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Communicated by Barry Lesht
During an initial field survey in 2012, we observed an unexpected asymmetry of dissolved oxygen distribution
between thewestern and eastern side in northern Lake Iseo. Motivated by this apparent anomaly, we conducted
a detailed field investigation, andwe used a physical model of the northern part of the lake to understand the in-
fluences thatmight affect thedistribution ofmaterial in thenorthern section of the lake. These investigations sug-
gested that the Earth's rotation has significant influence on the inflow of the lake's twomain tributaries. In order
to further crosscheck the validity of these results, we conducted a careful analysis at a synoptic scale using images
acquired during thermally unstratified periods by Landsat-8 and Sentinel-2 satellites. We retrieved and post-
processed a large set of images, providing conclusive evidence of the role exerted by the Earth's rotation on pol-
lutant transport in Lake Iseo and of the greater environmental vulnerability of the north-west shore of this lake,
where important settlements are located. Our study confirms the necessity for three-dimensional hydrodynamic
models including Coriolis effect in order to effectively predict local impacts of inflows on nearshore water quality
of medium-sized elongated lakes of similar scale to Lake Iseo.

© 2017 Published by Elsevier B.V. on behalf of International Association for Great Lakes Research.
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Introduction

The growing anthropogenic stress exerted on many lakes in the
world (e.g., Wetzel, 1992; Özkundakci et al., 2014) motivates concern
for their endangered trophic states. In Europe, theWater FrameworkDi-
rective (European Parliament, 2000) requires that water bodies be
returned to a condition as close as possible to their natural status. This
ambitious task might be very challenging, particularly for deep lakes
that are usually characterised by long water renewal times. In the case
of Lake Iseo, a deep Italian prealpine lake, the theoretical renewal time
is 4.5 years but its actual value is 60% longer due to the thermal stratifi-
cation of the lake during most of the year (Pilotti et al., 2014b). The re-
newal time is expected to increase further due to the effects of climate
change (Pilotti et al., 2014b). The lake's trophic reference condition
dates back to 1967 (Bonomi and Gerletti, 1967), when two vertical pro-
files of physical and chemical properties in spring and winter showed
that the lake was oligotrophic with oxygen concentrations of about
8 mg/l at the maximum depth of 250 m. In contrast, we recently ob-
served during several field campaigns that the current situation is
characterised by hypoxia below 80 m and total anoxia below 110 m.
Such a dramatic evolution should stimulate concern. Although several
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countermeasures to limit nutrient inputs have been introduced and a
combined sewer has been operating for the last 15 years along the lake's
periphery, the sewage from the lake's large watershed is still partly un-
treated and the average concentration of phosphorus in the lake is not
decreasing. Similar to other cases (e.g., Chen et al., 2004; Chen and
Driscoll, 2009; Halder et al., 2013; Chomicki et al., 2016), in Lake Iseo
the preponderance of thewatershed loading enters from the tributaries
with high concentrations of dissolved and particulate matter, nutrients
and bacterial pollution during rainy periods when combined sewer
weirs overflow into the tributaries. The distribution of these waters in
the epilimnetic layer could trigger local algal blooms and exceed maxi-
mumpermissible pathogen levels for bathing. The spatial distribution of
tributary waters is also critical to understanding the current rate of ox-
ygen supply and demand in the intermediate layer between the anoxic
bottom and the fully oxygenated surface layer (Fink et al., 2016). Thus,
understanding the interplay of the lake's hydrodynamics with the in-
flows is critical to predicting water quality impacts on this system.

In order to explore these issues in Lake Iseo, an initial campaign
monitoring temperature, oxygen concentration, conductivity, turbidity
and chlorophyll-a (Chl-a)was conducted in 2012. Amore detailedmon-
itoring campaignwas replicated in the summer 2014. This latter survey,
which collected data at 179 sites, focused on the northern part of the
lake to measure physical parameters in the layer between the surface
and the depth of 70 m. The large data set was eventually used to
akes Research.
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reconstruct the spatial pattern of the measured variables. In order to
fully exploit the data's information content and to provide more repre-
sentative visualization than the usual two-dimensional (2D) horizontal
and vertical contoured sections, three-dimensional (3D) surfaces were
generated with an interpolation technique based on Inverse Distance
Weighting (IDW). This involved pre-processing the data using a vertical
expansion in order to effectively deal with the anisotropy between ver-
tical and horizontal directions caused by thermal stratification.

The reconstructed 3D surfaces exhibited a marked east-west asym-
metry of the parameters distribution, that must reflect some dynamic
physical processes. We advance the hypothesis that a primary role is
played by the Earth's rotation, combined with bacterial respiration of
organic matter conveyed by river-borne intrusions that exceed the oxy-
gen inputs of river water. The net result is an overall negative impact on
metalimnetic and hypolimnetic oxygen concentrations (e.g., Chapra,
1997; Bouffard and Perga, 2016). Twomechanisms support this hypoth-
esis. First, during the thermally stratified period, the westward deflec-
tion of the two main tributaries flow could be affected by
shoretrapped internal Kelvin waves moving cyclonically around the
lake (Valerio et al., 2012). Whereas the effect of internal Kelvin waves
in very large lakes is restricted to the area adjacent to the shore
(Mortimer, 2006, documented a fall to about 2% at a distance of four in-
ternal Rossby radii in Lake Michigan, defined as the ratio between the
non-rotating phase speed to the inertial frequency), in Lake Iseo Kelvin
waves must occupy the whole basin. However, the effectiveness of this
mechanism should be hindered by the fact that the orbits of the water
particles involved in internal Kelvin waves in deep waters should be
closed, so that the net drift in the direction of phase propagation
would be negligible. Moreover, when wind is weak or when the lake
is thermally unstratified, (i.e., from December to April), internal wave
forcing is absent.

