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Abstract

The term ‘schlieren’ describes angular deflection of a light ray when it passes through a fluid region characterized by refrac-
tive index inhomogeneities. These inhomogeneities in the marine environment are generally caused by density variations, i.e.
salinity and temperature anomalies. The influence of schlieren on transmissometers and the in situ particle sizer LISST-Deep of
Sequoia Scientific are examined in the Danube delta during October 2007. A seasonal pycnocline driven mainly by an intense
temperature gradient was identified as a major hydrological feature. It was associated with high buoyancy frequency values and
minor changes of the refractive index of seawater. Measurements of two 25-cm path-length transmissometers (660 nm and 470
nm) showed distinguishable peaks at the pycnocline. LISST also uses a 5-cm transmissometer (670 nm), which proved to be very
sensitive in both cases. This is mainly due to its very small acceptance angle, which enables enhanced light scattering outside the
lens, thus increasing beam attenuation. Subsequently, LISST falsely predicts abundance of large particles within the pycnoclines.

A buoyancy frequency N of 0.01 s is the new proposed threshold for schlieren occurrence.

Keywords: light scattering, pycnocline, buoyancy frequency, refractive index, acceptance angle.

Introduction

Gradient disturbances of inhomogeneous transpar-
ent media due to small refractive index differences are
described by the term ‘schlieren’ (Topler, 1867; Schar-
din, 1942). These inhomogeneities are generally caused
by density variations; in the marine environment primar-
ily by salinity and temperature anomalies (Karpen et
al., 2004). In deltaic systems, density stratification due
to surface heating (and fresh water/salt water mixing)
is commonly observed. Styles (2006), in flume experi-
ments, demonstrated that density gradients cause small
angle forward scattering patterns that are indistinguish-
able from particle scattering. Beam attenuation is one
of the inherent optical properties (IOP; properties that
depend only on the water and other substances that are
dissolved or suspended in it) measured routinely for
many decades, and schlieren may affect the behavior of
instruments measuring light scattering and transmission.
Andrews ef al. (2011) conducted similar experiments in
oligotrophic waters and identified that schlieren results
in dramatic underestimation of small (<20 um) particles.
In the oligotrophic Eastern Mediterranean schlieren arti-
facts have been recorded during autumn 2008 and were
associated with pronounced pycnoclines (Karageorgis et
al., 2012). This contribution aims to study the schlieren
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interferences in two commercial beam transmissometers
and a third one, which is part of the particle sizer LISST-
Deep (Laser In Situ Scattering and Transmissometry;
Agrawal & Pottsmith, 2000). The data set assessed was
obtained in the Danube River delta, during October 2007
in the framework of SESAME-IP Project; detailed infor-
mation on particulate matter distribution, composition
and sources are given in Karageorgis et al. (2014).

Regional setting

The Danube River’s delta is the largest in the Black
Sea and covers 5800 km? (Panin, 1999). At the head of
the delta, also referred to as ‘Mile 44°, the Danube River
splits into Chilia (length 116 km) and Tulcea branches,
and the latter bifurcates ~17 km downstream into the
Sulina, and Sfantu Gheorghe branches, 63, and 109 km
in length, respectively (Fig. 1). During the period of the
cruise, in October 2007, water discharge was 4980 m? s™!
and suspended solids (SS) load 197 kg s”!, the latter cor-
responding to SS concentration of 40 mg 1.

Materials and Methods

Measurements derive from a cruise of the R/V Aegaeo
in the Danube delta (NW Black Sea), in the period 5-12 Oc-
tober 2007. In total, 17 stations were occupied at shallow
depths (10-53 m) in the Danube delta area (Fig. 1).
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Fig. 1: Study area location map and sampling stations (red dots). Red dashed line indicates national borders. The Danube River
main branches are [1] Chilia, [2] Sulina, and [3] Sfantu Gheorghe. Black star: gauging station ‘Mile 44°.

