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Abstract: In a previous paper [1], we presented a very simple monitoring system. That system aimed 

at providing the basic information needed to set up a hydrological simulation model which would 

be used to explore and understand the behavior of the system and explore possible changes linked 

to future climates. After more than 1.5 years of observations, the gathered information was utilizable 

to test a 0D hydrological model. This exercise is presented here together with a comparison with a 

more refined, and more demanding, 2D hydrodynamic model, enlightening strengths and 

weaknesses. Several details are revealed in this paper showing how even a simple case needs some 

type of art in order to overcome the unavoidable difficulties. Surprisingly nice answers have been 

obtained which illuminate on the behavior of the lagoon and shed light on the key points to be 

improved both in monitoring and modelling. This exercise can be of help in several similar situations  

Keywords: mathematical modelling; simulation; coastal lagoons; dynamic behavior 

 

1. Introduction 

Coastal lagoons are delicate environments governed by energy, nutrients and, first of all, water 

exchanges amongst, mainly, the atmosphere (precipitation and evaporation), the river basin (fluvial 

freshwater inputs) and the sea (tidal water exchange). A hydrological monitoring exercise has been 

conducted in the coastal lagoon Navio-Quebrado (Colombia; [1] and the obtained data allowed us to 

set up a simulation model useful to understand its dynamics by firstly replicating quantitatively its 

behavior during the recorded period. Such a model can then be used to investigate about future 

scenarios under climate change; indeed, a key question is about what will happen to the lagoon with 

a modified fresh water input from the feeding river, a different (increased) evaporation rate, a 

different pattern of precipitation, a changed morphology of the lagoon (possibly undergoing a 

sedimentation process) and a risen sea level.  

Another lower-level, more technical issue concerns the assessment of strengths and weaknesses 

of 0D hydrological modelling (dynamic water balance) with respect to a hydrodynamic 2D model: 

these two tools are here compared in critical terms to provide hopefully useful hints. 

In the cited previous paper [1] on the monitoring system the different components have been 

presented which will be recalled in what follows. 

This paper starts with a position on the system schematization where the relevant variables are 

introduced. We hence define all the factors relevant for a hydrological model of the lagoon (basically 

a water balance). Then some important aspects of how missing information has been dealt with to set 

up a complete and consistent dataset to feed the model are provided. Some structural key differences 
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between the 0D and the 2D models adopted are then pointed out. Results are finally presented and 

discussed for both the simplified and the full model and conclusions derived.  

2. System Approach: Two Views of the Same System 

As shown in the system sketch of Figure 1a, the hydrological dynamic system “Navio-Quebrado 

(alias Camarones) coastal lagoon” is subject to a number of exogenous, uncontrollable (or “natural”) 

input variables, namely: the fresh water inflow from the main river basin Tomarrazón-Camarones; 

the precipitation p determining the direct inflow input on the water surface S(t) and the runoff q(t) 

from the local watershed; the climatic variables determining the evaporation rate e(t) (and the 

evaporation flow E(t)=e(t)S(t)) and the sea level (yS), governing the water exchange with the sea. 

There is also a human-induced variable, treated here as an exogenous variable: the occasional manual 

modification of the lagoon mouth. This intervention is sometimes carried out to lower the lagoon’s 

water level when the mouth has not naturally opened. This latter input affects the dynamic block of 

the “boca” (i.e. the mouth) that periodically opens, grows, then shrinks and again closes so governing 

the mouth cross-section area A(t). This complex dynamic behavior is dependent on the elevation yL 

of the lagoon water surface and that (yS) of the sea. These two variables, together with the cross-

section A(t) of the mouth, and possibly other factors (wind, salinity,...) determine the water exchange 

QB(t) between the sea and the lagoon (positive, when outgoing, or negative, when entering the 

lagoon).  

The system has hence two state variables: the storage volume V(t) and the cross-section area A(t) 

of the boca. The dynamic behavior of the storage is relatively simple, given all the flows affecting it, 

as it is a straightforward dynamic water balance. Clearly, a key component is the morphological 

characteristic of the lagoon shelf, that is, its volume-elevation relationship V=V(yL), as well as its area-

elevation relationship S=S(yL).  