The second mechanism that can be invoked is the action of the
Earth's rotation on the plume of the entering tributaries (e.g. Griffiths,
1986), which acts permanently to deflect the inflow when the plume's
inertia is small compared with the Coriolis force. The relevance of
Coriolis force on the river-induced circulation has been shown for
large lakes through physical models by, inter alia, Rumer and Robson
(1968) in Lake Erie, by Li et al. (1975) and Atkinson et al. (1994) in
Lake Ontario and by Stewart (1988) in Lake Constance. The effects of
Coriolis force were also documented in medium size lakes by Hamblin
and Carmack (1978) in Kamloops Lake, and by Morillo et al. (2008) in
Coeur d'Alene Lake. In addition, it is mentioned by Laborde et al.
(2010) in Lake Como, whose width is comparable to that of lake Iseo
and where the river is deflected towards its right-hand shoreline irre-
spective of wind conditions. The correspondence between sedimento-
logical units in lakes and Coriolis-related currents has been observed
in the past by several authors (e.g., Wright and Nydegger, 1980;
Hamblin and Carmack, 1978; Hakanson and Janson, 1983) and is also
related to the deposition of river-borne pollutants (Hakanson, 1974).
This hypothesis was supported by the results of a physical model in
Froude and Rossby similarity (Pilotti et al., 2014a), that, however, ex-
plored a limited range of Reynolds numbers and did not take into ac-
count the direct action of wind forcing. Although an alternating daily
wind regime is usually present on this lake (Pilotti et al., 2013), we de-
cided to focus on the permanent effect of the Earth's rotation, that, in
thermally stratified periods, is superimposed on thewind-generated in-
ternal waves (see also Pilotti et al., 2014a).

The use of satellite images in the current study provided additional
insight into the inflow's dynamics. Satellite remote sensing has been
often used in limnology (e.g., Lathrop et al., 1990; Chipman et al.,
2004; Li et al., 2008; Zhang et al., 2016) and here is used along with im-
ages provided by a land-based webcam. We monitored the influence
area of the tributaries by enhancing the signal related to turbidity
(e.g., Vanhellemont andRuddick, 2014), according to the algorithm sug-
gested by Brando et al. (2015) operatingwith Landsat-8 OLI (Operationl
Land Imager) data. This sensor provided a synoptic view of the study
area with a pixel size of 30 m, that is adequate for observing local to re-
gional scale processes. To visualize turbidity patterns atfiner spatial res-
olution, higher spatial resolution images acquired from fixed webcam
and Sentinel-2 data were also used. In particular, the 10 m spatial reso-
lution of Sentinel-2 data is particularly useful for investigating the fine
scale patterns of optical properties in inland waters (Toming et al.,
2016). Our research clearly indicates that, for the purpose of this type
of analysis, the observation period should be selected on the basis of
the buoyancy of the inflowing waters with respect to the lake. If inter-
flow is prevailing in a thermally stratified period (summer), remote ob-
servations do not provide useful evidence due to the intrusion of the
tributary waters under the lake surface. On the other hand, images ac-
quired during the thermally unstratified period highlight systematic ev-
idence of a westward drift of the tributarywaters, that, in turn, provides
a confirmation of the greater vulnerability of the west coast of the lake
with respect to the tributary pollutant loads.

Field site description

Although Lake Iseo has been monitored regularly since the end of
the 1970s, previous sampling was primarily conducted at the deepest
point along the lake axis just to the west of the large island, Monte
Isola (Fig. 1). In the past, specific campaigns did not focus on the north-
ern part of the lake or to study the actual spatial variability of water-
quality parameters. In the following, we detail a set of techniques that
we used to assess the role exerted by the Coriolis force on the distribu-
tion of waters entering from the two major tributaries at the north end
of the lake.

Lake Iseo is located in the prealpine area of the Lombardy region
(Fig. 1), has a maximum depth of about 256 m, an area of 61 km2 and
a volume of about 8 billion m3 making it the fifth largest Italian lake in
terms of volume. The lake drains a large watershed (1807 km2) which
is about 30 times larger than the lake surface area) and is also one of
themost industrialised districts in the Italian Alps. The complex lake hy-
drodynamics have been previously studied by Valerio et al. (2012),
Pilotti et al. (2014a, 2014b) and Hogg et al. (2013).