Standard CTD measurements were obtained with a
Sea-Bird Electronics 11plus CTD interfaced with a Gen-
eral Oceanics rosette with twelve 10-litre Niskin bottles.
Light transmission was measured by two 0.25-m path-
length transmissometers emitting at 470 nm-blue (Chel-
sea ALPHAtracka MKII, acceptance angle 0.91°) and
660 nm-red (WET Labs C-Star, acceptance angle 1.2°).

Particle volume concentration, and particle-size distri-
bution measured by 32 ring-detectors (the inner rings de-
tecting the largest particles and the outer rings detecting the
smallest), corresponding to 32 classes in the range 1.5-250
um, were determined with an autonomous LISST-Deep,
which also measured beam attenuation, ¢ at 670 nm-red,
and pressure (Agrawal & Pottsmith, 2000). The major dif-
ference of LISST-Deep and the more widely used LISST-
100X is the special aluminium housing, which allows de-
ployment to 3000 m depth, whereas the 100X is limited
to sampling down to 300 m depth. The wavelengths of
the WET Labs C-Star and LISST-Deep are nearly identi-
cal, but the acceptance angles are very different (1.2° and
0.0269°, respectively). The differences in the path-lengths
of the two instruments (0.25 m and 0.05 m, respectively)
is equalized in determining ¢ from the raw output of the in-
strument. LISST-Deep was placed horizontally to the side
of the CTD frame and deployed simultaneously with the
other sensors with a profiling speed of 0.7 ms™.

Finally, a sonar altimeter was coupled with the CTD,
providing accurate distance from the bottom, and thus
enabling measurements to within 1-2 m of the seabed.
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Sensors were factory calibrated prior to the cruise. Opti-
cal windows were rinsed with MilliQ water and wiped
carefully prior to each cast. All data were binned into 0.1-
dbar intervals after quality control of raw data.

Results and discussion

Hydrology

The surface waters (3-dbar) near the Danube delta
area are characterized by temperatures ~18 °C and sa-
linities between 8.5 and 14, and form a narrow belt near
the coast. At Chilia (northern branch) relatively colder
waters extend towards the north, probably influenced by
freshwater of other rivers discharging in the area. Off-
shore, both temperature and salinity increase gradually,
with the highest values recorded SW of the delta (19.7 °C
and 17.5, respectively). According to Karageorgis et al.
(2009), the preferred water and particle transport path-
way when northerlies prevail, is along a narrow strip near
the coast, with a south-southwest direction. As north-
erlies prevailed prior and during the cruise in October
2007, this pattern appears to be dominant.

The water column near the coast exhibits two pycno-
clines; the upper pycnocline at 5-7 dbar and the deeper,
seasonal pycnocline between approximately 19 and 24 dbar
(Fig. 2a). The upper pycnocline is observed at stations near
the coast (e.g. Stn. SGT2; Fig. 2a) and is associated with
the low salinity freshwater inputs from the Danube River.
The deeper, seasonal pycnocline is attributed to the over-
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all warmer surface Black Sea layer (19.2-20.4 °C), which
overlies cooler, more saline waters characteristic of the cold
intermediate waters of the Black Sea (Figs. 2a, 3a).

Optical measurements

Profiles of the three transmissometers used in the sur-
vey for Stn. SGT2, which represents the coastal area near
the mouth of the Danube (Fig. 2b), reveal that ¢, and
¢,..: (a) decrease rapidly with depth but do not exhibit

ag; pronounced peak at the upper pycnocline; (b) show a
small increase between 11 and 19 dbar; and (c) gradually
decrease in the deeper pycnocline (20-23 dbar), and then
slightly increase in the uniform bottom 20 m. In contrast,
the 5-cm path-length transmissometer of LISST (c,,)
shows a peak in the upper pycnocline (9.0 m'), a promi-
nent peak at 20.1 dbar (21.9 m'), and a distinct second-
ary peak at 22 dbar (10.2 m™); below the pycnocline, ¢
measurements reach background values (Fig. 2b).

