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Abstract

Following flood events and cloudbursts alternating with long drought periods, interest grew in the reservoirs, lakes and
water basins in the Tuscany region. In-depth studies are needed to understand the role of water bodies in territorial resili-
ence to climate change. Water volume is the main information to be collected to quantify and monitor their capacity. In this
study, a methodology was developed for the estimation of water volume, based on depth measurements taken by sensors
with low detection time and costs that can quantify the resource on a regional scale. The depth measuring instrument was
a portable sounder with 95 satellite positioning system (Deeper Smart Sonar PRO + (WI-FI + GPS). 204 water bodies were
measured. The results indicate that depth is a fundamental parameter to be detected in the field, to obtain the volume with
automatic and precise tools. The calculated volume correlates well with the real volume with an R? = 0.94. Elaboration of
the results led to a model being developed to estimate the volume, knowing only the lake surface area. The database created
can be used to conduct future studies on the dynamics of water resources in relation to climate change. It will also be possi-
ble to make comparisons with data obtained from satellite and LiDAR (light detection and ranging) surveys.

Key words: deeper sonar, lake, pond, reservoir, volume model

INTRODUCTION 2012 and October 2014, Monteroni (SI) — August 2015],
causing landslides, blocked roads and problems in agricul-
In recent years, severe environmental phenomena have ture. Prolonged drought has led to water shortages for agri-

occurred in Tuscany with related disasters, deaths and ex- culture and cities, with damage to crops and expensive
tensive economic damage. These are attributable to ex- supplies from long distances. Hill lakes and artificial reser-
treme weather events and alteration of precipitation distri- voirs play an important role in tackling climate change,
bution: rainy periods alternating with extremely dry peri- reducing the impact of extreme events and increasing the
ods (e.g. ZOLINA et al. [2013]; BARTOLINI et al. [2014; resilience of environments and affected elements [WATSON
2018]). In addition, cloudbursts are increasingly frequent et al. 2016].

with destructive consequences on the territory and for the Reservoir embankments work similarly to fluvial

population [PRETI et al. 2017]. Flash floods have occurred check dams, retaining sediments [VERSTRAETEN, POESEN
throughout the region [San Polo (FI) — May 2018, Livorno 2000], debris and reducing the mean slope of the hillside
— October 2017, the Albegna River (GR) — November [P1TON, RECKING 2017]. They also affect carbon retention
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and the carbon cycle [LU et al. 2012]. Abundance and size
distribution of lakes, ponds, and impoundments have
asimilar importance to large reservoirs [DOWNING, Du-
ARTE, 2009]. Large natural lakes or artificial reservoirs are
not sufficient to meet the needs during extreme events.
Their purpose is often for hydroelectric energy production
[FEARNSIDE 2016; TuLLOSs et al. 2010].

The building of big dams to create large reservoirs
leads to high impacts, in terms of hydrological [CHAO et
al. 2008; GRAF 1999], ecological [POKHREL et al. 2012]
and social effects [TILT el al. 2009]. Improving the control
of outflows deriving from intense rainfall, means that wa-
ter can be stored in reservoirs [ZHANG et al. 2011], for use
during periods of severe drought for crop irrigation
[MOLDEN et al. 2010; MUSHTAQ et al. 2006; YANG et al.
2019], civil use and to mitigate aridity for vegetation and
wildlife [STURCK et al. 2014].

In addition, a lake influences the hydraulic risk by act-
ing as an overflow basin and thereby improving the flood
mitigation [WANG et al. 2011], protecting settlements and
infrastructure downstream [MING et al. 2007]. In order to

€

Fig. 1. Distribution of small and large water bodies in Tuscany; source: own elaboration

best optimize flood mitigation, a hydrological study is
needed for sizing of the spillway, based on the flow rate
chosen for a given return time [CUMMINGS et al. 2012].
Tuscany has many hill lakes, ponds and artificial reservoirs
of small-medium size (Fig. 1). In Figure 1, there are areas
with many small and medium hill lakes and reservoirs.
These can affect water sustainability in the agricultural
sector and flood mitigation. Small and medium-sized lakes
create less impact than large dams. The figure also pin-
points the sites where recent disasters have occurred fol-
lowing heavy rains. In 2017, a severe drought hit the entire
region.

