
83

Journal of Hydrology (NZ) 59 (2): 83-99
© New Zealand Hydrological Society (2020)

Clarifying the waters: the use of turbidity for suspended 
sediment monitoring in New Zealand

Christina E. Bright,* Sophie L. Horton and Sarah M. Mager
School of Geography University of Otago, PO Box 56, Dunedin, New Zealand
*  Corresponding author: christina@landpro.co.nz

Abstract
Turbidity is widely used as a water quality 
indicator and to infer the mass of suspended 
sediment transported through riverine 
systems. Equipment for monitoring 
turbidity is inexpensive, readily available, 
and can be easily deployed to record 
continuous measurements. However, using 
turbidity as a surrogate for suspended 
sediment concentration (SSC) is frequently 
confounded by the composition of riverine 
suspended material and the particle size 
and shape of sediments. Recent analysis 
of suspended material composition and 
turbidity response to organic matter and 
particle size in New Zealand rivers found 
that organic matter can be a dominant 
proportion of the total suspended particulate 
matter and that heterogenous sediment 
composition gives rise to noisy SSC–turbidity 
relationships. The composition and particle 
size of suspended particulate matter, and the 
sources of suspended materials within diverse 
catchments, must be accounted for when 
deriving SSC from turbidity for denudation 
and land disturbance geospatial datasets. The 
implications of troublesome SSC–turbidity 
relationships are particularly acute for 
regulatory frameworks within which limits 
on SSC or suspended sediment loads are 
imposed through thresholds of turbidity. This 
paper provides a critical reflection on the role 
of turbidity in environmental monitoring 

and regulatory frameworks and shows 
that, although pragmatic, its use in SSC 
monitoring in New Zealand is problematic.
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Introduction
Turbidity is an instrument-derived measure 
of water cloudiness caused by suspended 
particulate matter (SPM). It is used to 
monitor SPM impacts on water quality, 
either directly as turbidity units or as a 
surrogate for water clarity or suspended 
sediment concentration (SSC). As a surrogate 
for SSC it is also used to continuously 
monitor suspended sediment load. However, 
it has long been recognised that the optically 
distinct components of riverine SPM restrict 
the use of turbidity as an effective surrogate 
measure of mineral SSC (e.g., Walling, 
1977; Gippel, 1989, 1995; Davies-Colley 
and Smith, 2001; Ziegler, 2002; Jastram 
et al., 2010; Ankcorn, 2003; Gray and 
Gartner, 2009; Omar and MatJafri, 2009; 
Hughes et al., 2015; Kitchener et al., 2017; 
Rymszewicz et al., 2017). Yet, the widespread 
use of turbidity persists as a convenient and 
cost-effective surrogate for determining the 
water quality impacts and/or sediment fluxes 
associated with land disturbance and soil 
erosion, despite its deficiencies (Rymszewicz 
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et al., 2017). It is the convenience of 
turbidity, its modest cost, and ability to 
collect continuous measurements that have 
led to its inclusion as a direct standard in 
some regional water plans across New 
Zealand; for example, a 5 NTU limit 
is included within the Otago Regional 
Council Plan Change 6A (2014). Given  
the ongoing developments in environ mental 
monitoring, water plans and National Policy 
Statements, it is pertinent to reflect on how 
turbidity is used, its technical shortcomings, 
and appropriateness as an environmental 
in dicator across different catchments  
and regions. 

Many techniques exist for quantifying 
turbidity. The most widely used are United 
States Environmental Protection Agency 
(US EPA) Method 180.1 and ISO 7027, 
which specify standardised instrumental 
design requirements and protocols for 
turbidity measurement. These turbidity 
approaches are not directly comparable, 
however, as they have different wavelengths 
and light sources (e.g., tungsten white light 
versus infrared LED, respectively) and 
position of the detectors in relation to the 
incident light, which influences the degree 
of scatter and light attenuation response. 
Instruments with different optical design 
often yield different results in the intensity 
of light scatter that is reported as turbidity 
(Sadar, 1999). EPA Method 180.1, which 
is used extensively in the United States, 
specifies a white light tungsten filament lamp 
that measures light attenuation within the 
visible light spectrum at 400–600 nm. ISO 
7027, which is used throughout Europe, 
specifies use of an infrared LED light at 
860 nm (Sadar, 1999). There are many 
manufactured instruments available that 
meet the requirements of either EPA Method 
180.1 or ISO 7027. No single method or 
instrument for measurement is suited to 
the application of all continuous sediment 
monitoring needs, and no one technique is 

necessarily capable of estimating SSC under 
all conditions (Gray and Glysson, 2003; 
Gray and Landers, 2014).