Similar observations at Stn. KT, which characterizes
the offshore area of the Danube delta, show almost con-
stant temperature (19.74-19.78 °C) and salinity values
(17.49-17.55) from surface down to 27 dbar. Between 27
and 35 dbar a pronounced pycnocline is developed, due
to a severe temperature decrease (from 19.74 °C to 9.38
°C), despite a slight increase in salinity. The optical instru-
ments in this case are all showing peaks between 30.4 and
33.8 dbar (¢, = 0.59 m; ¢, = 0.39 m'; ¢ = 6.4 m™).
Overall, at all stations occupied where a deep pycnocline
was developed, both transmissometers and LISST were in-
fluenced by multiple light scattering - schlieren.

The main cause of schlieren is density gradient(s)
(a function of temperature, salinity and pressure), which
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have varying refractive indices, thereby causing light
scattering (Styles, 2006). However, the different behav-
ior of transmissometers in inhomogeneous transparent
media is also dependent on the acceptance angle of the
instrument (Boss et al., 2009).

In order to assess the effect of stratification or verti-
cal density gradient, the buoyancy frequency or Brunt-
Viiséld frequency, N, was computed using Sea-Bird’s
data processing software according to the equation:

N=n/- (& %
p, 0z

where g is the gravitational acceleration, p is the average
density at the time the station was occupied, and Op/0z
is the vertical density gradient. A buoyancy window of
1 dbar was used to calculate the frequency from the 0.1-
dbar bin-averaged data,.

In the case of the coastal station SGT2, maximum
N was estimated to be 0.105 s at 20 dbar, whereas for
the offshore station KT, maximum buoyancy frequency
was 0.073 s at 30.5 dbar (Figs. 4a and 5a, respectively).
The highest value recorded in the Danube delta area was
0.265 s, at Stn. SGT3 at 2 dbar, followed by 0.257 s™! at
Stn. RNT1 at 8.9 dbar. It is noteworthy that at Stn. SGT2,
where N in the deeper pycnocline is amongst the highest
of the data set, ¢, and c,,, do not exhibit pronounced
peaks, compared to Stn. KT, which exhibits lower N, but
visible peaks for ¢, and ¢, (Figs. 2b, 3b).
To calculate the refraction index of seawater, n, at 670

nm the empirical equation of Quan & Fry (1995) was used:
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Fig. 2: (a) Water-column profile (Stn. SGT2) of salinity, pot. temperature and density (sigma-theta), showing the two pycnoclines
characteristic of the coastal area surrounding the Danube delta; (b) beam transmission profiles of ¢, (WET Labs C-Star, path-
length 25 cm), ¢, (Chelsea ALPHAtracka MKII, path-length 25 cm), and ¢, (LISST-Deep, path-length 5 cm).
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Fig. 3: (a) Water-column profile (Stn. KT) of salinity, pot. temperature and density (sigma-theta) showing the deep pycnocline,

characteristic of the offshore area surrounding the Danube delta; (b) beam transmission profiles of ¢

(WET Labs C-Star, path-
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length 25 cm), ¢, (Chelsea ALPHAtracka MKII, path-length 25 cm), and ¢, (LISST-Deep, path-length 5 cm).

where S is the salinity in %o, 7 is the temperature in de-
grees Celsius and A is the wavelength in nanometers.
The coefficients have the following values:
n,=1.31405,n, = 1.779 x 10*, n,=—1.05 x 10, n, =
1.6 x 10%, n,=—=2.02 x 10, n,= 15.868, n, = 0.01155,
n,==0.00423, n, = —4382, n, = 1.1455 x 10°.

At both stations SGT2 and KT, n exhibits small
changes within the deeper pycnocline, from 1.334 to
1.335, but with notable vertical variability (Figs. 4a and
Sa, respectively). It is possible that fluctuations of the re-
fraction index of seawater are much higher (e.g., to mm-
scale), but cannot be captured by typical CTD measure-
ments. Small changes of the refractive index n should
exist in parallel with turbulence at that depth to develop
buoyancy frequency variations and consequently to trig-
ger schlieren. According to Mikkelsen et al. (2008), the
schlieren effect is a combination of the density gradient,
the shear in the pycnocline, and the profiling speed of
the instruments. Station SGT2 shows high ¢ (21.9 m™)
when compared to Stn. KT (6.4 m™), although N and in-
dex of refraction are virtually equal. This pattern can be
explained by the presence of smaller particles, which are
more affected by schlieren (Andrews et al., 2011).