The Oglio river (inflow at point I1 in Fig. 1) and Canale Italsider (in-
flow at point I2 in Fig. 1), are the two main tributaries. They are partly
fed by the largest Italian glacier (Adamello, 3554ma.s.l.) and their over-
all average annual inflow is 55m3/s. Approximately 19 kmbefore enter-
ing the lake (point J1 in Fig. 1), up to 40 m3/s (and on average about
29 m3/s) of Oglio waters are diverted to Canale Italsider and conveyed
to a hydropower plant before being returned to the lake at I2. Accord-
ingly, considering that the average value of the overall Oglio discharge
which would be exceeded 347 days a year (Q347) is 20.4 m3/s, it is
clear that duringmost of the year the discharge in the Oglio river down-
stream of the diversion J1 is limited to the ecological flow.

At the lake's inlet, waters conveyed by Canale Italsider are on aver-
age 2 °C colder than those conveyed by the Oglio river (see Fig. 2) and
during the summer this difference can rise to 5 °C. Moreover, as
shown in Fig. 2, the temperature of these two inflows is usually colder
than the temperature of the lake surface but warmer than the lake
hypolimneticwater (currently 6.6 °C below220mof depth). According-
ly, interflow is the dominant hydrodynamic condition of both these trib-
utaries although during the end ofwinter theymay occasionally flowon
the lake surface.

A waste water treatment plant (WWTP) is located along the Oglio
river (see symbol in Fig. 1), 900 m upstream of its inlet into Lake Iseo.
During rainy periods, due to sewer hydraulic overcharge of the com-
bined sewer, sewage is frequently delivered untreated to the river. In
addition, about 30% of the sewage in Valle Camonica, the largest water-
shed (Fig. 1) is still discharged totally untreated, or only partly proc-
essed, into the river. Accordingly, the bacterial and nutrient pollution
carried by the Oglio river is, at least occasionally, non negligible.

Two important historical settlements, Lovere and Pisogne (see
Fig. 1), are located along the northern part of the study area. The city



Fig. 1. Lake Iseo within the framework of the Italian prealpine area and of its watershed (overall area of 1807 km2 at the outlet O). The most relevant sub-catchments are Valle Camonica
(W1, 1439 km2) and Borlezza (W2, 131 km2). Themain natural tributary is Oglio river (inlet at I1), whose waters are partly supplied by the Adamello glacier (3554m a.s.l.). At point J1 an
average discharge of 29m3/s is diverted to an artificial canal (Canale Italsider) that conveys water to an hydropower plant, that discharges into the lake at point I2. The inset on the right
shows the study area and the locations of the 179 profiles measured in September 2014. WWTP is a large waste water treatment plant located along the Oglio River. S1 and S2 are the
locations of the profiles shown in Fig. 3. S3 is the site of a lake diagnostic station where meteorological data are measured in real time and where the profiles shown in Figs. 5 and 12
were taken. Finally, S4 is the position of the webcam used for Fig. 11B.

Fig. 2. Yearly temperature stratification of the lake, compared with the measured temperature of the two main tributaries I1 and I2 (data for year 2010).
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of Lovere, one of the most touristically important municipalities of the
lake, is located in the gulf along the north-west coast. Pisogne is located
just to the east of the Canale Italsider.

Methods

Experimental campaign and the 3D data reconstruction

During the first campaign in July 2012, spatial variability of the
metalimnetic oxygen distribution below 25 m on the west and east
side of the lake was observed. The average oxygen concentration be-
tween 20 and 40 m on the western side was up to 1.5 mg/l lower than
on the eastern side. In order to better understand the reason for this var-
iability, on 29 and 30 September 2014, an extensive experimental cam-
paign was conducted in the northern part of Lake Iseo, within the area
shown in Fig. 1.

Overall, 179 vertical profiles of temperature, conductivity, dissolved
oxygen (DO), Chl-a and turbidity were measured between 1 and 70 m,
with an average horizontal separation of about 350m and a vertical res-
olution of 0.2m. This vertical resolution was selected on the basis of the
computed plunge velocity of the profiler (a RINKOCTDprofiler with op-
tical fast DO sensor by JFL Advantech Co. Ltd.) and of the short response
time of its sensors. The DO sensor was calibrated each morning with
two-pointmeasurements, using fully oxygen saturated and desaturated
water. Fig. 3 shows a typical vertical profile of the measured variables.

Although 2014 was an exceptionally wet year, the incoming dis-
charge during September 2014 was always below 90 m3/s, so that the
northern part of the lake was not perturbed by recent flood waters. In
the 10 days prior to the experimental period, the twomain inflows con-
veyed an overall discharge slowly decreasing from 80 to 50 m3/s. Tem-
perature and conductivity of the two tributaries were also monitored
during the field campaign (see Fig. 4), using two probes located 50
and 200 m upstream of their lake inlets. By comparing these data with
the lake temperature profile, we estimated that the depth of intrusion
of the two inflows was about 15 m.

The measured data set was used to reconstruct the spatial distribu-
tion of the variables. Althoughmanypapers have compared different in-
terpolation techniques in a 2D space (e.g., Zimmerman et al., 1999; Li
and Heap, 2011; Li et al., 2010, 2011), relatively few papers have ad-
dressed the topic of 3D interpolation in stratified water bodies.
Murphy et al. (2010), interpolated water quality parameters in the
Chesapeake Bay with two different techniques, using a 2D interpolation
on layers with thickness from 1 to 2 m. More recently, Sahlin et al.
Fig. 3. Contemporaneous profiles of the investigated variables between 0 and 70mmeasured at
during stratified season. The location of S1 and S2 is shown in Fig. 1.
(2014) examined and validated the performance of 2 different 3D spa-
tial interpolation techniques for the marine pelagic environment and
concluded that interpolation techniques in a 2D space inevitably cause
a loss of spatial informationwith respect to the complexity of the proto-
typical 3D processes.