The aims of this paper are to: (1) review the 
applicability of turbidity as an environmental 
monitoring standard, especially in the 
New Zealand context; (2) review the use 
and viability of turbidity as a surrogate for 
environmental standards set in terms of visual 
clarity; and (3) assess the use of turbidity 
as an SSC surrogate when determining 
sediment loads over time. In particular, we 
provide commentary on two key factors that 
potentially inhibit turbidity as an effective 
surrogate: the influence of particulate organic 
matter (POM) and the influence of ultra-fine 
particulate matter (UFPM) and particle size 
on light attenuation; and we discuss the effect 
these have on turbidity applications. 

Particulate organic material can 
be a significant component of 
suspended particulate matter
Suspended particulate matter (SPM) in 
rivers is dominated by mineral suspended 
sediment, especially during storm flow 
events (Hicks et al., 2004); however, 
mineral suspended sediment is only one 
component of the material transported 
from the landscape by rivers. In rivers, SPM 
also includes, to a lesser degree, particulate 
organic matter (POM), which is organic 
litter and leaf debris (allochthonous sources), 
diatoms, phytoplankton blooms, and detritus 
from periphyton and macrophyte growth 
(autochthonous sources). The relative 
proportion of POM to mineral suspended 
sediment in a catchment is dependent on 
catchment characteristics (e.g., topography, 
land cover and land use, soil and regolith 
type), climate (e.g., amount and timing 
of precipitation, seasons), and catchment 
hydrology (e.g., storm flows). The migration 
of organic matter from hillslopes as soil 
organic matter with other organic litter and 
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leaf debris occurs simultaneously with the 
erosion of mineral material (e.g., soil and 
regolith) (Bright et al., 2020a), resulting in 
the delivery of both particulate materials to 
the fluvial environment (Hicks et al., 2004; 
Sanchez-Vidal et al., 2013). However, supply 
limitation and differences in mass density 
mean that in-channel organic material 
is usually quickly mobilised and may be 
temporarily exhausted during event flow. 
Thus, in-channel sources and processes also 
control the proportion of mineral suspended 
sediment to POM during and between 
runoff events, such as organic build-up in 
channels that is flushed through rivers when 
in spate (Bright et al., 2020b). Although the 
total riverine SPM contains both particulate 
mineral suspended sediment and POM, 
the proportions of SPM are highly spatially 
and temporally variable, even within the 
sample catchment. The mixture of organic 
and mineral material leads to noisy turbidity 
responses, since POM and/or organic 
coatings on suspended sediment scatter 
light differently to the otherwise predictable 
turbidity response of mineral suspended 
sediment (Bright and Mager, 2016, 2020; 
Bright et al., 2018, 2020a, 2020b).

POM yields are less well documented 
than suspended sediment yields and are more 
often described in carbon flux studies (e.g., 
Meybeck, 1982; Ittekkot, 1988; Bright et 
al., 2020a). POM as a proportion of SPM 
varies significantly globally, being as low as 
1–2.5% (e.g., Ittekkot, 1988; Ittekkot and 
Arain, 1996; Lyons et al., 2002; Gomez 
et al., 2003; Wu et al., 2007; Zhang et al., 
2009; Bright et al., 2018) or much higher at 
45–70% (e.g., Naiman, 1982; Hasholt and 
Madeyski, 1998; LaHusen, 1994; Golladay, 
1997; Schallenberg and Burns, 2003; Madej, 
2015; Bright et al., 2018). Those studies 
with higher portions of organic matter 
tended to be in forested catchments with a 
higher availability of organic material (e.g., 
Golladay, 1997; Bright and Mager, 2016). 

Depending on catchment characteristics and 
flow conditions, the proportion of POM 
can be < 5% or much higher at 50–80% 
across southern New Zealand (consistent 
with global observations), with the highest 
proportions associated with lowland 
agricultural catchments. The amount 
of POM within SPM is highly variable, 
especially under baseflow conditions (Bright 
et al., 2020a), but under storm event flows 
POM is usually only a minor constituent of 
SPM (Bright et al., 2018; Mager et al., 2018).

Organic particles have different optical 
properties compared to suspended sediment, 
and when present in SPM organic particles 
are a leading cause of poor statistical relations 
between turbidity and SPM or SSC. Poor 
SSC–turbidity ratings are most acute in the 
presence of POM. Nephelometric turbidity 
measurements rely on mineral suspended 
sediment causing predicable light scattering, 
but organic particles have a lower specific 
gravity and a larger scattering surface area for 
a given mass (Gippel, 1995; USGS, 2005; 
Jastram et al., 2010). Additionally, coloured 
dissolved organic matter includes organic 
acids and tannins derived from organic decay 
and the effect of these on light scattering 
is to absorb the blue part of the visible 
spectrum and shift the perceived colour of 
water towards longer wavelengths of light, 
giving a yellow–brown colouration (Gippel, 
1995; Bright and Mager, 2016; Bright et al., 
2018). The effect is a reduction in turbidity 
measurements because scattered light is partly 
absorbed when using white light tungsten-
type nephelometer lamps (US EPA, 1993; 
Omar and MatJafri, 2009). 