Given the high number and variety, it is difficult to ob-
tain information regarding the capacity of a reservoir and
its state of maintenance, especially as regards silting and
sedimentation [BACCARI et al. 2008]. Silting represented
an off-site damage of erosive phenomena and hydrogeo-
logical instability [YANG et al. 2019]. Sedimentation has
a direct influence on the reservoir’s water capacity, and
therefore on the maintenance, cost and efficiency of the
hydraulic works and mechanical devices of the artificial

Legend

Flood site
B Large water reservoir
B Small and medium lakes or ponds
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reservoirs. The accumulation of sediments increases the
stress on the dam body and can also cause problems in the
structure stability [IVANOSKI et al. 2019]. The silting can
also generate serious problems on the tributary and effluent
rivers, as well as on the water quality themselves and of
the related ecosystems [SCHWEIZER, PINI PRATO 2003;
STURCK et al. 2014]. In particular, direct consequence of
sedimentation are the limitation of the capacity for regulat-
ing the outflows and the floods lamination, the obstruction
and the loss of efficiency of the bottom discharges and of
the gripping, filtering and derivation works [BAZZzOFFI,
VANINO 2009]. Causes the reduction of the water quantity
for irrigation purposes in the agricultural sector [Socci et
al. 2019]. In the case of reservoirs originating from river
dams, sedimentation leads to geotechnical problems, caus-
es the greater stress on the dam body, the abrasion of the
artifacts, the lowering of the river bed downstream
[BAzzoFFI 2008]. The volume is traditionally measured
using a bathymetric survey [SHERSTYANKIN et al. 2006],
which gives a precise result but with high costs and times.
The measurement is carried out by an operator who travels
the lake with a boat. It moves on a virtual square matrix
and for each vertex of the matrix measures the depth by
means of an echo sounder [HANSEN et al. 2017]. Several
approaches have been proposed in the literature for esti-
mating lake depth based on the interpretation of visible and
near-infrared satellite data [BANWELL et al. 2012; GARAM-
BOIS et al. 2017; KRAWCZYNSKI et al. 2009; SIMA et al.
2013]. The reflectance of a water column is modulated to
obtain the depth [TEDESCO, STEINER 2011]. Volume, aver-
age/maximum depth and other data for large dams can be
collected by the managing authorities. These water bodies
have a considerable impact and generally high hazard, so it
is necessary to conduct in-depth studies and monitoring
over time [TORRES-BATLLO et al. 2020]. Otherwise, field
surveys or indirect estimates are necessary for small lakes,
ponds and impoundments, for which no data on their ca-

pacity are available. In this paper, we propose a methodol-
ogy to measure the volume of small and medium-sized
lakes, i.e. those between 2000 and 50 000 m? of surface.
Lakes and reservoirs of this type are numerous but infor-
mation about volume is hard to find.

MATERIALS AND METHODS
BASIC ACQUISITION ON TUSCANY WATER BODIES

The first phase of the work concerned homogenization of
the geographical data in regional databases (department
archives, office of civil engineering and other relevant au-
thorities). For each reservoir, a check was performed by
means of photographic interpretation, in a GIS environ-
ment. From 2016 HD orthophotos (Tuscany Region), we
verified the current state of the reservoir: existence, sea-
sonality, shape modification, etc. Unknown reservoirs were
collected by photographic interpretation through infrared
orthophotos (Fig. 2), from which it is possible to easily
distinguish water bodies from the rest of the territory. The
water body takes on a dark blue-green colour that is easily
distinguished from surrounding objects, such as buildings,
woods, grassland, roads. This methodology was applied to
complete our database and include lakes and other reser-
voirs that have never been surveyed. Methodology carried
out to find unknown water bodies consist in examine all
the Tuscany territory, watching NIR images at a range of
scale between 1:200 and 1:4000. Water bodies take a dark
colour, tending to green-blue. Thanks to their colour, it is
possible distinguish the lake than other objects, usually
reds (vegetation) and white-greys (buildings or fields). The
number of perennial reservoirs detected was 16 248, for
a total area of 5781.17 ha (Fig. 3). For each one, we quan-
tified the surface by digitizing the geometry, 3446 have an
area greater than 0.2 ha.