Interpolation methods provide the estimated value of the variable
û(x)at point x in space as a weighted average of the n observed values
of the variable wi according to the equation:

û xð Þ ¼
Xn

i¼1

wi xð Þ ui ð1Þ

where wi is the weight at location x with respect to the ith observed
value within the specified neighborhood. According to Li and Heap
(2011), who conducted a thorough study on 72 different spatial inter-
polation methods used in environmental science, inverse distance
weighting (IDW), ordinary kriging (OK), and ordinary co-kriging
(OCK) are the most frequently used methods to compute the weights.
Although there is evidence that in several cases kriging is superior, the
fundamental assumption that themean and variance of the data are in-
variant with translation does not seem warranted in deep prealpine
lakes during thermally stratified periods. On theother hand, considering
the large number of observation points, in our case one can expect little
difference in the performance of more sophisticated approaches. Ac-
cordingly, because of its efficiency and ease of implementation within
the MATLAB environment used here, we implemented the 3D Inverse
Distance Weighting method (IDW), which is commonly adopted in
many environmental applications (e.g. Bahner, 2006).

In the case of the IDW the weights are given by:

wi xð Þ ¼
1
dei

Pn
j¼1

1
dej

ð2Þ

where the power e typically varies in the range 1–3. Accordingly, the in-
fluence of distant points decreases as e increases and usually a maxi-
mum distance (radius) from the target can be detected beyond which
data are simply neglected. Themethod also does not extrapolate values
beyond those of the measured data set.

It is relevant to observe that a true 3D interpolation of themeasured
parameters in a thermally stratified lake is distorted by the strong an-
isotropy between vertical and horizontal directions. This anisotropy is
station S1 in thewestern side of the lake (black line) and S2 in the eastern side (gray line)



Fig. 4.Overall discharge, temperature and conductivity of the 2 tributaries I1 (black lines) and I2 (gray lines) during the experimental campaign. The dotted lines show the time average for
the parameters in the period.
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caused by large variations in water stability at the different depths, as
shown by typical patterns of the buoyancy frequency. In order to deal
with this dilemma we used the approach mentioned by Sahlin et al.
(2014), according to which the vertical coordinate z is stretched by a
vertical amplification factor α, mapping the data from the xyz space to
an xyz grid space, where z = αz. To this end, for each tentative set of
the parameters, a leave-one-out analysis was applied to n = 179 mea-
sured profiles. In particular, n subset of (n-1) profiles were used to
compute the left-out profile and the corresponding overall MRSE be-
tween measured and reconstructed data. Whereas Sahlin et al. (2014)
usedα=111 for the temperature andα=800 for Chl-a concentration,
in our case, by minimizing themean root square error (MRSE) between
measured and predicted data, the parameters shown in Table 1 were
identified for the 3D IDW interpolation algorithm. After optimisation
of α, the radius, and the exponent, the validation between measured
and predicted values (see Fig. 5) is very good. Temperature, normalised
conductivity and dissolved oxygen are verywell predicted. As far as tur-
bidity and Chl-a are concerned, the fit is less satisfactory, indicating that
the characteristic length of the spatial variation of these variables is
shorter than the average horizontal distance between the sampling
verticals.

The physical model and the supporting evidence from remote sensing

The 2012 campaign suggested that a persistent dynamic process
could be the ultimate reason for the observed inhomogeneities. Accord-
ingly, an experimental investigation of the role of Coriolis forcewas con-
ducted. Although the impact of Coriolis force on the enteringwaters of a
tributary in the case of large lakes is well known (e.g., Atkinson et al.,
1994), in medium-sized lakes like Iseo it could be counterbalanced
and masked by other important dynamic effects.

A general measure of the significance of rotation is provided by the
Rossby number, Ro, which is the ratio of the inertial force to the local
Coriolis force:

Ro ¼ v
Lf

ð3Þ
Table 1
Optimal set of scaling parameters obtained by minimization of the MRSE.

Conductivity Chl-a Turbidity Oxygen Temperature

Exponent e 1 1 2 1 3
α 500 250 150 1350 650
Radius [m] 550 450 550 450 1800
RMSE 5.024 μS/cm 0.075 ppb 0.178 FTU 0.275 mg/l 0.346 °C
where v and Lwere selected, respectively, as the average velocity of the
interflow (m/s) and a characteristic length scale over which the inter-
flow velocity slows down almost to zero in a typical flow situation
(m). f=2ωPsinφ is the Coriolis frequency, whereωP represents the an-
gular velocity of the Earth (1/s) andφ the latitude (rad). For our case, we
measured the average velocity of the interflow v=0.04m/s using some
specifically designed drogues initially deployed in front of the tributary
mouth, with the result Ro ≈ 0.13, which indicates that rotation should
be relevant on the prevailing interflowmode that characterises the trib-
utary flow into the lake. In order to test this hypothesis, a rotating ver-
tically distorted physical model of the northern part of this lake was
prepared and used, respecting both Froude and Rossby similarity. For
a detailed discussion of these experiments see Pilotti et al. (2014a).