The dynamic of the boca cross-section is much more complicated: in a dry period, it closes 

completely because of a sand bar set by the sea waves in front of it; then, it comes the time when it 

opens again, usually after a significant river flood that rises the level over a given threshold (but 

sometimes locals intervene manually to “help” the process or sometimes it is the sea that rises 

anomalously and opens from the outside); then it remains opened for several weeks or months 

allowing for an alternate lagoon-sea water exchange depending on the tide; and then it shrinks and 

closes again when the freshwater input drops. This process is often, but not always, repeated twice a 

year according to the bimodal climatic pattern. 

A much more simplified version of the Camarones lagoon system, with just one state variable 

(the storage), is presented in Figure 1b. This version simply ignores the dynamics of the boca that 

hence must be specified as an exogenous variable. Clearly this is not suited for the simulation of 

future scenarios, but it is very well suited to calibrate the core hydrological block (the storage 

dynamics) by using historical data, i.e. a record of opening and closing sequence of the boca. 

Notice that up to now we referred to the “mono dimensional” and “bi dimensional” attribute 

thinking of the system concepts of number of state variables (one for the simplified version, two for 

the full version). But both versions can also be classified with regard to their spatial dimensions: the 

scheme can actually be 0D, when no spatial direction of flow is actually considered (i.e. the lagoon is 

just a tank, filling and emptying), or 2D when a movement of water in the horizontal x,y directions 

is considered. The 0D case is managed here as a discrete time dynamic system; while the 2D as a 

continuous time dynamic system discretized in both time and space. 
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Figure 1. System approach: our lagoon is a dynamic system with several natural exogenous inputs (river fresh 

water inflow; direct precipitation inflow; climatic variables determining the evaporation rate; sea level with its 

astronomic and meteorological pattern) -all affected by climate change- and possibly an exogenous input human 

driven when interventions are applied to open or close the lagoon mouth. a) full scheme with two state variables: 

the storage volume V(t) and the area A(t) (and shape) of the mouth exchanging water with the sea; b) simplified 

scheme (“core model”) useful to test and calibrate the model, with just one state variable (storage) and the mouth 

area is considered a known exogenous variable, greatly simplifying the analysis. 

3. Elements of the Modelled System 

3.1. Morphometrics 

The purpose of this analysis was to obtain an area-elevation relationship (curve A(y)) and 

associated storage-elevation relationship (V(y)) for the lagoon. This includes a bathymetric part 

(under water) and a topographic part (under the open air), varying of course with the particular 

moment considered. We relied on three types of data: i) a set of available large-format aerial images 

captures with a Vexcel UltraCam large digital camera; ii) sporadic data from our survey in situ with 

a RTK along the limits water-shore and on the bottom (Topcon HiPer V Dual Frequency GNSS 

Receiver, n= 93 along the shore, n= 111 on the bottom); iii) a sonar survey of the lagoon shelf (Garmin 

STRIKER™) with 2 transects and a total distance of 12.6 km, while lagoon width is about 3.3 km and 

its length 3.9 km, hence a point density of 41 points per km2). In addition, an already installed 

hydrometer recorded the elevation of the water surface referred to the average sea level reference 

adopted. This latter has been used as a validation tool, as explained further ahead. Figure 2 shows 

the three steps process adopted to generate the topo-bathymetric Digital Elevation Model (DEM) of 

the whole lagoon, including its floodable areas (dry at the moment of the survey). 
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Figure 2. Process adopted to generate the topo-bathymetric DEM: a) topo-bathymetric GNSS-RTK campaign; b) 

interpolation of points to generate the bathymetric surface y c) integration with topographic DEM for the dry 

areas, obtained from points cloud from photogrammetry of images obtained by a crewed aircraft. 

Basically, altimetric data of the floodable area obtained from a crewed aircraft via 

photogrammetric reconstruction, were integrated with topo-bathymetric data obtained from a survey 

in situ.  