Turbidity is sensitive to particle 
size distribution and mineral 
composition 
The mineral component of suspended sedi-
ment is principally controlled by catchment 
lithology. The particle size distribution of 
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suspended sediment is the resultant product 
of a series of complex interactions between 
the supply of raw lithic material (its inherent 
fissibility, as governed by its mineralogy), 
coupling of the hillslope to the drainage 
network, and the fluid dynamics that occur 
in channel which govern lift and drag forces, 
and transport length (i.e., downstream 
fining). Rock texture and mineralogy, for 
example, provide a high-order control on 
the propensity of different rock types to 
break down, either by physical or chemical 
weathering, and the efficacy of abrasion 
during in-stream transport into preferential 
sizes. For example, during tumbling 
experiments, Rakaia Terrane schist yielded 
mostly silt-sized fragments but also sand and 
pebbles (Cox and Nibourel, 2015), the larger 
particles likely attributable to quartz veins 
being more resistant to attrition compared 
to feldspar minerals and phyllosilicates. 
Greywacke, by comparison, yielded less than 
half the suspended sediment of the schist, 
and most of the material produced was silt 
sized (Cox and Nibourel, 2015). Relatively 

little work in New Zealand has investigated 
the size distribution of suspended sediment 
and whether different lithologies produce 
different distributions (see Hicks et al., 
2004; Fig. 1). In general, however, mineral 
suspended sediment is dominated by silt-
sized particles (4–63 µm), although sand 
(> 63 µm) may form a significant proportion 
of suspended sediment under storm event 
flow in rivers draining volcaniclastic and 
coarse crystalline metamorphic terranes, like 
granite and gneiss (Hicks et al., 2004). Clay 
(< 2 µm) is also present in mineral suspended 
sediment and generally constitutes less than 
2% (as a weight %) of the mineral suspended 
sediment in non-glaciated rivers (Bright  
et al., 2018; Horton et al., 2020) (Fig. 1).

Experimental work by Bright et al. (2020b) 
illustrated the effect of different particle size 
fractions on turbidity instrument sensitivity 
using suspended sediment collected from 
the Dart/Te Awa Whakatipu, Shotover/
Kimi-Akau and Rees rivers in spate (Fig. 2).  
Analysis of the effect of particle size 
distribution on the relationship between 

Figure 1 – Cumulative particle size distribution of suspended sediment from selected New Zealand 
rivers, with the ultra-fine particulate matter (UFPM; < 6 µm) and fine particulate matter (FPM; 
6–63 µm) boundaries noted. (a) From Hicks et al. (2004); (b) Western Province, Westland 
Semischist, Greywacke, and Rakaia Terrane Schist as determined using a Malvern laser particle 
analyser; other data lines reproduced from Hicks et al. (2004). 
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mineral SSC and turbidity (NTU = ß SSC,  
where NTU is turbidity measured in 
Nephelometric Turbidity Units and ß is the 
regression slope) found that slope coefficients 
(ß) less than 1 are produced when suspended 
sediment contains more UFPM-sized 
particles. For example, where river water 
contains relatively more UFPM (< 6 µm) 
than coarser sediment, a greater turbidity 
signal is produced relative to the sediment 
mass concentration. The cumulative particle 
size distributions produced by Hicks et 
al. (2004) (Fig. 1) provide a basis for the 
likely particle size distributions of New 
Zealand fluvial suspended sediment based 
on lithological terranes. We have augmented 
this dataset by analysing suspended sediment 
samples collected from the rivers draining the 

Figure 2 – Plot of the regression slope coefficient 
(beta) in the relation SSC = beta NTU 
for hydrodynamically derived particle size 
classes from five replicate runs of different 
concentration doses of suspended sediment 
during a settling tube experiment. The 
larger the particle size (PS), the higher the 
beta between turbidity (in NTU) and SSC, 
such that the SSC–turbidity response to 
particle size for larger particles is grain size 
dependent whereas for UFPM (< 6 µm) the 
SSC–turbidity beta are < 1 and are relatively 
insensitive to grain size (source: Bright et al., 
2020b).

