N

(payrey-7) "8IS
ucoﬂo@mvoo :OEMMUEOU
N

(parre1-7) "8IS
JUANDYJI0D uone[2.Lo)
N

(payres-7) "8IS
uco_o@wooo EOUNMGEOU

0Cc-L

QUISOIL],

08¢-L

I-4

we-

Xo-

I-H

Hydrol. Process. 18, 2927-2945 (2004)

Copyright © 2004 John Wiley & Sons, Ltd.
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wavelength. Absorbance correlates positively with humic and fulvic-like emission wavelengths (Table II) and
negatively with humic and fulvic-like intensities, the latter due to inner-filtering as described earlier. Within
the fluorescence dataset, the protein-like fluorescence intensities (the tyrosine and two tryptophan-like centres)
have a strong correlation between each other, and weak correlations with humic and fulvic-like intensities.

Comparing the correlation between fluorescence and chemical water quality determinants shows that
there are statistically significant relationships between nitrate, phosphate and ammonia and tryptophan-like
fluorescence (at either 220 nm and/or 280 nm excitation centres). This suggests that the relationship between
protein-like fluorescence and potential pollutants such as treated and untreated sewage and farm wastes
is reflected at a catchment-wide scale. However, as described earlier, three sites within the dataset have
statistically outlying data, from non-fluorescent propylene glycol deicer (sites 1 and 2) and a combination of
mine water, treated sewage effluent and landfill leachate pollution (site 36). Therefore all outlying data were
removed from the dataset: the January 2003 BOD from sites 1 and 2 and all ammonia data from site 36, and the
correlations recalculated. In this case, the strength of the correlation between tryptophan-like fluorescence and
the chemical water quality determinants increased significantly, with tryptophan-like fluorescence becoming
the most significant explanatory variable in every case. This is shown in Figure 2 and Table III. Tryptophan-
like fluorescence intensity at the 280 nm excitation/350 nm emission fluorescence centre correlates with both
phosphate (r = 0-80) and nitrate (»r = 0-87), whereas tryptophan-like fluorescence intensity at the 220 nm
excitation/350 nm emission wavelength centre correlates with BOD (r = 0-85), ammonia (» = 0-70) and
dissolved oxygen (r = —0-65). Figure 2 shows that in all cases there are a large number (about 50 of the 62
sample sites) of essentially good water quality sample sites that cluster with low values of both tryptophan-
like fluorescence intensity and the respective chemical water quality parameter. Sites of poorer water quality
(about 12 sites) have higher tryptophan-like fluorescence intensity and concentration of the measured chemical
water quality parameter, which either form a second cluster of data points (for example dissolved oxygen and
ammonia) or a linear trend (for example nitrate). These sites are those on the urban rivers. The Ouseburn
(sites 1-3) has known sewerage water quality issues (Baker ef al., 2003), the River Don (site 34 and 35)
also has sewerage water quality issues, the River Team (sites 36—39) is impacted by wastewater treatment
works effluent, sewerage overflows, mine water and landfill leachate, and the lower reaches of the Derwent
(sites 40—41) are downstream of wastewater treatment works effluents. In addition, the Pont Burn (site 42),
although not urban in land-use, is a small tributary that has a wastewater treatment works that provides a
significant proportion of total flow, and one small agricultural watercourse (Wallish Walls Burn, site 46) also
occasionally features in the poor water quality cluster.

That some correlations between chemical water quality parameters are stronger with the tryptophan-like
fluorescence centre at excitation wavelength of 220 nm, and others with the centre at 280 nm, is significant.
The centre at 280 nm excitation will be within the tail of fluorescence from the fulvic-like peak when this
centre has high fluorescence intensity, and would be expected to have a stronger correlation with pollutant
sources that have significant fluorescence intensities in both the tryptophan-like and fulvic-like fluorescence
centres. Baker (2001, 2002b) demonstrates that this can be the case for sewage effluents rather than for
farm wastes, as the latter have predominantly protein-like fluorescence centres. Therefore the correlation
between this tryptophan-like fluorescence centre and nitrate and phosphate confirms that all three are tracing
sewage-derived DOM. Sites with highest nitrate and phosphate concentrations are typically those on rivers
downstream of wastewater treatment works and where these effluents provide a significant proportion of total
flow (sites 36—38 and 40—42). Urban rivers with sewerage issues affecting water quality (sites 1-3, 34-35),
as opposed to those sites with a significant volume of treated effluents, also have high nitrate, phosphate and
tryptophan-like fluorescence, but cluster with slightly higher tryptophan-like fluorescence intensity and lower
nitrate and phosphate concentration. Wallish Walls Burn (site 46), the only site with agricultural-derived water
quality issues, only exhibits elevated nitrate concentration as might be expected.