3.1.1. Process 

Firstly, we generated the bathymetric surface by interpolation of (orthometric) data obtained 

with the GNSS-RTK system (n = 111 points, Figure 2a), from a boat; these data, linked to the local 

geodesic network, were taken on September 19 and 20 of 2022 (Datum MAGNA-SIRGAS central and 

geoidal model GeoCol2004). Secondly, these data were processed in GIS (Geostatistical Analyst-

ArcGIS Pro packed) via kriging interpolation. Thirdly, smoothed elevation curves were extracted that 

allowed the construction of a Terrain Digital Model in a form of a Triangular Irregular Network (TIN) 

as adherent to the flat lagoon bottom as possible (Figure 2b). Lastly, this TIN was converted into a 

bathymetric raster and integrated with the points cloud from photogrammetry so obtaining the 

desired topo-bathymetric DEM (Figure 2c) with a 1 m spatial resolution.  

The photogrammetric points cloud is the output of the processing of georeferenced images 

obtained with a pixel size expressed in ground or Ground Sample Distance (GSD) image of 20 

cm/pixel, taken by the governmental agency Fondo de Adaptación during March 2017.  

Finally, the surface-elevation curve A(y) and the volume-elevation curve V(y) were built from 

the topo-bathymetric DEM by using the r.lake.xy module of GRASS_GIS ([2]). 

3.1.2. Validation 

A checking of our DEM elevations in the dry floodable areas around the lagoon, via a survey 

carried out with GNSS-RTK (n=93) during a posterior dry season (March 13, 2023), reveals an 
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altimetric average error of 3 cm and a RMSE of 32 cm. As this metric is smaller than 2 times the GSD, 

we concluded that the absolute precision of our DEM in those areas is satisfactory.  

Independently, during the bathymetric campaign, we obtained data of the lagoon depth through 

a sonar (Garmin Striker) in order to validate the DEM generated, by comparing the values in n = 532 

points. The raster map of depths from the topo-bathymetric DEM has been calculated again with the 

r.lake.xy tool of GRASS GIS, taking as a reference the water mask obtained from a Landsat 8 image of 

the same day of the campaign. The average error of 11 cm and the RMSE of 21.2 cm speak of an 

acceptable consistency.  

A final validation check was performed by using the A(y) curve and comparing the elevation 

obtained from it, for a given area A, with the elevation provided by our hydrometer [1]. We 

considered four different situations of the lagoon; for each one, a water mask was extracted from 

Sentinel 2 satellite images (EOS Land Viewer Web Interface for Land/Water band combination: 

https://eos.com/landviewer : May 2, 2023; March 15, 2023; May 31, 2022 and September 20, 2022) . We 

obtained a satisfactory RMSE of 8.4 cm [1], what supports us in assuming that the obtained model 

can reliably be used for modelling purposes. 

As a final step, we obtained two further relationships needed for modelling purposes: elevation-

volume y=y(V) (Figure 3a, equation 1); and area-volume A=A(V) (Figure 3b, equation 2). 

 

Figure 3. The relationships: a) elevation-volume y = y(V), (R² = 0.999); b) The relationship area-volume 

A=A(V) (R² = 0.986). 

y = 1.32E-36x5 - 8.37E-29x4 + 1.98E-21x3 - 2.22E-14x2 + 1.79E-07x - 7.60E-01 (1) 

A = 6.11E-29x5 - 3.82E-21x4 + 8.95E-14x3 - 9.81E-07x2 + 5.46E+00x + 2.31E+06 (2) 

3.2. Mechanisms: Lagoon-Sea Exchange Flows 

The idea is assuming that the exchange flow be governed by the height difference (yL-yS) 

between lagoon and sea (Figure 4), and the size of the cross-section area A of the boca (given as 

exogenous data), while other possible factors (e.g. shape of the cross-section, wind, salt concentration 

gradient,…) are ignored. Of course, the flow would be outgoing (lagoon into the sea) when the 

difference is positive and vice versa incoming (from the sea into the lagoon) when negative.  
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Figure 4. Water exchange with the sea: a) the boca (open) of the lagoon during an “open period” (ancho: width; 

longitude: length); b) hydraulic schematization adopted for the alternative method to estimate flows; the slope 

is approximated as y/L (with reference to Figure 4a). 

When looking for a relationship of the type QB = QB(yL, yS), we encountered an inconsistency 

as already mentioned in [1], apparently it always resulted yL << yS as shown in Table 1, which is 

physically impossible and most probably is due to a mismatching of the reference elevation adopted. 

