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ABSTRACT:

Climate change and human activities are increasingly threatening water resources. In particular sub-alpine lakes are fundamental
not only for tourism or other economical activities, but also as a source of water. In this context, there is a strong need to monitor
such resources to understand, study and react to known and unknown impacts, so that appropriate mitigation actions can be taken.
Unfortunately, although monitoring data already exist for many of these lakes, the information is archived in different formats and
servers undermining the full exploitation of data and preventing a more efficient data management. The aim of this work is to
improve this situation by implementing a system that integrates and standardizes data coming from different sources. In addition,
the system integrates web based tools that estimate lake state indicators using open source software and standard. Thanks to this
system, it will be possible to exploit the data potential more fully. This paper focuses on the achievements reached by the research
carried out on Lake Lugano in the context of the project SIMILE after two years of work.

1. INTRODUCTION

Lakes are a fundamental resource that provide a number of en-
vironmental benefits and services to the local economy and the
quality of life. For example, they can store water, protecting
floodplains from floods and supplying water during droughts.
In addition, they help recharge aquifers (Cannata et al., 2018)
and support biodiversity. From an economic point of view, they
attract tourism and provide recreational and professional op-
portunities to residential populations. Unfortunately, climate
change and other human impacts are threatening the general
health status of lakes and the services they provide (Fenoc-
chi et al., 2018, Free et al., 2021, Lepori et al., 2018). In
this context, monitoring can play a key role in the preserva-
tion of lakes, in particular by providing insights that could pro-
mote timely mitigation actions. Lakes Lugano and Maggiore
are two large transboundary Swiss-Italian lakes. They are sys-
tematically monitored by both Italian and Swiss administrat-
ive agencies. Lake Lugano, the case study chosen for this
work, has been monitored since the early 80s with limnolo-
gical campaigns being performed every two weeks in three
stations: Gandria, Melide and Figino. As a result, for some
parameters, 40 year old time-series are now available. These
series provide a precious set of data to investigate trends and
changes over time. During last years, limnologists have been
additional 'non-traditional’ methods to measure lake paramet-
ers, often with the goal of increasing the spatial and temporal
resolution. For example, remote sensing techniques permit to
gather indirect information of many lake properties, i.e. water
transparency, surface Chlorophyll-a concentrations, water tem-
peratures, etc. (Dornhofer and Oppelt, 2016). However, re-
mote sensing has intrinsic limits in temporal resolution (Sagan
et al., 2020). The Internet of Things (IoT) revolution (Kumar
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et al., 2019) and the increasing availability of sensors and low
powered Microcontroller allow to build custom, low-budget
solutions to measure lake properties using in situ, fixed, high-
frequency monitoring systems. Such systems can improve the
temporal resolution of the data, which is necessary to quantify
highly-dynamic phenomena such as algal blooms (Marcé et al.,
2016). This scenario highlights how many data sources could
potentially be available to better study lake ecosystems. Un-
fortunately, for Lake Lugano, a unique, integrated automated
monitoring system is still missing. At present, monitoring data
is stored in local databases and in different formats, which un-
dermines the full exploitation of the data and prevents a more
efficient data management. Therefore, we identified a need to
improve data interoperability and standardization, as well as to
create a unique digitalized archive for all the available inform-
ation. This paper presents the main achievements of two years
of research aimed a standardizing and homogenizing data from
Lake Lugano. The work was carried out in the context of the
SIMILE project (System for the Integrated Monitoring of In-
subric Lakes and their Ecosystems). The specific objective is
to improve data interoperability by developing a system that in-
tegrates and standardizes data coming from different sources.
The system will facilitate the use of the data by implement-
ing a web based tool to calculate and display a set of key lake
indicators using open source software and standard. The IN-
TERREG project SIMILE, born from a collaboration between
ITtaly and Switzerland, aims at developing an information sys-
tem using an open source approach and innovative technolo-
gies to help decision makers in the management and evaluation
of the status of the transboundary and sub-alpines lakes such as
lakes Maggiore, Lugano and Como. To this end, the SIMILE
project intends to intensify the monitoring of these lakes by im-
plementing an open real-time monitoring system. In addition,
it will promote the use of data from satellite and citizen science
in order to increase the monitored properties of the lakes. Ulti-
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mately, SIMILE aims at helping decision makers by integrating
data coming from different sources and offering a single access
to the elaborated information.