Fig. 2. Portion of orthophoto obtained with a near infrared sensor: Pontecosi dam on the Serchio River —
Lucca province; data used: ‘Ortofoto 20 cm copyright 2016 Consorzio TeA’ OFC 2016 20 cm —32 bit colour —
4R 1G 2B NirRG Standard False Colour for vegetation studies; source: own elaboration
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Fig. 3. Distribution based on the surface of the polygon
of all lakes; source: own study

The most recurrent class is the small size (up to 1000
m?). They are usually small reservoirs on farms for agricul-
tural activities, such as fertilization and the fight against
pathogens / with aqueous solutions. Farmers do not use the
water contained in these reservoirs for irrigation, since it
would not be enough to satisfy crop needs. However it is
used to irrigate secondary crops. The reservoirs belonging
to the following classes are those that play a major role in

irrigation and provide many ecosystem services. In cases
where they are deeper than 2 m, they can be used for forest
fire fighting by means of a helicopter jack. 14 804 small
reservoirs (up to 5000 m?) have a total area of 1227.47 ha.
1581 medium-size reservoirs (between 5000 and 50 000
m?) have a total area of 2015.41 ha. 93 large reservoirs
(over 50 000 m?) have a total area of 2538.29 ha.

WATER DEPTHS MEASURED IN THE FIELD

Once the general database had been updated, including
all water bodies found in the region, direct field surveys
were conducted in order to measure the depth of a sample
of these. The sample size was not defined a priori. Surveys
were conducted at all the properties that gave authorization
for the measures. Most reservoirs are privately owned, so
the generalities and contacts (e-mail or telephone) for each
owner must be obtained. 204 reservoirs and lakes were
measured (Fig. 4). The surface area of the 204 lakes
(246.36 ha) was between 2000 and 50 000 m?. There are
3353 reservoirs belonging to this class in the entire data-
base for a total of 2581.57 ha. The measured sample is 6%
of the number and 9.5% of the surface. The map shows
that the sample is well distributed over the region. The dif-
ferent categories of morphology, geology and climate re-
gime are well represented within the areas subject to

Legend

) Measured water reservoirs
B 21l water reservairs

Fig. 4. Distribution of reservoirs measured during the field surveys; source: own elaboration
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are excluded. The obtained sample was well distributed in
the territory, representative of the sizes and types (mor-
phology, geology). For each sample reservoir, the depths
along the two main transects was measured, in relation to
the surface (Fig. 5). Starting from this measurement it is
possible to obtain a regression curve that represents the
depth trend along the measured profile. Calculation of the
water capacity of the reservoir is based on these measures.
The depth measuring instrument was a portable sound-
er with satellite positioning system (Deeper Smart Sonar
PRO + (WI-FI + GPS). The Deeper can measure depth
(max. 80 m, min. 0.6 m) through a sonic pulse with 290
kHz frequency and narrow beam (15° cone amplitude) —
Fig. 6). It sends a double frequency sonic signal (290 kHz
and 90 kHz) for different measurement cone size (15° —
higher resolution and 55°). It is equipped with a water tem-
perature sensor. A Wi-Fi connection is used to transfer data
to a smartphone. The Wi-Fi range reaches up to 100 m.
The Deeper PRO PLUS sonar has a highly accurate inter-
nal GPS receiver that allows the device to create bathymet-
ric maps. Scan depth is from 0.7 m (2 ft) up to 80 m (260

Fig. 5. Depth measured in the field; the numbers are expressed in mete

ft). It can be launched with a fishing rod, or transported by
boat. It is 65 mm in diameter and weighs 100 g. The re-
chargeable batteries are made of lithium polymers, provid-
ing 3.7 VGPS accuracy: 6 m. Each measure is provided
with geographical coordinates in WGS84 reference system.
Two measurements are taken every second. The instrument
is transported by a radio-controlled aquatic drone that trav-
els at 1.6 m per second and communicates by WI-FI via
a smartphone equipped with a specific application that rec-
ords the measurements (Photo 1). The results are automati-
cally uploaded in the cloud, avoiding loss of data. The time
for measuring depths along the two main transects varied
according to the size of the reservoir, on average it was 18
minutes for each one, including walking time to the shore-
line. An alternative in smaller lakes is using a fishing rod
to launch and retrieve the instrument. The advantages of
this are: transport of the equipment facilitated by the re-
duced weight, independence from the battery life of the
aquatic drone and measurements without the need to di-
rectly reach the water/surface.