Therefore, we looked for a constant  that, once subtracted from the P.Brisa sea-gauging station data, 

provided a consistent height difference. We proved that with  = 0.618 m all cases, except one, became 

consistent (see Table 1). Plotting the Q data with the height difference reveals a meaningful 

relationship particularly when data are separated into two groups according to the size of the cross-

section (not shown for simplicity); this is indeed quite reasonable because the flow must be larger for 

a larger cross-section. 

A simple multiple, linear regression, linking the flow rate QB to the height difference (yL - yS*) 

and to the cross-section area A (Equation 3 y 4), provides a nice performance (other non-linear 

relationships can certainly improve this result):  

QB= QB (yL , yS, A)  (3) 

QB= [k1 (yL - yS*) + k2 A + k3]+ (4) 
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Table 1. Data obtained in the measurement campaign at “la boca” where the flow rate is the flow exchanged 

with the sea (colors distinguish dates; grey lines had to be discarded because of internal inconsistency or too 

low, and hence unreliable, height difference values). The value in the blue cell is the correction constant  found 

and applied to obtain the corrected sea elevation y*, and the “delta y*” is (ylagoon – ysea corrected) when the flow is 

outgoing (“OUT” from the lagoon into the sea) and vice versa when it is incoming (“IN”), therefore it must be 

always positive (only September 30, does not match). The (arbitrary) classification of the cross-section area 

(Large, above 40 m2; Small, below) partitions the data in two groups with meaningful graphical relationships 

(while one global is more confused). 

Date Time 

Flow 

direction 
COD 

  

Mouth  

area  
Small (S) or 

Large (L) 

River 

flowrate 

y sea P. 

Brisa 

𝑦 sea P. 

Brisa* 

corrected 

𝑦 lagoon 

piezometer 

Delta 𝑦* 

piezometer 

OUT IN (m
2
) (m

3
/s) (m.a.s.l) (m.a.s.l) (m.a.s.l) (m.a.s.l) 

         
0.618 

  

10-dec-21 08:46 x 
 

1 14.53 S 6.9    -    -  -  - 

10-dec-21 14:28 
 

x 0 17.98 S 7.9    -    -  -  - 

08-jun-22 09:20 x 
 

1 38.04 S 19.4 0.400 -0.218 -0.076 0.142 

08-jun-22 11:00 x 
 

1 35.31 S 27.2 0.350 -0.268 -0.092 0.176 

07-jul-22 05:35   x 0 0.04 S 0.0 0.480 -0.138 -0.166 0.028 

30-sep-22 09:30   x 0 41.31 L 27.0 0.630 0.012 0.034 -0.022 

30-sep-22 15:30   x 0 56.04 L 36.0    -    -    -   - 

30-sep-22 15:30   x 0 56.04 L 44.0 0.845 0.227 0.115 0.112 

28-oct-22 09:37 x   1 92.23 L 49.1 0.640 0.022 0.053 0.031 

28-oct-22 09:37 x   1 92.23 L 47.9    -    -   -   - 

28-oct-22 12:10   x 0 97.92 L 30.6 0.750 0.132 0.120 0.012 

25-nov-22 10:30   x 0 68.26 L 61.0 0.70 0.082 -0.140 0.222 

25-nov-22 10:30   x 0 68.26 L 61.1    -    -   -   - 

25-nov-22 14:30   x 0 63.18 L 50.4 0.675 0.057 -0.088 0.145 

16-dec-22 10:30 x   1 19.40 S 5.9 0.455 -0.163 -0.159 0.004 

where: QB denotes the exchange water flow [m3/s]; the symbol yS* denotes the corrected sea level 

datum, that is: yS* = yS - , with yS the elevation measured at P.Brisa tide-gauge station and  = 0.618 

m; [x]+ denotes the absolute value of x;  

and:  k1 = 94.6528; k2 = 0.6150; k3 = - 6.7008;  = 0.618 m are calibrated parameters. 