Schlieren side effects

Beam attenuation coefficient is not the only IOP affect-
ed by schlieren. LISST-Deep volume scattering function
(VSF; a fundamental I0P that characterizes the intensity of
scattering as a function of angle) measurements appear ar-
tificially increased in pycnoclines. Likewise, total volume
concentration (¥'C) and median particle size (D, ) measure-
ments obtained from the LISST are biased. At Stn. SGT2
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below the upper pycnocline, V'C varies between 2 and 3 pl
1!, and rapidly increases to 221 pul I'' within the deeper pyc-
nocline (Fig. 4b). Similarly, D, varies between 20 and 30
um, and then in the deeper pycnocline, and deeper it shows
great variability (120-190 um; Fig. 4b). At Stn. KT, in the
homogeneous upper part of the water column V'C varies be-
tween 3 and 5 ul I'', D varies from 35 to 80 pm, and within
the pycnocline fluctuates abruptly between 40 and 185 pm
(Fig. 5b). Similar patterns, i.e. very high particle volume
concentrations and large particle diameters, were observed
at all stations where a pycnocline was developed, attributed
to artificial particles due to schlieren.

Suggested N threshold for schlieren occurrence

Mikkelsen et al. (2008) found maximum values of N
in the range 0.22-0.24 s’ in the strong pycnocline of the
Hudson River that coincided with large variability of both
temperature and salinity. The same authors, found N to
be an order of magnitude lower (~0.03 s) in Cardigan
Bay in the Irish Sea, UK, and concluded that buoyancy
frequencies exceeding 0.025 s could be considered as the
threshold for schlieren influence. Apparently, N maxima
recorded in the Black Sea are an order of magnitude high-
er than the suggested threshold, thus schlieren artifacts
would certainly affect the measurements in pycnoclines.
However, the Black Sea threshold values, where buoy-
ancy frequency increases can be lower than 0.025 s, (e.g.
at Stns. SGT2 and RNT2), suggest that schlieren may be
triggered at lower N than the values proposed in the lit-
erature. To further investigate this notion we calculated
the first derivative of the index of refraction, n’, which
expresses the rate of change of n over depth. A plot of
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Fig. 4: (a) Water-column profile (Stn. SGT2) of the index of refraction of seawater (n) and Brunt-Viiséld frequency (N); (b)
LISST-Deep profiles of particle median diameter D, and particle volume concentration VC.
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Fig. 5: (a) Water-column profile (Stn. KT) of the index of refraction of seawater (n) and Brunt-Viisila frequency (N); (b) LISST-
Deep profiles of particle median diameter D, and particle volume concentration V'C.

N against n’ shows that variables are positively and sig-
nificantly correlated (» = 0.739, no samples = 4550), sug-
gesting that changes of n increase with stratification, thus
enhancing schlieren occurrence (Fig. 6). Superimposing
D,, values on the plot, we observe that values of N> 0.025
s (Mikkelsen et al., 2008) correspond to large particle
median diameters in the range 100-250 um, which we at-
tribute to schlieren. Those high values correspond to al-
most 20% of the particle-size data collected during the
cruise. Another 7% of the data with D, values greater
than 100 um fall within the range 0.025< N< 0.01 s and
are also suspect of schlieren artifacts. These findings sup-
port that a new threshold value of buoyancy frequency N
0f 0.01 s should be considered when interpreting LISST
measurements obtained in high density gradients, such as
river deltas, open-sea frontal boundaries or lakes. In such
cases, the LISST artifacts cannot be avoided, but they can
be assessed and removed manually after the estimation of
N, and comparison with threshold values.
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The discrepancy observed here between our results
and those of Mikkelsen et al. (2008) could be related to
the profiling package itself; in a stratified environment
there are three plausible factors that will influence the
degree to which schlieren will affect the measurements:
(1) Richardson gradient (i.e., velocity differences across
the pycnoline, which by itself would cause turbulence);
(ii) profiling speed - fast profiling would cause more tur-
bulence than slow profiling; and (iii) profiling package
design - a bulky package would cause more turbulence
than a sleek and slim package. It could be that the single-
most important factor in creating schlieren in stratified
environments is the profiling speed and/or the design of
the profiling package, i.e. how much it disturbs the water
(thus causing turbulence and schlieren) as it is descend-
ing. It is evident that Mikkelsen et al. (2008) did not ob-
serve schlieren at buoyancy frequencies below 0.025 s,
whereas here the effects were observed from around 0.01
s'l. Conceivably, one could minimize the effect of schlie-
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N threshold (0.01 s™).