Southern Alps (Fig. 1b) (see Horton, 2018; 
Bright et al., 2020). Laser diffraction particle 
size analysis of schist, semi-schist, greywacke 
and Western Province sandstone showed 
that in some catchments UFPM contributes 
between 10 and 20% of the cumulative 
particle size distribution.

Of the particle size distributions produced 
for different terranes in New Zealand, 
the glacial and axial alpine rivers of the 
South Island had the smallest particle size  
(Fig. 1a), and the high proportion of UFPM 
in these distributions has an effect on 
turbidity sensitivity. Therefore, the SSC–
turbidity slope relationship for glaciated 
and alpine rivers may be significantly less  
than 2 (Fig. 3b). The slightly glaciated 
Haast/Awarua and well-glaciated Waiho 
catchments are two steep, axial alpine 
catchments that demonstrate the effect of 
glaciation and subglacial abrasion on particle 
size distribution and its commensurate 
effect on the SSC–turbidity slope coefficient  
(Fig. 3). These two catchments are litho-
logically similar, composed of a mixture 
of schist and semi-schist, but have very 
different turbidity responses. Although not 
examined in these data, it must also be noted 
that seasonal or inter-annual variability may 
also affect the SSC–turbidity relationship, 
with potentially different relations between 
seasons, or years, as hillslope and in-channel 
sediment sources characterised by different 
sediment characteristics switch on and off 
(Duvert et al., 2010; Navratil et al., 2012). 
Little research to date has evaluated changes 
in particle size distribution in New Zealand 
rivers at different times of year.

The effect of SPM size distribution 
variability on SSC–turbidity ratings is likely 
to be most acute in environments where 
there are distinct supply-related controls 
on the mobilisation and suspension of 
UFPM (< 6 µm). Consider, for example, 
alpine environments where coarser material 
dominates sediment fluxes, but its delivery to 
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the stream network may experience switches 
in sediment size availability due to temporary 
exhaustion of fine-grained material. Tem-
porary exhaustion of material or coupling/
decoupling of hillslope sources can result 
in changes in particle size distribution, or 
composition, which is frequently observed 
in alpine catchments in southern New 
Zealand (Fig. 2) (Bright et al., 2020b). An 
examination of the total suspended solids 
(TSS) data from the National River Water 
Quality Network (NRWQN) was undertaken 
to further examine regional differences in 
suspended material–turbidity ratings across 
New Zealand (Bright and Mager, 2020). 
The NRWQN provides a national-level 
framework of waterways draining 55% of 
New Zealand and is a valuable long-term 
record of turbidity and TSS for spatial and 
temporal scales (Bright and Mager, 2020). 
It should be noted here that the NRWQN 
uses TSS as its parameter characterising 
SPM, which is slightly different to SSC 
measured by the other studies referred to in 

this paper. The TSS–turbidity relationships 
within the NRWQN dataset showed the 
beta (ß) coefficients ranging from 1.4 to 2.4 
across the 77 sites. Differences in catchment 
characteristics (lithology type, attrition rates, 
soil type, erosivity, topography) inevitably 
lead to variable SSC–turbidity responses 
(Bright and Mager, 2020) (Fig. 4). These 
landscape controls define the composition 
and particle size distribution of riverine SPM 
and are bespoke to individual catchments 
within the NRWQN (Fig. 5).

At the national level, these differences 
in the relation between SSC and turbidity 
bring into question the validity of setting 
environmental monitoring standards based 
solely on turbidity, since turbidity responses 
vary across the country depending on particle 
size, lithology and organic matter. The same 
limitation applies to other environmental 
variables (e.g., clarity, low flows, nutrient 
levels, etc.), because they also show natural 
variability across the country. One proposed 
solution to redress issues of natural variability 

Figure 3 – The relationship between nephelometric turbidity (in NTU) and SSC is catchment 
specific. A comparison between two catchments draining westward of the axial Southern Alps in 
Rakaia schist and semi-schist catchments: (a) Haast/Awarua River over three different storm events, 
and samples collected seasonally 13 times between 2012 and 2017, and (b) Waiho River collected 
13 times between 2012 and 2017. The Waiho rating is < 2 due to the influence of high proportions 
of fine and ultra-fine particulate matter.
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Figure 4 – Median specific turbidity (turbidity normalised for the mass concentration of suspended 
particulate matter) relative to (a) clay (as % weight of particle size distribution), and (b) sand (as % 
weight of particle size distribution) for the seven common lithology types across New Zealand, as 
defined by Hicks et al. (2004). (Source: Bright and Mager, 2020).