In order to simulate the Earth's rotation, themodel wasmounted on
a purposely built revolving table with a diameter of 1.2 m.We explored
different hydrologic conditions, by operating both in isothermal and
stratified conditions and with different sets of constant inflows from
the two tributaries. Although the results of the physical model provide
a clear partial explanation of the observed inhomogeneity, this explana-
tion was not regarded as conclusive. Actually, due to the complexity of
the prototype situation, a physical model must inevitably introduce a
set of simplifying assumptions, so that only partial similarity criteria
can be met. For instance, vertical distortion must be inevitably intro-
duced in such a large lake, internal waves cannot be reproduced as
well as the effective alternating daily action and distribution of wind
(Pilotti et al., 2014a). Finally, the flow Reynolds number is inevitably
much lower than the prototypal one, so that Reynolds similarity cannot
be fulfilled. Accordingly, one may wonder whether the results are en-
tirely realistic and hence we sought additional confirmation using
both satellite and real-time webcam images.

Considering the prevailing interflow mode of the Lake Iseo tribu-
taries, the search for suitable images was directed to the thermally un-
stratified period between January and April (see Fig. 2). Based on this
criterion, a total of six Landsat-8 OLI (Operational Land Imager) cloud-
free images were obtined for the period 2013–2016. OLI imagery were
radiometrically calibrated according to Pahlevan et al. (2014) and atmo-
spherically corrected with ACOLITE (Atmospheric Correction for OLI
‘lite’), an automatic method for OLI atmospheric correction in coastal
and inland waters (Vanhellemont and Ruddick, 2014, 2015). The
ACOLITE-derived water leaving reflectance were converted to turbidity
(T, expressed in formazin turbidity unit - FTU) according to Dogliotti et
al. (2015). Although the retrieval of turbidity from Landsat-8 OLI images
has a global applicability in a turbidity range of 1–800 FTU (Dogliotti et
al., 2015), an evaluation of turbidity retrieval for Lake Iseo was per-
formed. To this end, during the Landsat-8 overpass on 26/09/2016 in
situ measurements of suspended particulate matter (SPM, in g/m3)



Fig. 5. Example ofmeasured (blue solid line) and predictedwith two different algorithms (red and green solid line) profiles at point S3 in Fig. 1. The predicted profiles are computed only
on the basis of the data measured at the surrounding sampling profiles and using the optimised vertical expansion.
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gathered in five locations were determined gravimetrically (Strömbeck
and Pierson, 2001) and compared to satellite derived turbidity. With
field measurements ranging from 1.44 g/m3 to 2.00 g/m3 (average
1.76 g/m3), satellite data from 1.69 FTU to 2.41 FTU (average 2.05
FTU) and the Pearson's correlation coefficient of 0.97, we deduced that
accurate estimation of turbidity patterns are retrievable from Landsat-
8 data of Lake Iseo.

Since December 2016, a real time remote monitoring was operated
through a webcam positioned 1000 m above the lake surface, on a
mountain facing the tributary'smouth (see point S4 in Fig. 1 and images
are available at http://hydraulics.unibs.it/hydraulics/il-monitoraggio-
del-lago-diseo/webcam/). The webcam, which was sampled twice an
hour during the daylight hours,was intended to supplement the tempo-
rally sparse images acquired by satellites. These images can be used for a
better understanding of the fate of entering waters, as well as, coupled
with the wind measured at S3 (see Fig. 1), for studying the evolution
of mixing process such as those caused by Langmuir circulation.

Results

The volumetric VOXEL (VOlume piXEL, Foley et al., 1990) represen-
tation of the interpolated data that can be obtained by 3D algorithms,
makes it possible to generate different visualizations of the three-
dimensional phenomena and is extremely useful for identifying the
spatial and temporal extent of criteria exceedances of water quality
Fig. 6. Average value in the water layer between 5 m and 45 m of depth of (A) oxygen con
conductivity at 25 °C, (C) fluorescence signal proportional to Chl-a concentration and (D) turb
parameters, such as the ones suggested by EPA (USEPA and Region III
Water Protection Division, 2007). As an example, Fig. 6A shows the pla-
nimetric map of interpolated dissolved oxygen, averaged in the layer
between 5 and 45 m of depth. The vertical averaging was needed in
order to filter the transitory effect of internal waves that could affect
the visualization within a narrower range of depth. The difference be-
tween the oxygen content on the western and eastern side of the lake
is striking, withminimumconcentration in thebay in front of Lovere. In-
terestingly, the patterns of conductivity, Chl-a concentration and turbid-
ity (Fig. 6B, C, D) also exhibit coherent spatial trends, with maximum
values in the area of the bay of Lovere.