ren in stratified environments by lowering the profiling
speed through the pycnocline, in particular when using
bulky instrument packages like CTD’s.

Transmissometer acceptance angles

Comparing the three transmissometers used in the
Danube delta survey, it may be deduced that acceptance
angles play a primary role in the distortion of light scat-
tering in pycnoclines, in agreement with the findings of
Mikkelsen et al. (2008) and Boss et al. (2009). The accep-
tance angles of WET Labs C-Star, Chelsea ALPHAtracka
MKII, and LISST-Deep transmissometers are 1.2°, 0.91°,
and 0.0269°, respectively. In practice, if light is scat-
tered between 0.0269° and ~1°, it will not be detected by
LISST-Deep, thus increasing c,,, but it will fall inside the
acceptance angle of the other transmissometers, leaving ¢
unaffected. Our measurements show that LISST’s ¢ is
much more sensitive in stratified waters, with maximum
values >21 m™'. The other two transmissometers were also
influenced, but to a lesser extent. This is in agreement
with Boss et al. (2009) who compared the performance of
eight different commercial transmissometers; their mean
attenuation values differed markedly and in a consistent
way with instrument acceptance angle: smaller acceptance
angles provided higher beam attenuation values.

Summary and Conclusions

Beam attenuation (c, and c,, ) measurements of two
commercial transmissometers and the particle sizer LISST-
Deep were evaluated in the light of “schlieren’ disturbances,
caused by density discontinuities in waters off the Danube

delta. Shallow coastal stations” hydrology appeared to be af-
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fected mainly by the freshwater (low salinity creates the up-
per pycnocline) inputs from the Danube River, and offshore
deeper stations were influenced by the seasonal, tempera-
ture-driven deeper pycnocline. The optical measurements of
the two 25-cm path-length transmissometers were largely
unaffected within the salinity-controlled pycnocline, but
conversely they exhibited peaks within the deeper temper-
ature-controlled pycnocline. LISST-Deep uses the principle
of laser diffraction to provide measurements of particle size
distribution using a 5-cm (670 nm) transmissometer. The
optical signal from the latter instrument was substantially
affected by schlieren within both types of pycnoclines: (a)
C; Was an order of magnitude higher than ¢, and ¢, ; (b)
particle volume concentration increased abruptly; and (c) an
artificial abundance of large particles with D> 100 pm was
recorded. The transmissometer of LISST-Deep, which has a
very small acceptance angle, recorded high beam attenua-
tion values, whereas the other transmissometers with higher
acceptance angles showed small, but identifiable deviations
only in the deeper, seasonal pycnocline. The maximum
buoyancy frequency N within the seasonal pycnocline was
0.105 s, higher than the threshold for schlieren appearance
according to the literature. The proposed new threshold of
Nis 0.01 s, more than 2-fold lower than values suggested
in the literature. In such stratified environments, schlieren
artifacts can be reduced if the optical package has a slim, hy-
drodynamic design and the profiling speed is low. Care must
be taken when interpreting data from transmissometers or
LISST instruments in high density gradients where schlie-
ren effects should be considered. Ideally, an underwater vid-
eo profiler (Picheral ez al., 2010) or other floc cameras (e.g.
Mikkelsen et al., 2006) could provide useful information in
order to resolve the issue of the presence of large particles in
strong pycnoclines.
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