The correlation between BOD and the tryptophan-like fluorescence intensity at the 220 nm excitation
wavelength centre suggests that BOD has a stronger correlation with tryptophan-like fluorescence alone.
Assuming that the fulvic-like peak is predominantly derived from the relatively stable DOM pool, our
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Figure 2. Graphs of tryptophan-like fluorescence intensity against chemical water quality determinant. Results are presented in log—log
format due to the skewed data distribution. Error bars are the lo standard deviation, and sample site numbers are those from Table I
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Table III. Regression equations between fluorescence and chemical water quality parameters. Abbreviations for humic-like,
fulvic-like, tryptophan-like and tyrosine-like fluorescence are as Table II. Correlation coefficients are shown for both simple
linear regression with one correlant, and for the stepwise regression equation shown

Chemical water quality Stepwise regression Stepwise Single parameter
determinand r r
Phosphate —8:55 + 0-01808T539 + 0-02536F .« — 0-002082H; 0-894 0-799
Nitrate —0-006798 + 0-112T,g9 — 0-07127Tyro 0-935 0-874
BOD (all data) —1-586 + 0-0569Tyro + 0-01269F ., 0-754 0-675
BOD (excluding sites 1, 2) —13-467 + 0-01578T 9 + 0-03232F,, 0-903 0-846

DO (EA data) 102-578 — 0-07328T2y 0-646 0-646
Ammonia (all data) —0-224 + 0-002733H; — 0-002171F; 0-845 0-784
Ammonia (excluding site 36) —0-04166 + 0-0016T 1,0 0-703 0-703

correlation therefore suggests that the tryptophan-like fluorescence centre is related to the bioavailable or
labile DOM pool. Six sites on the urban rivers Ouseburn, Team and Don form a high BOD cluster in
Figure 2, but in general the range of BOD in the Tyne catchment is not great enough to assess the strength
of the BOD—tryptophan-like fluorescence intensity relationship. The majority of sample sites have a BOD
that is close to the detection limits of the technique and BOD error bars reflect analytical errors as much as
natural sample variability.

The weakest correlations are observed between tryptophan-like fluorescence intensity and ammonia
concentration and dissolved oxygen. For the former, the weaker correlation is due to good ammonia treatment
within the wastewater treatment plants within the catchment, such that ammonia is stripped yet a residual
tryptophan-like fluorescence signature from the wastewater DOM remains: essentially ammonia concentration
is not a water quality issue in the Tyne catchment. Despite this, the highest values of tryptophan-like
fluorescence and ammonia are found at the urban catchment sample sites on the rivers Don, Team and
Ouseburn. Finally, the weak correlation between dissolved oxygen and tryptophan-like fluorescence reflects
the aeration of the river as described earlier, such that natural aeration limits any water quality impacts on
dissolved oxygen. Only one site (site 36) has depressed oxygen levels, due to the impacts of landfill leachate
and treated wastewater that discharge into the River Team just upstream of this sample site.

We also performed stepwise regression to investigate if the analysis of the fluorescence intensities and
wavelengths of all possible fluorescence centres adds further statistical strength to the observed correlations
between tryptophan-like fluorescence intensity and the chemical water quality determinants. This is shown
in Table III, and shows that although the addition of one or two more fluorescence parameters does increase
the correlation, the improvement in explanatory power is negligible compared to the initial tryptophan-like
fluorescence—chemical water quality relationship. We also repeated all the stepwise regressions including
absorbance as a determining variable; absorbance was observed to not be a statistically significant determinant
for any of the chemical water quality parameters.