The same asymmetry in DO is visible in the cross-section in Fig. 7D,
located 700 m from the tributary inlets, along the transect depicted in
Fig. 7A. At 30 m depth, i.e. below the ordinary depth of intrusion of
the tributaries, the east-west difference in oxygen concentration ranges
between 2mg/l and 1mg/l (see Fig. 8). This asymmetry is not explained
by the proximity to the sediments, since the depth of the bottom is very
similar on the west and east sides of the lake, as illustrated by the cross
section in Fig. 7B, where the yellow shading represents the area covered
by the vertical map of Fig. 7C–G. The conductivity transect (Fig. 7E)
shows the presence of two intrusions between 10 and 17.5 m on the
west side. It is interesting to observe that the anomaly inside the Lovere
Bay between about 10 and 15 m depth must correspond to the waters
of the Oglio river and the deeper one (about 15 to 17.5 m) to the
colder waters of the Canale Italsider. The former intrudes into lower
centration with superimposed bathymetric isodepth lines every 20 m, (B) normalised
idity (FTU units).

http://hydraulics.unibs.it/hydraulics/il-monitoraggio-del-lago-diseo/webcam
http://hydraulics.unibs.it/hydraulics/il-monitoraggio-del-lago-diseo/webcam


Fig. 7.Vertical cross-sections of temperature (C), dissolved oxygen (D), specific conductivity (E), turbidity (F), and Chl-a concentration (G) along the transect shown planimetrically in (A)
and vertically in (B). The shading in cross section (B) corresponds to the area covered by the maps of Fig. C, D, E, F and G.
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conductivity epilimnetic waters, so that its presencemanifests itself as a
positive conductivity anomaly whereas the latter intrudes in the saltier
water under the thermocline as a negative anomaly; that is, a lower con-
ductivity than expected. Accordingly, Fig. 7E confirms that thewaters of
the two tributaries may partly overlap in their westward drift, although
at different depths, as also confirmed by the results of the physical
model. The dissolved oxygen transect (Fig. 7D) shows a negative con-
centration anomaly just under the intrusion of theOgliowaters,with re-
spect to surrounding waters at the same depth. It seems resonable to
suppose that this corresponds to the metabolic oxygen demand caused
by decomposing organic matter that settles from the Oglio waters and,
during the thermally stratified period, concentrate above the thermo-
cline, where the buoyancy frequency is at a maximum. On the other
hand, a slight positive anomaly is visible corresponding to the Canale
Italsider intrusion, whose waters are originally colder and, accordingly,
more oxygenated. Finally, also Fig. 7F and G show a clear asymmetry in
the east-west distribution of turbidity and Chl-a. In Fig. 7F, the whole
mass of water under the thermocline in the western side of the lake is



Fig. 8. Difference (A) between the spatial distribution of dissolved oxygen represented in
Fig. 7D and the average vertical profile of dissolved oxygen on the same cross section,
represented in panel B.
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systematicallymore turbid than thewater of the east side. The pattern is
not equally clear in the more dynamic mixed layer (0–12 m), where
some spots of higher turbidity are present also on the east side.Whereas
the spot between cross section 4 and 6 is related to the intrudingwaters
of the industrial canal, the localmaximumon the east corner is probably
related to a local outfall. The pattern of Chl-a shown in Fig. 7G is
characterised by a remarkable maximum in the photic zone on the
west side of the lake. The spatial continuity of this maximum indicates
the presence of a growing algal population, enhanced by the precence
of the nutrient-rich water of the Oglio tributary.

With regard to the oxygen profiles, they usually exhibit a negative
heterograde curve which is typically related to a local maximum in dis-
solved oxygen depletion rates due to microbial and zooplankton respi-
ration, deoxygenated inflowing water, or increased sediment oxygen
uptake (Wetzel, 2001). In the top 22 m, all the measured oxygen pro-
files are similar, indicating a 12-m layer of uniform fully-oxygenated
water, followed by a sharp trasition to the metalimentic oxygen mini-
mum lying between 16 and 22 m (see Fig. 3B). In contrast, remarkable
spatial differences are present in the underlying layers. In Fig. 3B, we
compared profiles taken at two points having the same depth (65 m)
but being close to thewestern and eastern sides of the lake. Thewestern
profile has on average 0.9 mg/l less than the eastern one between 20
Fig. 9. Visualization of the results of two experiments with the rotating and non-rotating physic
the lake's water, each conveying the same discharge of 25m3/s. In case B the lake is thermally str
interflow. The discharge from I1 is 50 m3/s, but the revolving table is not in motion.
and 40m. Interestingly, at the samedepths both the Chl-a concentration
and turbidity, which are typically used as proxies for oxygen consump-
tion (Kreling et al., 2016), show a maximum closer to the western side.
As already observed for the vertical transects, the oxygen pattern could
reflect the stronger biochemical oxygen demand of the nutrient rich
waters entering from the tributaries, which made the western portion
of the lake richer in settling organic matter available for microbial
degradation.