.,
LY

- %
rs, yellow =

shallow water, green and blue = intermediate depth, purple = greater depths;
source: own elaboration; background: Google satellite

5S¢ 15°
290kHz

Fig. 6. Sonic depth sounder used for field measurements; source: own elaboration
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Photo 1. Radio-controlled aquatic drone used to transport
the sonic sensor into the measured lakes (phot. R. Giusti)

ESTIMATION OF RESERVOIR CAPACITY

Storage capacity estimation (water volume) was per-
formed using an automatic method based on the punctual
depths obtained along the transects. Capacity was calculat-
ed for each one individually to obtain the water volume for
each reservoir; we made a query, executed in GIS envi-
ronment. The query steps are as follows:

— vector digitalization of each detected reservoir boundary
is carried out, through photointerpretation of 20 cm res-
olution ortophotos;

— agrid of 0.5 m cells, related to the reservoir polygon, is
created; for each cell a value is assigned a distance val-
ue, corresponding to the distance between the cell cen-
troid and the shoreline;

— for each depth point detected along the transect, a re-
gression model is calculated between depth and mini-

Definition of the
relationship between 2
depth and shoreline
distance for each point of
depth acquisition

Punctual depth detection (m)
® 07120 - 1.8884
1.8884 - 3.0648

® 3.0648 - 4.2412
® 42412 -54176
® 54176 - 6.5940

Vector
digitalization
of the lake
boundary,
through
photointerpret
ation of 20 cm
resolution
orthophotos

mum distance from the shoreline; regression used is
a fourth grade polynomial (Eq. 1); the independent vari-
able coefficients vary for each reservoir;

— for each cell is assigned a depth calculate by the poly-
nomial regression;

— the water volume in reservoir is the sum of each water
column obtained multiplying the cell surface and the
corresponding depth (Eq. 2).

h=a;L* + a,L3 + agl? + a,L + as (@))

Where: h = depth (m); L = the length (m) — shoreline dis-
tance is linear dimension; a; s = polynomial coefficients

V=3'h-A 2
Where: V = volume (m®); A = the cell size (m?).

The regression model between depth and shoreline dis-
tance is based on a polynomial law, which best fits the lake
profile. HOLLISTER and MILSTEAD [2010] applied this
methodology in their study, providing good results for the
determination of storage capacity. The R® correlation be-
tween estimated conical volumes (km®) and “true” volumes
(km®), results in 0.95 [HOLLISTER, MILSTEAD 2010].

For each reservoir measured, we obtained the corre-
sponding volume (Fig. 7). Once detected punctual depth,
through the drone, all methodology flow is executable
thanks an automatic query in GIS environmental. There
permits an easy monitoring of the reservoir volume by
some simply field activity.

Depth[m]=a,-L'+a, L’+a, L*+a, L+as

L = Shoreline distanca (m)

3 Shapefile conversion
To a grid, with cell
size: 0.5 m

Determination of the
minimum shoreline
distance for each

cell.

Shoreline

distance (m) Depth (m)
1 0
[188945 M 1.154523
[117.789 [ 2.469064
1 26,6835 [ 4.186224
B 35578 [ ] 6.790584

5 Each cell is
assigned the
depth, as a fuction
of the shoreline
6 & distance.

Volume[m’)=>_ h[m]xA[m"’]

Fig. 7. Water reservoir volume estimation methodology conceptualization; h = depth (m),
a = polynomial coefficients, L = length (m), V = water volume (m®), A = cell size (m?); source: own elaboration
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DATA PROCESSING