Figure 5 – Nephelometric 
turbidity (in NTU) 
and total suspended 
sediment (TSS) 
relationship for 
catchments monitored 
as part of the National 
River Water Quality 
Network (2010–15). 
Clusters defined 
using hierarchical 
cluster analysis (see 
Bright et al., 2020, for 
classification schema). 
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has been to define reference values of 
environmental parameters and map the 
distribution of expected values across the 
country. Such an approach has been used in 
New Zealand as exemplified by Whitehead 
(2018), who related spatial variation in 
turbidity and eight other water quality 
variables from the NRWQN predictor 
variables that represented climatic, geological, 
topographic, land cover and hydrological 
conditions. The model was then used to 
predict turbidity values at unmonitored 
locations to produce spatially continuous 
maps of predicted water quality variation. 
This may be a suitable approach to address 
the spatial factors that define turbidity, such 
as particle size, if regional- to local-scale 
correlations can be made to calibrate SSC–
turbidity relationships to local conditions. 

Specific turbidity as an index for 
sediment–turbidity monitoring 
suitability
As previously described, optically distinct 
com ponents of naturally derived SPM 
affect light attenuation and yield variable 
(and noisy) turbidity responses when the 
SPM characteristics and composition varies 
temporally or between sites. This variability 
can be indexed by specific turbidity 
(calculated as turbidity normalised to mass 
concentration of particulates) (Bright et al., 
2018, 2020, 2020b). Specific turbidity is 
the inverse of the slope coefficient (ß) of the 
SSC–turbidity relation, and therefore using 
specific turbidity allows researchers to explore 
SSC as the independent variable. Previous 
work internationally has shown specific 
turbidity to be very useful for inferring 
unstable turbidity responses, although its 
application across sediment research is not 
widely used (e.g., Gippel, 1995; Merten  
et al., 2014). 

The approach used by Bright et al. (2018, 
2020b) differed to previous studies by using 

natural suspended sediment collected from 
alpine and organic-rich rivers in spate, 
rather than relying on synthetic or deposited 
samples (e.g., Gippel, 1995; Merten et al., 
2014). Settling experiments identified that 
the ISO 7027 turbidimeter method was less 
susceptible to interferences than the EPA 
Method 180.1 turbidimeter (Bright et al., 
2020b). The narrow wavelength light source 
of the ISO 7027 protocol is reportedly better 
suited to the measurement of small particle 
sizes since variation in instrument sensitivity is 
more common due to heterogeneous particle 
size (Clifford et al., 1995; Omar and MatJafri, 
2009; Sadar, 1999). By comparison, the use 
of a wider band light source (400–600 nm), 
like the tungsten filament used under the 
EPA Method 180.1 protocol, is suited 
to detection of a greater range of particle 
sizes but is less suitable for the detection of 
fine particulates (Gray and Gartner, 2009; 
Pavelich et al., 2002; Merten et al., 2014; 
Sadar, 1999). The experimental observations 
of Bright et al. (2020b), however, suggested 
that both turbidimeters showed a marked 
change in response between specific turbidity 
and particles smaller than 6 µm. These 
experiments using specific turbidity showed 
two key matters of concern: (1) increased 
specific turbidity due to particle size and 
shape, with the greatest variability in specific 
turbidity observed at the UFPM boundary 
(< 6 µm) when plotting specific turbidity 
against particle size (Bright et al., 2020b; 
Fig. 4); therefore, the slope coefficient of 
SSC–turbidity (inverse of specific turbidity) 
relations is especially particle size dependent 
above the UFPM boundary; and (2) the 
influence of composition, whereby increased 
sensitivity is observed with increasing 
portions of organic material occurring in the 
UFPM fraction. 

The same effect of composition and 
particle size was observed in turbidity 
and suspended sediment data from the 
NRWQN, where specific turbidity varied 
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Figure 6 – Specific turbidity for 77 catchments 
in the New Zealand National River Water 
Quality Network (NRWQN) derived from 
total suspended solids (TSS) and turbidity 
(NTU) data sourced from NIWA Taihoro 
Nukurangi. (Source: Bright and Mager, 2020).

across the national record of turbidity  
(Fig. 6) (see Bright and Mager, 2020). Specific 
turbidity used in this way is therefore a useful 
metric to inform on the composition and/or 
particle size distribution of sediment samples. 
However, scatter in specific turbidity at a site 
signals that turbidity may not be a reliable 
predictor for, at least, instantaneous SSC 
where these effects are most acute. 