2. MATERIALS AND METHODS

2.1 Study area

Lake Lugano is a transboundary lake divided into two main
basins, North and South, with an area of 27.5 Km? and 21.4
Km? and a maximum depth of 288 and 95 m, respectively. Lake
Lugano was severely affected by eutrophication, which reached
a peak in the 60s-70s. Thanks to an ongoing restoration pro-
gramme, the state of the lake has been improving, and the cur-
rent trophic state ranges between meso- and eutrophic.
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Figure 1. Lake Lugano map (Barbieri and Polli, 1992).
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2.2 Data sources

The monitoring data available for Lake Lugano are collected
in the South basin using three methods (see Figure 2). The
first entails the use of multi-sensor CTD probes that are peri-
odically (monthly or bi-monthly) lowered to the bottom of the
lake. These sensors measure physical parameters such as water
temperature, dissolved oxygen, conductivity, etc. (e.g. IDRO-
NAUT 316 Plus or IDRONAUT 306) or derive biological in-
formation, as in the case of fluorimeter sensors, which use
visible spectrum fluorescence to estimate algal biomass. The
second method is based on the collection of water samples at
discrete depths using Niskin bottles. The samples are then ana-
lysed in laboratory for an array of chemical and biological vari-
ables. The third method is based on a monitoring platform,
i.e. an Automatic High Frequency Monitoring (AHFM) system
mounted on a platform of 2.5 x 2.5 m deployed in the South
basin corresponding to the maximum depth. The system was
developed during last two years in the context of the project
SIMILE. The AHFM system collects real-time data at differ-
ent depths and with a frequency of 10 minutes (raw data have
a frequency of 1 minute, but then they are aggregated every 10
minutes after performing a quality test on each observation).
The AHFM system is composed by:

e six optical sensors (OPTOD by Ponsel) to measure water
dissolved oxygen (mg/L and %) and temperature (°C) po-
sitioned at 0.4, 2.5, 5.0, 8.0,12.5 and 20.0 meters depth;

e four fluorimeters (UNILUX by Chelsea Technologies) to
measure Chlorophyll-a and Phycocyanin concentrations
(ug/L). Two sensors are positioned near the surface at 0.4
meter depth and the other two at 10 meter depth;
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Figure 2. Graphical representation of main data sources
available for Lake Lugano.

e a compact weather station (WS501 by Lufft) to measure
air temperature (°C), relative humidity (%), pressure (hPa),
wind velocity (m/s) and direction (°) and solar radiation
(W/m?).

Additional data are further elaborated to derive indexes of lake
status (biovolume, LTECO and IPAM indexes).

Unfortunately all these data are currently archived in heterogen-
eous formats and databases (see Figure 3) and are archived in
different servers, handled by respective administrative entities
(SUPSI, ARPA, CIPAIS).
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Figure 3. Data formats used to archive the historical data of
Lake Lugano.

2.3 The information standardization

The missing in-data standardization is a critical issue because it
highlights the current lack of data format uniformity, interoper-
ability, ontology as well as an error-prone process, because data
are accessible from different sources and a proper synchroniz-
ation is missing. To fix these problems, international standards
are available. They offer a solution to improve data homogen-
ization and standardization (Giuliani et al., 2019, Liang et al.,
2021). In environmental monitoring, the Sensor Thing API and
the Sensor Observation Service of the Open Geospatial Con-
sortium (OGC) are widely used. The first is strongly oriented
to provide an open and unified framework for IoT devices inter-
connection (OGC SensorThings API Part 1: Sensing, Version
1.0., n.d.) using JSON format. The second is a standard struc-
tured and based on XML format. It encodes sensor metadata
using the Sensor Model Language (SensorML), and measured
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values in the Observations and Measurements (O&M) encoding
format (Broring et al., 2012). The istSOS software has been se-
lected to manage data according to the SOS standard since it is
already used in production for the management of the data com-
ing from the Hydro-Meteorological network of Canton Ticino
Switzerland (Cannata et al., 2015). istSOS allows to standard-
ize the ontology of the observed properties and of the unit of
measures. In addition, the definitions of common data qual-
ity flags/codes improved the use of the software to indicate the
quality of the observations inserted. In fact, when quality tests
are performed on the data, the software allows to associate the
observations to a flag that indicates which tests have been per-
formed (Tiberti et al., 2021). In order to facilitate the import of
historical data, a tool was implemented to extend the capabil-
ities of istSOS (Figure 4). The importer tool, written in Rust,
can decode a text file format and then permits to compile a web
form to correctly individuate the data and columns. This tool
takes advantage from the WebAssembly paradigm, that almost
all browsers support. Hence, it is possible to run a script writ-
ten with low level language directly on the client without using
any server side process. Enabling the software user interface
to interpret a WebAssembly script means to permit an easy ex-
pansion of the capabilities. It also increases the performance of
running scripts written with low level language.