During the data research phase, the volumes measured
using traditional techniques were collected through high-
level bathymetric surveys. These measures are considered
“real volumes”. Measurements were taken in the last
5 years, so were not influenced by silting or other modifi-
cations. The field surveys involved 55 reservoirs for which
the real volume was available (Fig. 8). This allowed us to
make comparisons, calibrations and establish the accuracy
of the developed method. Subsequent elaborations con-
cerned the comparison between the parameters detected in
the field with variables collected by remote sensing, in or-
der to find correlations that allowed the water capacity to
be estimated with indirect systems, more rapidly and at
a lower cost. The parameters used were: average slope and
difference in altitude, measured through the processing of
a DTM (digital terrain model). The DTM used is based on
the regional technical map (scale 1:10 000); it is derived
from the level curves and elevation points. Its structure is
of 10x10 m cells and it contains the height above sea level.
Processing of the DTM was conducted on a fixed distance
buffer around the reservoir. Given the high variability in
lake sizes in our database, the buffers were fixed at differ-
ent distances (1 m, 7 m, 10 m, 15 m), to find relationships
between surface size and the surrounding morphology
[HEATHCOTE et al. 2015].

v

o -

2000

10
1

Frequency

5000 10000 50000 le+05

Surface breaks (m?)

Fig. 8. Distribution of the lakes subject to comparison between
the volume calculated with the methodology developed in this
study and the real volume; source: own study

RESULTS

During the field activities, depth measurements were
taken from 204 water bodies, distributed in the regional
territory. There were 49 surveys, with a team consisting of
2 people. The analyzed sample is representative of the en-
tire database, for the categories studied (Fig. 9). The creat-
ed query was run with the data obtained, in order to esti-
mate the capacity of each measured lake. Four were tagged
as outliers and therefore discarded. In these cases, the es-
timated depth measurements were negative, due to query
errors in the polynomial regression development. Polyno-
mial regression well fit the relationship between depth and

60

Frequency
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|
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|

o_-
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Te+05

5000

10000 50000

Surface breaks (m?)

Fig. 9. Distribution of the measured water bodies; source: own
study

shoreline distance, R (s) obtained from the regression vary
about 0.68-0.87 range. The relationship between maxi-
mum measured depth and average depth of each reservoir
was well correlated (Fig. 10). The two variables are well
correlated (R? = 0.93) by a regression line (y = 0.56x). The
relationship is significant (p-value: <2.2¢™*®). The regres-
sion line indicates that the average depth was frequently
about half of the maximum depth. The high correlation
index (R? = 0.93) demonstrated that the method works well
for the volume estimation. The multiplication factor 0.56
(angular coefficient obtained from the modelling) indicates
that the average water depth is about half the maximum
depth. The distribution of regression residues is normal
(Fig. 10). This indicates that the lake mean depth usually is

20
1

15
|

— Linear y=0.56"x
R*=0.93
p-value= < 2.2e-16

Mean depth calculated (m)
10

Max depth measured (m)

Histogram of residuals Normal Q-Q plot
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Fig. 10. Relationship between maximum measured depth
and calculated average depth by dividing the query estimated
volume and area of the lake polygon; source: own study
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half of the maximum depth, and this depends in particular
on the uniform shape of the lake. For larger lakes, the ratio
between average and maximum depth is different from 0.5.
This is mainly due to two reasons: during sampling the
right maximum depth was not measured and the lake shape
is not uniform.

The estimated volume was also well correlated with
the surface area (Fig. 11); this relationship followed a line-
ar trend. The model approximates the average depth at
about 4.19 m, while the mean of the average water depths
of the measured reservoirs is 3.25 m. The distribution of
regression residues is normal. The estimated volumes, ob-
tained with the polynomial model, were compared with the
real volumes, on a sample of 55 reservoirs of different siz-
es (Fig. 12). The sample is representative of the size and
type variability of the measured reservoirs (Fig. 7).