It must be recognised, however, that 
turbidity can often be a successful metric for 
monitoring SSC, such as in the application 
of time integration of sampling results for 
determining mineral suspended sediment 
yields, where the effects of scatter in the SSC–
turbidity relationship are partially smoothed-
out over time (e.g., Mager et al., 2018), or at 

sites where landscape characteristics produce 
suspended materials whose compositions/
particle size distributions are temporally 
invariant (e.g., small, single land cover 
catchments) (e.g., Gippel, 1995). The 
difficulty is that the latter conditions rarely 
exist (e.g., Landers and Strum, 2013), and 
the conditions under which turbidity is a 
suitable surrogate for monitoring suspended 
sediment are catchment (and potentially 
temporally) specific (Gippel, 1989; Lewis et 
al., 2007). Thus, turbidity is generally a poor 
SSC surrogate in catchments where sources 
of sediment are switched on and off (Duvert 
et al., 2010; Navratil et al., 2012) or where 
organic material is intermittently cycled 
through the riverine system (Ittekkot and 
Arain, 1996; Robertson et al., 1999). 

From a broader integrated catchment 
management perspective, there remains 
substantial scope for critically reflecting on 
the application of turbidity measurements. 
How do we address and manage turbidity 
data when different instruments using 
the same instrumental protocols produce 
substantially different turbidity responses 
(e.g., Rymszewicz et al., 2017)? Is greater 
emphasis needed on collecting information 
about suspended sediment (its source, 
particle size and variability) so that the 
suitability of turbidity for determining SSC 
can be assessed before turbidity relations are 
developed for environmental management? 
Source discrimination may provide an 
understanding of sediment and organic 
matter in mixed land use catchments, 
especially in distinguishing sediment sources 
from different land covers and landforms, 
and work to date has yielded an interesting 
new perspective on understanding suspended 
sediment sources and management (Gibbs, 
2008; Vale et al., 2016; Upadhayay et al., 
2017). Work examining the optical water 
quality parameters is also continuing.  
The NRWQN record, for example, provides 
a 30-year record of visual clarity that  
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Davies-Colley and Nagels (2008) and 
Davies-Colley et al. (2014) examined for 
use as a surrogate for TSS in suspended 
sediment monitoring. Further work is also 
underway that explores the application of 
the specific beam attenuation coefficient 
(i.e., the optical cross-section of particulates), 
which normalises light attenuation estimated 
from visual clarity for mass concentration 
of particulates. The beam attenuation 
coefficient is arguably a better metric for 
monitoring changes in visual water clarity 
and the impacts of suspended sediment 
on ecosystems. However, its practical 
applications remain limited because to 
measure beam attenuation requires laboratory 
equipment that is expensive, and it currently 
has limited application to in-field use (unlike 
turbidity instruments). In particular, the 
requirement for low SSC for analysis requires 
numerous laboratory dilutions, making 
it an unsuitable tool for quantifying high 
concentrations of suspended sediment during 
event flow. Strategic investment, however, is 
needed at a national level where turbidity is 
deemed unsuitable for continued use, and 
the development of other indices is required 
for meeting suspended sediment regulations 
and monitoring.

The future of turbidity in 
environmental monitoring in 
New Zealand
Substantial change to the New Zealand 
strategic framework for freshwater manage-
ment has occurred since implementation of 
the Resource Management Act in 1991. As 
part of the National Environment Monitoring 
Standards (NEMS) workflow, standards for 
monitoring turbidity and suspended sediment 
have been developed (NEMS, 2017, 2020), 
whilst recognising that regulatory frameworks 
in New Zealand frequently use thresholds of 
turbidity. Turbidimeter uncertainty raises the 
question of whether the current technology 

available is appropriate, particularly in New 
Zealand where the landscape is a mosaic 
of land uses and landscape typologies 
(e.g., volcanic, alpine, coastal floodplains, 
rolling hill country). Scientists, researchers 
and environmental managers alike must 
consider whether continued use of turbidity 
is appropriate given the limitations outlined 
by the series of turbidity, organic matter and 
suspended sediment studies. Pertinent to 
continued turbidity use, as suggested within 
the NEMS, will be maintaining technology 
consistency, which could be costly and take 
time to implement. Continued turbidity 
monitoring is, therefore, inevitable, at least 
for the short term. Inconsistent turbidity 
responses even between same-sensor 
technologies suggest that comparability 
of turbidity is unlikely and procedures for 
maintaining consistency between sensors are 
paramount (see Davies-Colley et al., 2020).