Finally, we investigated the relationship between the mean and standard deviation of tryptophan-like
fluorescence intensity and the GQA for each site for the year 2002 as performed by the Environment Agency.
The GQA is scored from A to F, where A is the highest water quality and F the lowest, and is based on
the dissolved oxygen, BOD and ammonia results. The results for a site are averaged for a 36-month period
centred on the year of interest, and percentiles are calculated. These are compared with limits set for each of
the six grades. A grade is assigned to the length of river (which the sampling site represents) according to the
lowest grade achieved by any of the three determinants. Results are presented in Figure 3, and demonstrate a
strong relationship between the GQA grade and mean tryptophan-like fluorescence intensity (at the 220 nm
excitation/350 nm emission centre), although the small number of poor water quality sites limits the number
of sites scored at grades D and E. Sites where the fit between GQA and tryptophan-like fluorescence intensity
is weakest include the Wallish Walls Burn (site 46: graded E, mean tryptophan-like fluorescence intensity of
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111 units), which is known to be affected by intermittent agricultural pollution and which was probably under-
sampled during our fluorescence sampling programme of six samples per year. Two other sites of interest
are the Tarset and Chirdon Burns (sites 13 and 14: graded B, mean tryptophan-like fluorescence intensity of
24 and 30 units), where the fluorescence results suggest a grade of A would be more appropriate. The two
sites have the most coloured water and drain peaty uplands and their GQA score of B is based on a failure
to meet BOD requirements. The discrepancy is therefore likely to be due to incorrect GQA grading of the
rivers due to the difficulty in measuring BOD at low concentrations. However, despite these discrepancies,
Figure 3 suggests that with a larger dataset that includes a greater proportion of poor quality waters, water
quality standards could be determined and assessed using tryptophan-like fluorescence as a chemical water
quality determinant.

CONCLUSIONS

Within our study of the Tyne catchment, mean annual tryptophan-like fluorescence intensity at the 280 nm
excitation/350 nm emission centre has a strong correlation with mean annual nitrate and phosphate con-
centrations, and mean annual BOD has a strong correlation with mean annual tryptophan-like fluorescence
intensity at the 220 nm excitation/350 nm emission centre. But this is only true when three outlying sites are
removed. Non-fluorescent DOM such as the >60 mg 1~! deicer pollution event in January 2003 on two sites
on the Ouseburn obscures any correlation—use of tryptophan-like fluorescence intensity as a chemical water
quality determinant would not be possible in catchments where similar pollution issues occur, although we
feel these would not be common. The effect of a combination of treated wastewater and landfill leachate at
one site on the River Team also impacts on the ammonia—tryptophan-like fluorescence relationship due to
the unusually high ammonia concentrations and fluorescence intensities at the site. This is probably due to
the landfill leachate, as high ammonia values are also observed on the upstream tributary impacted by the
leaking landfill. Caution would therefore be needed in catchments where landfill leachate was a significant
pollutant. Weaker but statistically significant correlations are observed between fluorescence and ammonia
and dissolved oxygen, but again tryptophan-like fluorescence intensity is still the most significant correlant.
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Figure 3. Comparison of tryptophan-like fluorescence intensity and Environment Agency General Quality assessment for 2002
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In the Tyne catchment, with the exception of the airport deicer and landfill leachate-impacted sample sites,
the chemical water quality determinants are predominantly detecting sewerage-derived DOM from combined
sewer overflows, cross connected sewers and wastewater treatment works discharges into rivers where the
discharge provides a significant proportion of total river flow. Therefore, the strong correlations between
BOD, nitrate and phosphate and tryptophan-like fluorescence intensity in the screened dataset suggest that
tryptophan-like fluorescence can be used as a proxy for these parameters where sewerage sources of DOM
are important. The findings demonstrate that upscaling of the tryptophan-like fluorescence intensity—water
quality relationship observed at the smaller scales of small urban catchments (Ouseburn; Baker, 2002a; Baker
et al., 2003) and downstream of treated wastewater outfalls (Baker, 2001) to that of a large catchment is
possible. The rapid analysis time required to produce a fluorescence EEM (less than 1 min) also permits the
real-time analysis of waters. Technological advances within spectrophotometry will continue to increase the
portability of equipment, already field-based fluorescence analysis is possible (Hart and Jiji, 2002) and the
potential therefore exists for tryptophan-like fluorescence to also be used by both environmental regulators
and operators of consented discharges.
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