Small and medium lake

The high correlation (R* = 0.94 and p-value < 2.267*%)
between the two compared volumes indicated that the
adopted methodology is correct. It generally tended to
overestimate the water capacity by 1.4%. The results of the
elaborations concern the relationships between parameters
influencing the volume and morphological characteristics
surrounding the reservoir. The parameter investigated was
the maximum water depth. The analysis concerned the
comparison between maximum depth and the average
slope around the lake and the difference in elevation ob-
tained relative to different buffer distances used. In addi-
tion, the type of reservoir was also discriminated, if exca-
vated or formed by river dam or thalweg barrage. There are
no significant relationships between these parameters, and
the maximum water depth depends on non-morphological
factors (Tab. 1).
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Fig. 11. Relationship between reservoir area
and estimated volume; source: own study

Fig. 12. Relationship between volumes calculated with the
developed methodology and real volumes; source: own study

Table 1. Summary of correlation indices between maximum water depth and morphological parameters around the reservoir

Maximum depth measured when difference of altitude at buffer width (m) Mean slope on
Kind of reservoir 1 7 10 15 a 50-meter buffer

R? p-value R? p-value R? p-value R? p-value R? p-value
All 0.037 6.27¢7 0.044 299¢7 0.044 299¢3 0.059 554¢* 0.004 3.98¢*
Small 0.050 5.95¢e2 0.089 1.11¢? 0.127 211¢3 0.143 1.04¢7 0.079 1.70
Medium 0.066 8.79¢? 0.060 1.04¢™ 0.055 121¢* 0.037 2.03¢* 0.009 545¢™
Large 0.032 1.26¢™ 0.031 1.34¢™ 0.018 254¢* 0.041 8.17¢? 0.048 5.99¢e?
Digged 0.002 6.92¢™ 0.000 9.42¢™ 0.006 5.08¢e™ 0.001 7.65¢e* 0.032 1.12¢*
Barrage 0.179 151¢7 0.282 423¢”’ 0.332 559 ¢ 0.428 5.46¢™ 0.192 549¢*

Explanations: R?= coefficient of determination.
Source: own study.
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DISCUSSION

The aim of this study was to develop a methodology
for estimating the water capacity of lakes, hill lakes and
reservoirs in general. Our target was mainly medium-sized
water bodies, managed by private individuals or farms for
crop irrigation, livestock watering, sport fishing and other
recreational purposes. This type of water body plays an
important role in the resilience of the territory to face
drought periods [KHLIFI et al. 2010; NAPOLI et al. 2014],
trap sediment [VERSTRAETEN, POESEN 2000], control soil
erosion [ABEDINI et al. 2012; CAsTILLO et al. 2007] and
mitigate hydraulic risk [GRAF 1999; KHAN et al. 2011]. It
is therefore necessary to collect information about how
much water is contained in the water bodies. The main
problems are the large number and small size, the high
variability in geology and morphology, but above all the
difficulty in estimating depth remotely [SIMA, TAJRISHY
2013], using satellite images or LiDAR data [HOLLISTER,
MiLSTEAD 2010]. Knowing the average depth, it is possi-
ble to easily obtain the volume, due to the wide availability
of high-definition orthophotos from which to extract the
surface area occupied by water.

The proposed methodology consists of taking meas-
urements in the field, with appropriate tools, in order to
obtain depth measurements along the main transects of the
reservoir. From these the volume is obtained through an
automatic procedure in GIS environment. In the literature,
there are studies that have developed techniques for esti-
mating reservoir capacity based on maximum depth and
surface area. Some authors used data obtained from the
IKONOS, MODIS [KRAwCZYNSKI et al. 2009] and
ASTER [GEORGIOU et al. 2009] satellites to estimate lake
depth, compared with data obtained from total station [MI-
HU-PINTILIE et al. 2014], multispectral satellite image
[YANG et al. 2019], LiDAR [RODDEWIG et al. 2018] and
LADS surveys [FINKL, VOLLMER 2016; FORFINSKI, PAR-
RISH 2016; STUMPF, HOLDERIED 2003]. HOLLISTER and
MILSTEAD [2010] implemented a methodology on the large
lakes of New England. In our case study (Tuscany), where
lakes are much smaller, the methodology has been slightly
modified, mainly due to the greater uniformity in shape.
The transverse profiles are modeled with a polynomial re-
gression and are comparable to each other, even if they
have different geometries. From the results obtained, the
assumption that depth is strongly related to shoreline dis-
tance is verified [HOLLISTER, MILSTEAD 2010]. This shows
a high shape regularity of the investigated reservoir, apart
the four excluded, in according with SHELKE and BALAN
[2017]. The estimated volumes are compared to the actual
volumes for a sample of reservoirs. The correlation is high
and we found an overestimation of 1.4% that can be con-
sidered acceptable (Fig. 12). No influences are been de-
tected about the bottom silting process [VERSTRAETEN,
POESEN 2002]. The overestimation is due to the calculation
method. The estimate of the reservoir capacity through the
portable sounder is a valid alternative to traditional bathy-
metric surveys [SCHMITT et al. 2008]. The main ad-
vantages concern the speed of the measurement. It is pos-
sible to estimate the volume of a 3—-4 ha lake, taking no