As a regulatory tool, turbidity cannot 
be fairly or reasonably used as a standalone 
threshold. Furthermore, where SSC deter-
mination has applications beyond regulatory 
thresholds, ambiguous quantification of 
land disturbance or denudation may occur. 
The consequence may be the over- or under-
prediction of mineral SSC that can occur for 
the same values of turbidity, depending on 
the properties of the SPM. For example, for a 
value of 5 NTU (as exemplified in the Otago 
Regional Council proposed Plan Change 
6A and the Australian and New Zealand 
Guidelines for Fresh and Marine Water 
Quality [ANZG, 2018]) and a SSC–turbidity 
relationship with a slope beta coefficient of 
2, the equivalent SSC would be 10 mg L-1. 
However, a beta of 1.3 (observed in organic-
rich catchments, or where fine suspended 
sediment dominates) would derive a 
concentration of 6.2 mg L-1. Even under such 
a simple example it is evident that the effects 
of land use disturbance would be unequally 
evaluated between the two examples. Herein 
lies the problem with turbidity thresholds: do 
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they exist to simply limit water cloudiness, 
or as a metric to quantify the impact of 
SSC on environmental values? How are 
they interpreted and actioned through 
policy when enshrined in water plans? This 
uncertainty is a significant issue that must be 
addressed through careful selection of future 
turbidity methods.

The New Zealand National Policy 
Statement for Freshwater Management 
(NPS-FM) (2020) National Objectives 
Framework calls for the use of visual clarity to 
establish ecosystem health in relation to the 
effect of suspended fine sediment in rivers. 
The option is given to regional councils 
to continue to use turbidity and convert 
this to visual clarity – but is predicated 
on the existence of a stable and rateable 
relationship between turbidity and visual 
clarity. In the interim, this allows the status 
quo of continued use of turbidity rather than 
exclusively mandating the use of visual clarity. 
Turbidity will continue to be used, even 
when the metric of importance, visual clarity, 
is more suitable (Davies-Colley and Smith, 
2001) because field-logging instruments for 
in-situ visual clarity do not yet exist, although 
advances in remote-sensing technologies for 
measuring water clarity in lakes and oceans 
are potential alternatives (e.g., Zhang et al., 
2021). In research applications, the turbidity 
surrogate method is still used as an improved 
SSC estimation method over traditional flow-
based methods used to estimate suspended 
sediment loads (Gray et al., 2003; Jastram 
et al., 2010; Mager et al., 2018; Steffy and 
Shank, 2018). 

In light of turbidity method limitations, 
investment and research into alternative 
techniques of light attenuation is warranted, 
although other indices will require substantial 
validation before replacing the use of turbidity. 
Visual clarity, while included in Australian 
and New Zealand Guidelines (ANZG, 
2018), measured as part of the NRWQN, 
and mandated in the NPS-FM (2020) 

National Objectives Framework attributes, 
has received substantially less recognition for 
its suitability in SSC monitoring, despite its 
wide use in other disciplines in determining 
effects on aquatic ecosystems. The use of 
visual clarity is hampered by the lack of 
continuous measurement technologies. The 
method requires discrete point measurements 
to be collected in field using a Secchi or black 
disk, or visual clarity tube (Davies-Colley et 
al., 2014; West et al., 2013; West and Scott, 
2016) and has practical limitations to use in 
all rivers or streams. Other indices of light 
attenuation (e.g., light beam attenuation; 
see Davies‐Colley and Nagels, 2008; Davies-
Colley et al., 2014) have also been shown to 
be successful surrogates of SPM; however, 
light beam attenuation is not yet a widely 
used tool in environmental monitoring. 

Advances in remote sensing using satellite 
(or drone) imagery for SSC monitoring 
have also occurred and calculates the optical 
reflectance of water because suspended 
sediment reflects more incoming radiation 
than pure water, with responses greatest in  
the visible and near-infrared wavelengths 
(e.g., Larson et al., 2018; Dethier et al., 
2020). Such remote sensing techniques are 
promising for regional-scale monitoring 
of SSC but require substantial in-situ/
ground-truth measurement of SSC con-
temporaneously with the capture of 
remotely sensed imagery for calibration. 
Remotely sensed imagery is vulnerable to 
optical properties that affect calibration 
success (especially organic material and the 
presence of ultra-fine material) and presently 
do not resolve issues around continuous or 
near-continuous monitoring of suspended 
sediment (see Dethier et al., 2020, for a 
review of method limitations). 