The results of the physical model provide a clear dynamic explana-
tion for these observations. Fig. 9A shows the plumes of the Oglio river
and Canale Italsider entering Lake Iseo as overflows and conveying an
overall discharge of 50m3/s (equally split between the two tributaries),
which can be regarded as the average yearly inflowing discharge. In
general the experiments reproducing plume intrusions do not show a
marked difference with respect to those where an overflow occurs, al-
though in the former case the tracer ismore confinedwhereas in the lat-
ter there is a stronger lateral dispersion. It is interesting to observe that,
as shown in Fig. 9B, if the revolving table is not rotating, the plume axis
is rectilinear in front of the tributary mouths. When the Earth's rotation
is included, the effect of Coriolis force is clearly noticeable in all the ex-
periments except for the highest discharge. In all the investigated cases
there is a clear tendency to curve westward towards the shoreline of
Castro peninsula (Fig. 1), forcing a clockwise gyre within the bay of
Lovere.

Apparently, in spite of the inevitable simplifications introduced in a
laboratory model, this was able to capture the most relevant dynamic
forces acting on the inflowing rivers. This is confirmed, at a totally differ-
ent space scale, by the analysis of satellite images taken at the end of
winter when the inflows overflow the lake's water. This observation is
not possible during the rest of the year when the typical inflowing
mode is an interflow and, accordingly, turbidity gradients do not show
up at the surface (see Fig. 13).

Fig. 10 shows the sequence of six Landsat 8-OLI derivedmaps of tur-
bidity both qualitatively (e.g. extent, shape) and quantitatively (e.g. gra-
dients in FTU with a scale from 0 to 3 FTU). The images depict the
turbidity patterns in the period of thermally unstratified waters and
the tributary overall discharge and temperature (derived on the basis
of a calibrated correlation with local air temperature) in the preceding
week, compared with that of the lake surface. In all six images, the
turbidity patterns are comparable to the inflow patterns observed
observed with the rotating physical model (see Fig. 9A).
al model. In case A the lake is thermally unstratified and the tributaries I1 and I2 overflow
atified,with I1's temperature 2 °C lower than the lake surface's temperature to simulate an



Fig. 10. Landsat-8maps in the period 1/1/2014–19/3/2016 showing the turbidity (FTU) of surface waters in the northern part of Lake Iseo. In the right panels, the time series of the overall
discharge entering the lake, temperature of surface lake (solid line) and the temperature of the I1 tributary (dotted line) are shown with reference to the 8 days before the time of
acquisition by the satellite, highlighted by the yellow band. The whitened areas in pictures (A) and (E) correspond to areas sheltered by the shadow of the surrounding mountains.
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An exceptional validation of the experimental results shown in
Fig. 9A is finally provided by the image taken by the recent Sentinel-2
satellite at 11 AM on 17/2/2017. In this period the power house along
the Canale Italsider operated only intermittently from 10 AM to 12
AM with a discharge of 15.2 m3/s and the average discharge from the
Oglio river was 10.8 m3/s. At the same time, the operation of hydraulic
works along the Oglio river upstream of the diversion J1 in Fig. 1, sup-
plied suspended sediment that acted as a natural tracer of the entering
waters. During this period the webcam positioned at point S4 in Fig. 1
provided almost simultaneous evidence (see Fig. 11A) of the turbidity
plume behavior from two different perspectives during a period of rel-
atively low flow.

Discussion and concluding remarks

Although different forcings (e.g., daily alternating anabatic and kata-
batic winds) act on the lake, the analysis following themonitoring cam-
paign of September 2014 provided clear evidence of the persistent role
of Coriolis force on the fate of tributary waters on the northern part of
Lake Iseo. Over the long term, this forcing manifests itself in a different
average distribution of physical and chemical properties of the waters
between the west and east side of this lake. The evidence was provided
through a set of tools and processing operations that enhanced the in-
formative content of the original raw data. Accordingly, the roadmap
followed in this paper provides hints that can be useful and that can
be replicated at other sites.

As a first step, the information obtained from the 2014 monitoring
campaign was interpolated with a 3D IDW algorithm, in order to recon-
struct their space evolution. The pre-processing of measured data re-
laxes their original anisotropy by a vertical expansion. After this
operation, IDW proved to be simple to implement within the MATLAB
environment and computationally efficient. It might be interesting to
see how the IDW algorithm (or any other 3D interpolating algorithm
that does not use a variable spatial correlation) would work without
the vertical expansion of the data. To this purpose, Fig. 12 provides an
example of the profiles predicted at point S3 in Fig. 1, by using the
data from the surrounding sampling profiles. Both IDW and a Natural
Neighboursmethod have been used. The reason for their poor predictive
capability compared with optimised vertical expansion (Fig. 5) lies in
the anisotropy between horizontal and vertical directions. Moreover,



Fig. 11. RGB images fromSentinel-2 (A) andwebcam (B) taken during thermally unstratifiedperiod at 11AMon 16/2/2017. The position of thewebcam is shown as S4 in Fig. 1. The overall
daily-averaged discharge entering the lake from I1 and I2 tributaries was 25m3/s; at 11 AM the hourly-averaged contribution from I1was 10.8m3/s, while the one from I2 was 15.2m3/s.
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in the presence of layers with different density gradients, vertical corre-
lation varies with depth.