Figure 5. shows the matching between the measured flows and the estimated ones through 

Equation 4 which we consider satisfactory, given the rude methods adopted and other uncontrollable 

factors affecting the outcome (e.g. distance of P. Brisa from the lagoon mouth; presence of wind; etc.). 

Of course, the relationship is fully valid only within the range of values utilized in its calibration. 
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Figure 5. Matching between measured exchange flows (Q) and estimated flow (q) through Equation 3 and 4, 

that is, as a function of the height difference and the cross-section area A (R2 = 0,9103). Data utilized from June 

8, 2022 until December 16, 2022. 

To strengthen the quite surprising results obtained, we went through a completely independent 

verification of the obtained relationship, by applying classic hydraulic concepts. We schematized the 

boca as a short channel where flow would be governed by the typical Chezy-Manning equation [3], 

with a length of 100 m and a slope given by the height difference of Table 1 over such length (Figure 

4b). 

With a calibrated Manning coefficient n=0.040, the consistency of the found values is, once more, 

surprisingly nice (Figure 6) (we are aware that, for instance, the flow is not uniform and the actual 

gradient is lower because of the initial acceleration). 

 

Figure 6. Matching from the simplified hydraulic method. 

As a conclusion, the relationship (Equation 4) found by multiple, linear regression seems well 

suitable to represent the flow exchange. It adopts as exogenous variable the sea elevation, while the 

lagoon elevation is a state variable of the dynamic system; but it also needs the cross-section area A 
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so that a rule to describe its evolution as a function of the other variables needs to be defined and is 

discussed in the following paragraph. 

3.3. Mechanisms: Dynamics of the Mouth  

The challenge here is to achieve an explanation of the dynamic of the boca in terms, first of all, 

of its process of opening and closing, and then in terms of cross-sectional area. Without this 

understanding it is virtually impossible to carry out long term simulations of future scenarios. 

Developing a credible theory for this dynamic behavior allows us to pass from scheme a) to scheme 

b) of Figure 1. 

From the few observations we have got during our monitoring period (December 10, 2021 - June 

30, 2023) it seems legal to infer (Figure 7) that the boca opens when either the lagoon water surface 

elevation or the sea elevation passes a threshold 1 (approximately 0,35 m asl). Then, it keeps open 

for at least a minimum interval min (about 1,5 months) unless one of the following two conditions 

occur: 

- a time superior to the maximum openness duration max elapsed (about 4 months) 

- the lagoon level drops below a minimum threshold 2 (about -0,24 m asl) and the maximum 

height difference between the lagoon and the sea is below the threshold  (about 12 cm), i.e. there is 

enough little energy for the sea to re deposit the mouth bar that closes the lagoon. 

Implementing this rule provides a quite nice reproduction of the pattern historically observed 

during our monitoring, as visible in Figure 7, although the duration does not perfectly coincide with 

the (supposedly) observed one. No guarantee, however, can be given that this “model” actually 

behaves reliably well for other periods. Further data will be gathered to explore its validity and 

possibly modify it suitably.  

 

Figure 7. Time pattern of lagoon elevation (grey graph) and boca status (1: closed; 2: semi open; 3: open): a) 

estimated from real world data during our monitoring period (December 10, 2021- June 30, 2023); b) modeled 

according to the logic explained above. 

The dynamic of the cross-section area A is assumed to adhere to the following rules: 

- from when it opens, it increases linearly, but quickly (full = 5 days) from 0 to the maximum 

Amax (this in principle could depend on the strength of the opening process, but this is influenced 

in turn by the human intervention, not recorded up to now, so at the moment it is not possible to 

establish a relationship); the maximum value recorded is here adopted (Amax = 92 m2) 

- then it keeps more or less constant for a certain interval keep (about 20 days) 

- then it diminishes exponentially until the next closure instant. 

 The results of applying this “theory”, together with the pattern reconstructed (extrapolated) 

from the few available measurements, is plotted in Figure 8. It is evident, that some additional 

mechanisms need to be incorporated in order to modulate the maximum area values, but this needs 

to wait for further observations and data. 
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Figure 8. Time pattern of the boca cross-sectional area A extrapolated from the few measurements available and 

that determined by the model implementing the theory presented here (assuming the same starting point). 