more than 20 min for the measurement and a few minutes
of computer processing. This allows a rapid analysis relat-
ed to documented changes in meteorological events, bank
failures or water loss due to permeability problems. Fur-
thermore, this approach allows periodic volume monitor-
ing. The necessary equipment is readily available on the
market at an affordable cost. The approach of shoreline
distance based model, for estimation of the volume, is es-
pecially useful for management purposes, as it produces
data in a short time and with a sufficient approximation.

Furthermore, it is possible to derive a model for esti-
mating the volume, based on the water surface area. The
two variables are well correlated with each other. The
model “volume = coeff - surface” allows us to estimate the
volume of large-size water bodies with sufficient precision,
knowing only the surface area. However, this surface-
based model is not applicable for the estimation of a single
lake, as the approximations made lead to non-significant
data. The linear model “volume = coeff - surface” cannot
be used for all reservoirs, indiscriminately. On a regional
scale, it is possible to create an estimation model of the
lake surface, and thus obtain the entire water capacity by
taking measurements only on a sample of lakes. Therefore,
the approach supports the collection of useful data with
little effort, and permits planning of the water capacity in
the territory. For example, after this study, Tuscany author-
ities know the total volume of water storage, about 440
min m? and 173 min m® for only the small and medium
size lakes. Assessments can be made on water availability
for the dry season to manage water consumption by agri-
culture [POLISSAR, FREEMAN 2010]. Related to the effec-
tive water consumption by crops, there may be the need for
maintenance or to fund the building of new reservoirs in
order to make up the deficit. For the hydraulic risk it is
possible to adopt mitigation strategies to keep water levels
low and locate the most useful lakes for this purpose.

The size factor plays an important role. In artificial
reservoirs, such as large basins for hydroelectric use, the
water is very deep, determined by high dams [RADOANE,
RADOANE 2005]. Figure 13 shows the relationship between
area and volume for large reservoirs, but these are not the
subject of this study, as the instruments used do not have
autonomy and versatility to detect water bodies of this size.
The regression shown is comparable in terms of trend, type
and significance to that observed with the target reservoirs.
However, the multiplication coefficient changes from 4.19
to 22.25. As stated above, this factor corresponds to the
average depth used by the model to transform the surface
area into volume. As the surface area of the reservoir in-
creases, the water depth increases with a non-proportional
trend. For large dams, parameters such as volume or depth
are usually known. These structures are widely controlled
and monitored due to their high hazard and environmental
impact. It should also be considered that the smaller num-
ber makes any study or analysis more sustainable than hill
lakes and small and medium-sized reservoirs. In order to
improve the volume estimation model, based on the water
surface area, it is necessary to insert a parameter in relation
to the depth. There are some papers in the literature that
propose methods for estimating the average and maximum
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Fig. 13. Relationship between surface area and volume
of large dams in Tuscany; source: own study

lake depth [P1sToCCHI, PENNINGTON 2006], based on the
morphology and topography of the surrounding land. The
mean slope of the hillside, the difference between maxi-
mum and minimum altitude found around the lake are
morphological parameters able to provide indications re-
garding the maximum water depth [HEATHCOTE et al.
2015]. The results obtained in our study show non-
significant relationships between the topographic parame-
ters and maximum measured depth. We believe that the
resolution of the DTM used is low (10x10 m), and there-
fore not correct for the processing performed [VAN BEM-
MELEN et al. 2016]. Most of the water bodies in the region
are artificial, built in the 1960s and 1970s. The sites were
excavated to house the reservoir, and the embankments
formed with the resulting soil. The size of the barrier is not
based on the morphology of the slope, but depends on the
excavation design and volume.