Real-time data Probe profile data Data lab analysis
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Figure 4. Data importing into istSOS.

2.4 Automatic Data elaboration

For monitoring the lake’s health status, istSOS has been exten-
ded by enabling the possibility to write additional scripts, writ-
ten using the Python programming language, that the software
treats as plugins. Such scripts can retrieve observations using
SOS standards or web API in order to extrapolate new time
series by combining the already registered procedures with cus-
tom algorithms. To this end, a YAML configuration file must be
structured to provide metadata explaining what the script does
and describe the input data needed by the algorithm from which
the web user interface can automatically generate a web form.
Thanks to this new feature two main plugins were developed:
Lake Analyzer and Data Analyzer plugins. The first is based on
the LakeAnalyzer software (Read et al., 2011), which origin-
ally written in MatLab, a tool that allows to calculate common
metrics for lake physical states. Hence, some of these func-
tions were translated into Python in order to better integrate
the plugin in istSOS, which uses Python, and to offer software
based on an Open Source language. In table 1, the functions
developed at the moment of writing the article are listed along
with the requested data inputs.

Schmidt stability Schmidt stability is an indicator of the res-
istance, or the stability, of a lake in terms of amount of work

Name Main data inputs

Schmidt stability Water temperature profile; Ba-
thymetry; Salinity

Epilimnion temperat- | Water temperature profile; Ba-

ure thymetry;

Thermocline depth Water temperature profile;

Minimum density gradient;
Mixed cut-off

Buoyancy frequency Water temperature profile

Water density Water temperature profile; Wa-
ter salinity profile; Salinity
Water density (cond) Water temperature profile; Wa-
ter conductivity

Metalimnion depth Water temperature profile;
Slope; Seasonal; Mixed cut-
off

Mixed depth Water temperature profile

Volume aggregation Water  parameter

Depths-Volumes values

profile;

Table 1. List of functions available on the Lake Analyzer plugin.

required to mix the water column uniformly over depth. The
algorithm was theorized by Schmidt (Schmidt, 1928) and was
improved and modified by Hutchinson and Idso (Hutchinson,
1957, Idso, 1973). The result is a mixing energy required per
unit area.

Epilimnion temperature In a stratified lake, the epilimnion
is the top layer which has a nearly uniform temperature. The
function developed within the LakeAnalyer plugin permits to
calculate the average temperature from a profile of temperatures
and the lake’s bathymetry.

Thermocline depth The depth at which the downward
change in temperature or density is greater than predefined
thresholds (e.g. a rate of 0.5°C per meter) can be defined as
the thermocline. Basically, it is the horizontal plane passing
through the point of greatest change along a temperature or
density vertical profile. The function adopted here uses the first
derivative of the water density profile to estimate the thermo-
cline depth.

Buoyancy frequency The buoyancy frequency, also called
Brunt-Viisila frequency, is a measure used to evaluate the sta-
bility of a fluid to vertical displacements such as those caused
by convection. It can be calculated as in eq. 1 where g is gravity,
i is depth, and p is water density.

N2 = 9 (i1 = pi) 0

pi (div1 — di)

Water density Temperature and substances dissolved in wa-
ter influence the water density and so the capacity of a lake to
be stratified or mixed. Therefore, water density is important
to understand the physical dynamics of the lake. This func-
tion calculate the water density in Kg/m3 using Martin and Mc-
Cutcheon’s method (Martin and McCutcheon, 1999) or the one
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Figure 5. Schema of the profile type data composed by
timestamp (t,), depth (d,) and value.

suggested by UNESCO (Millero and Poisson, 1981) which is
mostly used for seawater.

Metalimnion depths In a stratified lake, the metalimnion is
the transition layer between the epilimnion and the hypolim-
nion. It is characterized by the steepest thermal gradient (Wet-
zel, 2001). The function of this plugin permits to calculate the
top and bottom depths of the metalimnion with correspond re-
spectively to the bottom of the epilimmnion and the top of the
hypolimnion.

Volume aggregation This function calculates a weighted av-
erage along a water profile based on the volume of a water layer
thickness (eq. 2). It allows to assign different weights to data at
various depths.