3.4. Inflow from Runoff and Direct Precipitation 

We assume that the precipitation over the area usually occupied by waters directly flows into 

the lagoon, even when it shrinks; but not all of it translates into an actual surface water flow because 

i) part of it evaporates before it touches the ground; ii) the available data refer to Camarones station 

(latitude 11°25'43.75", longitude 73° 3'9.83", see [1] and, given the type of meteorological events 

occurring in the area, certainly cannot be assumed to spread uniformly above the lagoon area. 

Therefore, a reduction factor 1 is needed and the equation is (Equation 5): 

Qp [m3/day] = 1 p S/1000 [m3/day] (5) 

where S is the lagoon max surface [m2] (directly observed from aerial photos) and p the daily 

precipitation at Camarones gauging station [mm/day]. 

To determine the flow generated by direct runoff from the local water basin (see [1]), a kind of 

hydrological rainfall-runoff model is needed. As a first, basic step, we assume that there is no 

significant delay nor accumulation so that a constant fraction 2 of the precipitation over the surface 

SR of such basin (excluding the lagoon itself already accounted for) enters the lagoon; hence the flow 

is (Equation 6):  

QR [m3/day] = 1 p SR /1000 [m3/day] (6) 

3.5. Evaporation 

The evaporation flow from the free surface of the lagoon is determined as expressed by Equation 

7 and 8:  

e(t) [mm/day] = e (constant)  (7) 

E(t) [m3/h] = S(t) * e(t)/(24*1000)  (8) 

where E(t) is the evaporation flow from the lagoon in the interval (t, t+1); S(t) [m2] is the lagoon 

surface at time t, as evaporation is directly linked to the actual water surface present; and e(t) is the 

daily evaporation rate [mm/day] depending in principle on the specific climatic conditions of that 

day t. To determine the evaporation rate e(t) several formulas can be applied; their use is however 

limited by the meteo-climatic data available. As the temperature excursion is very limited in the area 

(less than 2.0 Celsius for instance in the period 01/10/1985 a 28/03/2020, while no data are available 

for our period), evaporation varies very little and mainly with wind, not available for our period. As 
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a preliminary approximation, we adopted therefore a constant value of 10 mm/day, consistently with 

previous works [4]. 

4. Modelling of the Lagoon 

4.1. Characteristics 

4.1.1. 0D spatial Modelling 

The “0D” denotes here, as already said, that no spatial dimension is considered: the lagoon is 

seen as a tank. Additionally, thanks to the simplifying position of Figure 1b, the system has only one 

state variable: the storage V(t); and modeling the dynamics of the boca is bypassed. 

Such a model has of course limitations. The main one is that it cannot see the distribution of 

flows and depths across the water body. However, the almost omnipresent wind or breeze and the 

very low depth (mostly less than 1 m) ensure that the complete mixed schematization is acceptable, 

at least vertically. Possibly, the freshwater input from the river and the incoming exchange flow from 

the sea are more complex spatially. But, concerning the latter, we observed only once a situation 

where the mouth was split into two parts with both an incoming and an outgoing flows present in 

the two separate sections; so that situation certainly is more an exception than the rule. 

Although the physical system lives in the continuous time t, a discrete time schematization, with 

a quite short time step  (an hour), is very likely to be acceptable and this is what we adopted 

(Equation 9): 

V(k+1) = [V(k) + QR(k) + Qp(k) + QL(k) - QB(k) – E(k)] (9) 

where k denotes the time step, and all the terms have already been introduced, but are recalled here 

(all expressed as m3/hour]: 

V(k): lagoon water volume; QR(k): freshwater input from the Tomarrazón-Camarones River 

(exogenous input); Qp(k): freshwater input (exogenous input) from direct precipitation on the 

maximum lagoon surface S; QL(k): freshwater input (exogenous input) from the runoff into the 

lagoon from its local catchment; QB(k)= QB(yL(V(k)), yS(k), A(k)): is the exchange flow lagoon-sea 

(positive when outgoing), completely determined once specified the lagoon surface elevation yL 

which is a function of the volume V(k) at that time through the corresponding inverse morphometric 

relationship so that yL= yL(V); while the sea elevation yS(k), and the cross-section area A(k) of the boca 

are once again exogenous inputs; E(k) = S(V(k)) e(k): evaporation loss from the lagoon depending on 

the area S(k) of its surface given, for any volume V(k), by the corresponding indirect morphometric 

relationship S= S(V); while e(k) is again an exogenous input.  