New technologies also have the prospect to 
substantially improve sediment dynamics in 
real time; for example, Hicks and Haddadchi 
(2019) have shown use of the Sequoia 
LISST-SL2 with laser diffraction technology 
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that measures particle size distribution in 
situ when cable-suspended in stream flow 
(Hicks and Haddadchi, 2019; Mikkelsen 
and Agrawal, 2019). Preliminary work has 
suggested, however, that the laser diffraction 
technology also has biases and sensitivities to 
different particle sizes and shapes, and careful 
calibration is warranted when optically sizing 
irregular shaped suspended sediment using 
laser diffraction technology (see Agrawal et 
al., 2008; Czuba et al., 2015). Furthermore, 
the NEMS for measurement of suspended 
sediment (NEMS, 2020) discusses alternative 
surrogates for SSC, including acoustic 
backscatter, which is usually as a by-product 
of acoustic current measurement and is 
being rapidly developed to replace turbidity 
for suspended sediment load monitoring. 
Backscattering technologies work by an 
acoustic signal being transmitted and then 
reflected off suspended particles, with the 
intensity of the backscatter proportional 
to the concentration and properties of the 
particles within the water column. These 
include acoustic Doppler current profilers 
(ADCPs) and acoustic backscatter sensors 
(ABSs). Derivation of suspended sediment 
yields using acoustic backscattering has 
shown highly reproducible results when 
compared to yields derived using traditional 
optical techniques (e.g., Sirabahenda et al., 
2019; NEMS, 2020). 

Where studies warrant the use of 
continuous turbidity measurement for 
understanding land use disturbance or 
where sensors are in situ at permanent 
State of the Environment monitoring 
sites, a balance must be found between 
the collection of continuous turbidity for 
estimating suspended sediment yields or 
rating visual clarity and the time-intensive 
activity of collecting and analysing suspended 
sediment samples. Because of the practical 
limitations of alternative methods to derive 
SSC, turbidity persists and is recognised for 
use in the NPS-FM (2020) because of its 

application to continuous monitoring. In the 
interim, New Zealand’s regulatory framework 
should transition to limits set on either 
mineral SSC (if the purpose is to understand 
or manage landscape erosion) or visual 
clarity (where the purpose is to understand 
deleterious ecological effects and where visual 
clarity can reliably be measured). For the use 
of turbidity in quantifying hillslope material 
loss, standardised techniques (e.g., NEMS, 
2017) for the measurement of turbidity 
should be used only as a measure of SSC 
when an in-situ SSC–turbidity relationship 
has been established.

Conclusion
This paper has reflected on the use of 
turbidity in New Zealand as a regulatory tool 
and as a surrogate for SPM concentration in 
rivers. The review of scientific research into 
the shortcomings of the use of turbidity 
as an index are extensive, yet it remains a 
commonly used surrogate for SSC in river 
sciences for the pragmatic reasons of ease 
of use and relative cost effectiveness. It is 
the composition (mineral sediment, POM 
and coloured dissolved organic matter) 
and particle size factors (proportion of clay, 
silt and sand) that complicate the use of 
surrogates like turbidity, particularly when 
the purpose of turbidity data collection is to 
derive records of SSC. Therefore, although 
turbidity is a pragmatic tool, its use requires 
catchment-bespoke relationships between 
turbidity and suspended sediment that 
depend on SPM characteristics. In some 
instances, the relationship between turbidity 
and suspended sediment is transient, and may 
reflect seasonal changes in material source 
(especially if highly influenced by POM).

Continuous monitoring of turbidity or 
visual clarity is not typically undertaken 
in State of the Environment monitoring 
programmes; however, numerous sites 
of continuous turbidity monitoring are 
operated nationwide, and these data are used 
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to inform values of turbidity for catchment-
level management. Similarly, continuous 
monitoring of turbidity where a relation 
between turbidity and SSC exists has been 
a mainstay of quantifying sediment yields 
from catchments across New Zealand and 
continues to play an important part in 
informing denudation and land disturbance 
geospatial datasets.

In contrast, for implementation of the 
NPS-FM (2020) mandate to limit suspended 
fine sediment, turbidity and/or visual clarity 
can be used as surrogate measures of SSC. 
The effect of the NPS-FM will be to continue 
to monitor fine sediment by regular, discrete 
monthly visual clarity and SSC measurements 
and at least annual survey of deposited 
sediment cover. However, there will also be a 
need for measurements of long-term average 
suspended sediment load if regional councils 
set targets for reducing sediment attribute 
levels by reducing catchment sediment 
delivery. Therefore, there will inevitably 
remain a need for continuous measurements 
of suspended sediment. Discontinuing use of 
turbidity is unlikely to be an option given that 
turbidity is embedded in existing monitoring 
frameworks; however, the use of turbidity 
in environmental monitoring applications 
can be improved through careful, critical 
evaluation of turbidity measurements: what 
is the nephelometer actually measuring, and 
how are we interpreting and then using that 
data? Variables like POM as a percentage of 
the total SPM (i.e., POM%) and specific 
turbidity can be useful intermediate steps 
in achieving this and should be used more 
widely for indexing the effects of organic 
composition and particle size on riverine 
suspended materials. 
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