For each model in this work, we have made a cross-
validation analysis. For model in Figure 10, the analysis
shows that the model responds well, the regressions ob-
tained coincides. The model well estimates the average
depths of smaller lakes, those that supposedly have a more
uniform shape (Fig. 14). The data are characterized by
a high variability, as clearly showed from the data disper-

sion in the graph, in Figure 15. However, the model is able
to provide a volume indication from the surface.

The models obtained from cross validation are suffi-
ciently overlayed. The obtained model can be used effec-
tively to obtain an estimate of the total volume, with an
acceptable error (Tab. 2).
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Fig. 14. Cross-validation analysis for model at Figure 10;
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Fig. 15. Cross-validation analysis for the model at Figure 11;
small symbols show cross-validation predicted values;
source: own study

The model obtained from the correlation between the
real volume and the volume estimated with the method
proposed by this work, presents a high r>. The cross valida-
tion shows that the models obtained by processing are well
overlapped (Fig. 16). This allows us to support the effec-
tiveness of the developed methodology, although we have
found poor results in terms of error. Most of the lakes for
which it is possible to find up-to-date information on the
actual volume, are the large dams, those with greater irreg-
ularity of shape, which influence all the other models.

Table 2. Summary of the main errors calculated for the four models proposed by this work

Model ME RMSE MAE MPE MAPE MASE | Figure No.
Maximum depth measured vs. mean depth calculated 0.31 1.05 0.70 9.95 23.24 0.53 9
Polygon surface vs. calculated volume -5125.04 22 390.17 14 495.52 -82.23 90.24 0.40 10
Real model vs. model volume —4734.13 58 620.11 32 616.44 —27.93 43.96 0.23 11
Polygon surface vs. calculated volume (large dams) —1492 419.75 | 15845 758.67 | 9437 714.01 | -59.96 84.55 0.35 12

Explanations: ME = mean error; RMSE = root mean squared error; MAE = mean absolute error; MPE = mean percentage error; MAPE = mean absolute
percentage error; MASE = mean absolute scaled error.
Source: own study.
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With the increase in the size of the lake there is
a worse accuracy of the estimation model. This is due to
greater variability, given the greater irregularity of the
shape. However, the cross validation allows us to consider
the model sufficiently accurate for the specific case study
and allows us to confirm its effectiveness in estimating the
volume of a large number of lakes (Fig. 17).
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CONCLUSIONS

The data obtained allowed a methodology to be devel-
oped for the estimation of reservoir water capacity, based
on the depth acquired by field surveys. With this method-
ology, it is possible to developed an estimation model of
the water capacity knowing only the surface area, on a re-
gional scale. The results have a low error when referring to
large-scale studies, while it is not usable for estimating the
volume of a single lake (lake surface approach). However,
the max-depth approach works well, and allows the vol-
ume estimation with an acceptable error. The depth meas-
urement sensor is quick and precise, and with simple tools,
it is possible to obtain lakebed profiles in just a few
minutes and with low costs. This approach is particularly
useful for the management of water resources, allowing the
availability in a large territory to be quantified and support-
ing mitigation processes to increase resilience in relation to

extreme events as droughts and flashfloods [DUTTA et al.
2019; ZHANG et al. 2020]. Future studies can overcome
some of the shortcomings in this work. It is the basis for
the development of methodologies to estimate the capacity
of reservoirs with indirect systems using remote sensing
techniques. The data obtained with the field measurements
represent the variability of lakes in Tuscany in terms of
their size and type. It will be possible to process data and
information obtained from satellite images, LiDAR sur-
veys and other remote sensing techniques. Furthermore,
the database will be used for monitoring the dynamics and
silting rates [MOKNATIAN, PIASECKI 2020; RADOANE,
RADOANE 2005] of the water contained in the reservoirs
[ScHMITT et al. 2008] in relation to climate change
[PALMER et al. 2008].
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