N
;aiVi
Zd:l a (2)
‘/tot

The second plugin developed regards two main functions: a
data aggregator and a data profile creator. The aggregator
permits to select a procedure and one of its observed prop-
erties which will then aggregate on the basis of a time inter-
val (ISO8601) and an aggregation function (e.g. AVG, SUM,
COUNT, MAX, MIN). The data profile creator allows to integ-
rate into a single procedure of type profile two or more pro-
cedures that share same observed properties. For example, the
Automatic High Frequency Monitoring system positioned on
Lake Lugano is composed by a chain of sensors. Each sensor
is registered using a procedure of the type insitu-fixed-point,
where at a timestamp corresponds to one or more observed
properties. Thanks to this plugin, it is possible to create a single
profile procedure in order to obtain per each timestamp the cor-
responding values of the observed properties at all depths (Fig-
ure 5).

Once a function is fired, all the information needed to run the
algorithm are archived in the database. When an observation is
inserted in istSOS, the PostgreSQL database lunches a notific-
ation which is listened by the Python server. Such notification
carries information (e.g. the procedure name, the beginning and
end time of the observations inserted, etc.) that are useful to
recognize which procedures are updated and consequently trig-
gers all the processes that have been created using those obser-

vations. Such processes will update the calculated procedure in
order to update the values.

3. RESULTS

The open data management system developed in the context of
the SIMILE project is composed by a single instance of istSOS
where three istSOS services have been created. A service is
a isolated space with a dedicated database which is potentially
independent by other services also in terms of user permissions.

Name Description

air-pressure Atmospheric pressure (hPa)

air-relative-
humidity

Absolute humidity relative to the max-
imum for that air (%)

air-temperature Air temperature at 2 meters above ter-
rain (C)

global-radiation Solar radiation (W/m?)

water-Chl-a Chlorophyll-a concentration (ug/L)

water-Neph Turbidity from Trilux Chelsea techno-
logies (ug/L)

water-O2C Oxygen concentration (mg/L)

water-O2D Dissolved oxygen (ppm)

water-O2S Oxygen saturation (%)

water-PAR Photosynthetic active radiation
(W/m?)

water-PC Phycocyanin concentration (ug/L)

water-SDT Secchi Disk Transparency (m)

water-TSS Total Suspended Solids

water-cond20 Conductivity at 20 C (uS/cm)

water-cond25 Conductivity at 25 °C (uS/cm)
water-depth Depth from surface (m)
water-pH Water pH at a specific depth
water-pressure Pressure at a specific depth (hPa)

Temperature of water at a specific
depth (°C)

water-temperature

wind-direction Wind direction (°)

wind-speed Wind speed (m/s)

wind-speed-max Wind gust (m/s)

Table 2. List of observed properties registered and standardized
on istSOS.

A dedicated service, called ceresio, has been created to man-
age all the available historical raw data. It is composed by 26
procedures for a total of 22 observed properties (Table 2) and
more than 2 million observations. Part of these observations de-
rive from the raw data of the AHFM system which has a rate of
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sampling of 1 minute. Such data are gathered during mainten-
ance since data are remotely sent to the server after aggregation.
In addition, historical time-series, which come from the cam-
paigns performed on the lake since 1972 till today, have been
also imported into ceresio service. The second service, named
ceresiohourly, is composed by 12 procedures that corresponds
to the sensors installed on the AHFM system. The AHFM sys-
tem transmits to the server 10 minutes frequency data in real-
time using a MQTT service every 15 minutes. Such data are, in
primis, used to offer an instantaneous overview on the real-time
parameters measure on the lake, which in future can be used
to detect abrupt phenomena such has algal blooms, but also to
check that the AHFM works correctly. In fact, in addition to the
environmental parameter already described, observations about
current voltage and power are archived in a dedicated proced-
ure in order to check the state of the battery and voltages. Fi-
nally the last service, called ceresiohourly, has been created in
order to offer data to external services. It comprises hourly ag-
gregated data that thanks to the data aggregator was possible
to automatically generate from the real-time data sampled by
the AHFM and archived into the procedures registered on cer-
esioremote service. In addition, data from the CIPAIS (Inter-
national Commission for the Protection of Italian-Swiss Water)
annual reports and from ARPA monitoring campaign have been
also added to this service in order to offer the public an interact-
ive visualization of such data. A dedicated web user interface
will be developed in the context of the project SIMILE. From
the integration of the available data sources, it was possible to
used the Lake Analyzer web tool in order to calculate indic-
ators. Indicators such as Schimdt stability, Thermocline depth
(Figure 7) and Mixed depth are useful to understand the phys-
ical status of the lake. For example, in Figure 6 the trend of the
thermocline depth is shown. From 1988 until 2019 it is com-
prises between 0 and 20 m depth and only in 1991 the thermo-
cline reached the 50 m depth. Of course when the lake is totally
mixed the thermocline cannot be detected since it does not ex-
ist. The mixed depth is available in Figure 7. Since the South
basin of Lake Lugano has a maximum depth of about 93 m, it
can be highlighted that the water lake was mixed at least every
year except for 1988, 2007, 2014, and 2016. In addition to that,
the epilimnion depth (see Figure 8, ranged between 5 and 30
m. The seasonal behaviour can be appreciate from the graph.
In the figures proposed, the dashboard for technical personnel
has been showed. This interface permits to visualize data fil-
tering on procedures, observed properties and time. Basically,
two type of visualization are offered, single stats where there
are available the plots for only one procedures and the mode
compare, it allows to compare procedures with same observed
properties.