As usual in this type of measurement, the considered data set is very
densely distributed along the vertical (data were measured every
20 cm) but sparse in the horizontal (average distance between profiles
was on the order of 300 m). Whenever data are spatially interpolated,
an influence radius must be introduced under the assumption that cor-
relation between measured values and the predicted one is negatively
correlated with distance. If this radius is too small, the information is
poorly exploited because the neighborhood of the predicted point
Fig. 12. Example of measured (blue solid line) and predicted profiles at point S3 in Fig. 1. The pr
computed only on the basis of the data measured at the surrounding sampling profiles and wi
could be almost empty. Accordingly, the radius should be scaled on
the average distance between the measured profiles. However, this av-
erage distance is typically larger than themaximumdepth and definite-
ly larger than the length scale provided by the thermocline thickness in
a thermally stratified lake, where the suppression of vertical turbulence
creates a strong horizontal correlation along the same isopotential sur-
face. Accordingly, by using a 3D interpolation approach, the value of a
variable interpolated at a given depth in the neighborhood of a mea-
sured profile would be affected by the data measured along the vertical
profile, almost irrespective of depth. For instance, the predicted
edicted profiles (IDW algorithm, red line, and Natural Neighboursmethod, green line) are
thout the optimised vertical expansion of the data as applied in Fig. 5.



Fig. 13. Turbiditymaps from Landsat-8 images obtained during thermally stratified periods (July 25, 2013 and July 1, 2016), when the average daily dischargewas comparable to the ones
of Fig. 10.
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temperature at the thermocline would be almost equally affected by
temperature at the surface, at the bottom and at the thermocline of sur-
rounding measured vertical profiles.

In such anenvironment, an effective 3D interpolation scheme should
introduce vertical anisotropy. The simplest way to do this is to segment
data into layers, which is tantamount to repeatedly using a 2D interpo-
lation approach that does not effectively utilize the measured informa-
tion. This could be correct across the thermocline but could be
questionable in the mixed epilimnion above and in the hypolimnion
below. Another possibility is using different correlation coefficients
along vertical and horizontal directions. Finally, a simple approach is
the one introduced in this paper, that expands the distance of data in
the vertical direction during the prediction phase, sofictitiously creating
a lake whose horizontal direction is comparable to the vertical one.

One could expect that the layer thickness, the vertical correlation co-
efficient, and the expansion coefficient should all vary with depth. In
such a case, the expansion coefficient should change its value along
the vertical as a function of the local stability of the water column,
being maximum close to the thermocline and smaller in the surface
mixed layer and in the hypolimnion. To explore this, we have made
some attempts to link α to the local value of the buoyancy frequency,
but without obtaining a conclusive benefit with respect to the use of a
simple constant coefficient. Here, the most likely problem is that the
local buoyancy frequency is in itself a function of the unknown temper-
ature profile.

The physical model provided a vehicle to isolate the role of the
Coriolis' force on the plume of the two tributaries, that is usually not vis-
ible from the surface and is confounded with the combined effect of
other dynamic forcings (e.g., wind and the seiche related flow field).
Under ordinary flow conditions, the model predicts a systematic deflec-
tion of the tributary waters towards the western shore of the lake, trig-
gering a clockwise gyre within the Lovere bay and a slow counter-
clockwise gyre that returns water towards the river mouth moving
along the eastern shore. For higher flow rate discharges, the effect of
the Earth's rotation weakens with respect to the plume's inertia in the
entrance zone and it has a more rectilinear pattern. Accordingly, one
could expect that the north-western part of the lake, although
misaligned with respect to the tributaries axis, is systematically more
sensitive to water quality degradation related to river-borne pollution.
Suspended particles, containing nutrients and bacteria, could preferen-
tially settle in this part of the lake, triggering metabolic processes that
cause a general reduction of the oxygen concentration along the water
columns. This will increase the fragility of this area with respect to eu-
trophication and algal blooms. Considering health risks associated
with pollution of coastal bathing waters at the surface during the
summer, the prevailing interflow mode, that usually occurs at a depth
between 5 and 10 m, probably contributes to diminishing the risk for
the north-western part of the lake but, on the basis of the obtained re-
sults, a more specific modeling effort (e.g., Antenucci et al., 2005)
seems necessary.

In spite of the discussed simplifying assumptions, the area of
influence of the tributaries deduced from the results of the physical
model closely matches the one shown by the remote sensing image
(see Figs. 9A and 11A). Both these tools are easy to understand and to
communicate; thus, providing effective instruments to convey the con-
cept of the lake's vulnerability to a lay audience. Actually there is a cross-
fertilization process between these two results: the first explains the
reason for the patterns shown by the second, that, in turn, provides an
evident confirmation of the correctness of the physical model.

In this study, we found that a physical explanation of the observed
processes resulted from the coupling of analysis of the remote sensing
images with the other observations. The successful observation of the
plume pattern in thermally unstratified periods would have been im-
possible during the prevailing thermally stratified period, whose extent
is known thanks to themeasurements of the lake and tributary temper-
atures. As shown in Fig. 13, the images obtained in the thermally strat-
ified period do not indicate clear evidence of the westward drift but
usually only a higher level of diffused turbidity on the western side of
the lake. This is probably the result of the vertical mixing exerted by in-
ternal wave activity on the deeper tributary plumes. This underscores
the importance of a stronger holistic approach coupling observations,
experiments, and models in the investigation and understanding of re-
mote sensing information.
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