In this schematization all the exogenous inputs, by definition, are completely known given the 

time k. 

The approximation of this formulation does not lie in the fact of being discrete time, rather it lies 

in the way the terms are computed. Indeed, the approach adopted in Equation 9 is that known as the 

Euler method [5]; that is, given a continuous time system of the type given by Equation 10 (i.e. that 

describing the lagoon physical system):  

dx(t)/dt = f(t,x(t)) (10) 

the discrete time version is approximated as (Equation 11): 

x(k+1) = x(k) + f(t,x(k))  (11) 

where dx/dt is the total derivative of time variable x with respect to the continuous time t; f(t,x(t)) 

is the transition function and x(t) is the state vector of the system. Clearly this is in essence a rude 

approximation as the continuous state may indeed change (a little?) during the interval (t; t+1), while 

in the discrete version, the new discrete state vector x(k+1) is computed by disregarding such further 

changes as if x(t) remained fixed at time t. 
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Many other approximations exist still within an explicit schemes, like that of the Runge-Kutta 

method [5], or jumping to implicit schemes [5], more precise, but heavier computationally. The Euler 

method seems however, sufficiently precise in our case. 

4.1.2. 2D Spatial Modelling 

For water bodies such as coastal lagoons, where the vertical dimension is much smaller than the 

horizontal dimensions and the depth is relatively uniform, a 2D model, rather than a full 3D model, 

is a good cost-effective solution [6]. This kind of models represents well the hydrodynamic behavior 

by simulating the distribution of flows of water across the water body without the need to describe 

complex vertical stratifications [7,8]. Two-dimensional models have proven adequate in shallow 

water flow situations, significantly reducing computational time with respect to the full 3D equation 

[9].  

In principle, they are able to provide extensive information: time series of relevant variables 

(velocity, depth, water quality), velocity fields and current patterns, sediment transport patterns 

including the representation of changes in topobathymetry due to erosion and sedimentation 

processes [10–13]. Such models can also simulate the opening and closing of the mouth of the lagoon, 

like in the case of in the case of our Navío Quebrado Lagoon, and finally, they allow the simulation 

and analysis of the impact of extreme climate events related to climate change.  

A 2D model conceptually appears therefore more suited and attractive than a 0D.  But the 

accuracy of numerical models is heavily reliant on the presence and quality of input data. 2D 

hydrodynamic models for coastal lagoons require indeed a series of detailed and specific input data 

to configure, implement, and produce accurate results. Among these inputs, topography, and 

bathymetry (topo-bathymetry) are fundamental since detailed information is required on the 

conformation of the lagoon bed, the marine area, and the surrounding terrain.  

Taking a step back, starting with the simple water budget, a number of issues become hence 

relevant referring to our exercise. In particular, a first set of issues refers to the ability to reproduce 

the historical behavior (observed period): 

Is it technically possible to model a time varying mouth according to a measured time series? (i.e. a mouth 

geometry treated as a known exogenous input; actually, an interpolated time series obtained from few, 

irregularly scattered measures of the mouth width):  

▪ Models could dynamically adjust the size, shape, cross-sectional area, and other characteristics 

of the lagoon mouth based on input time series data as handled by the XBeach model [11,14]. 

But this exercise involves significant challenges and complexities [14,15].  

▪ One simple way to deal with this is to adopt a (topo-bathymetric) DEM including the largest 

mouth, and then run a number of simulations, each starting with the final state of the previous 

one and including a border condition with progressively a larger width on top of the DEM 

mouth, while the mouth is widening and vice versa when it is narrowing. A more elegant 

solution is to embed directly in the model code (usually not accessible) a time varying border 

condition.  

The answer anyway is hence “positive”, although not straighforward.  

Is the 2D model able to reproduce the observed historical behavior (lagoon water level time series), while 

adopting the same input information utilized in the 0D exercise? (that is: river inflow, sea level, precipitation 

time series, mouth width and depth and constant evaporation rate).  