4. CONCLUSIONS

The proposed paper wants to investigate a fully open web solu-
tion in order to calculate indicators that can help understand
the health status of the lake and try to solve the limits that are
currently affecting water monitoring. Such an open platform
uses open standards as the Sensor Observation Service (SOS)
of the Open Geospatial Consortium (OGC) to integrate different
sources of data and to offer the possibility to gather the informa-
tion in a standardized way. To this end, istSOS, a Python imple-
mentation of the SOS standard, was selected as main data man-
agement system since it is open source and demonstrated good
performance and stability in a production environment. In fact,
it is successfully used to manage the hydro-meteo network of

Canton Ticino. Due to the open source nature of this software, it
was possible to further extend its capabilities by implementing
a system to manage custom scripts and treats them as plugins.
In addition, thanks to the WebAssembly technology, it was pos-
sible to create an importer application, embedded into the User
Interface (UI), to use clients system power to decode text file of
profiles data and then trasmit such observations to the istSOS
server instance. Thanks to these implemented tools, historical
data were integrated into a single data source together with the
data coming from the new AHFM system implemented during
the project. The AHFM system collects information about tem-
perature, dissolved oxygen, Chlorophyll and Phycocyanin con-
centrations and weather parameters (wind speed and direction,
air temperature, air pressure, air humidity, global radiation).
It transmits 10 minute frequency data in real-time every 15
minutes. The data standardization concerns also the ontology
as for observed properties and unit of measure. This part was
very important since the implemented solution will be adopted
by other project partners for handling data of lakes Maggiore
and Como. The database shaped by integrating almost all the
data available on Lake Lugano support to the fully exploitation
of the data for the scientists and researchers. The software is re-
leased under the GNU GPL v3 License (https://gitlab.com/ist-
supsi/simile/istsos-suite). Due to sensibility of data, historical
raw time series are available only upon specific requests. In or-
der to facilitate and offer common methods to calculate basic
lake indicators, a module based on the LakeAnalyzer functions
was implemented using Python. The scope is to validate and
standardize the calculations and providing a common validated
tool. The indicators produced using these tools are automatic-
ally updated when new observations are inserted into the pro-
cedures which were selected in order to make the computations
of each indicators. This feature was implemented extending the
capabilities of istSOS by implementing a tool which can take
advantage of the LISTEN/NOTIFY feature of the PostgreSQL,
the database technology on which the platform is based. In con-
clusion, an overview of the results about the improvements in
data interoperability and standardization reached during these
years of project were presented. The proposed solution demon-
strated how open software and standard can fill the gap in data
interoperability and standardization which still is affecting the
lake monitoring. Such open technologies helped in develop-
ing an automatic system that can calculate indicators to help
decision makers in managing the water resource and scientists
to better study the new unknown dynamic and facing the new
challenges to which lakes are exposed.
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Figure 6. Thermocline depth calculated using the LakeAnalyer web plugin and the monthly data collected by the traditional
campaigns, previously standardized and imported into istSOS.
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Figure 7. Mixed depth calculated using the LakeAnalyer web plugin and the monthly data collected by the traditional campaigns,
previously standardized and imported into istSOS.
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Figure 8. Epilimnion depth calculated using the LakeAnalyer web plugin and the monthly data collected by the traditional campaigns,
previously standardized and imported into istSOS.
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