▪ This implies that the model determines automatically the exchange flows across the mouth, 

given the sea level and the current lagoon water level. This seems quite feasible according to 

the very nature of the 2D model approach: at any time, in any cell of the discretization 

modelling grid, a gradient is computed and a corresponding flow determined (in x,y 

directions).  
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▪ Winds are crucial in the phenomena of coastal barrier overflow and favor water exchange 

between the lagoon and the sea (ebb and flow), so for the case at hand where winds are 

scarcely known, the 2D model output can be negatively affected. 

The answer is therefore in principle positive, but assessing the actual output is a other story and 

deserves a check.  

Is it possible to incorporate within the 2D model a formalized mechanism that determines mouth opening and 

closure? This is by far a more difficult requirement: 

▪ In the 0D model we solved this by just including a very basic rule stating, essentially, that on 

top of a certain lagoon level (threshold), the mouth would open, while it would close below 

another threshold.  

▪ In the 2D model, the mechanisms of bed morphology change can be embedded in the 

“physics” of the model itself, so that it autonomously and dynamically adjusts the mouth 

geometry in response to changing conditions, simulating sediment transport and 

morphological changes [15]. Several studies on lagoon barrier overtopping events have 

employed 2D hydrodynamic models to reconstruct the entire process and variability of water 

flows, including dam formation, breach flow hydrographs, and downstream flooding. This 

demonstrates the models' ability to capture complex morphodynamic and hydro-

sedimentological processes [10,16].  

▪ Obtaining however the data required by these sophisticated models (e.g., XBeach) is expensive 

and logistically challenging, limiting the model applicability in practical situations where data 

is scarce and generally unreliable [17,18]. In addition, sophisticated algorithms and robust 

numerical solutions [19] are required as well as specialized knowledge and experience to 

configure, run the model, interpret its results [14] and occasionally access to source code to 

perform the necessary adjustments and configurations to the computational algorithm. This 

level of expertise may not always be available, especially in resource-limited regions, further 

complicating the practical application of these models.  

▪ To model in particular the closure of the mouth, essential input data detailing exogenous 

forcing inside the lagoon as well as in the marine domain (such as tide levels, waves, solids 

concentration and sediment transport by marine currents) are fundamental [11,16]. Without 

detailed, extensive, high-quality data input, hardly obtainable in general, as well as sufficient 

computational resources, the feasibility and accuracy of these types of models are significantly 

limited. 

We can therefore conclude that, in particular, for the opening stage, the mechanism can possibly 

work, but it hardly could incorporate the fact that usually opening is supported by human 

intervention (the 0D model does not see this explicitly, but it does by just appropriately setting the 

threshold that already incorporates this human behavioral mechanism). For the closing stage, then, 

the exercise is by far more difficult because the model should incorporate the dynamic mass balance 

of the sea shore, including the mass transfer along the coast, as it is this input that, when waves 

prevail on the lagoon emptying process, build up the mouth bar.  

In principle hence the answer may again be positive, but in practice it becomes quite challenging. 

Finally, another big question deserves attention this time concerning the future: 

is it possible to use the 2D model to simulate the lagoon behavior according to (several) long time horizons (and 

associated hydrological and sea level inputs)?  

▪ Here the key issue moves on the computing and processing speed.  

▪ Dimensionality reduction can be a way out (as explored for instance by  [20]. However, 

especially concerning the simulation of coastal barrier breaches, significant computational 
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resources are required due to the need for high-resolution numerical meshes and the 

complexity of the physical processes involved [13]. Mesh refinement in the breach area is 

generally required, implying an increase in computational cost as it necessitates decreasing the 

time step to maintain numerical stability. This can be a limiting factor, especially in the case of 

long-term simulations.  

▪ Most probably, the answer becomes hence negative when dealing with a personal computer, 

while it may be positive when thinking of cloud computing [21]. 

To explore the practical feasibility to adopt a 2D model we proceeded with the EFDC+ Explorer 

software package because is a coupled model that solves hydrodynamics, contaminant transport, and 

water quality kinetics in surface water systems, all in one integrated code, eliminating the need for 

external coupling between the hydrodynamics and transport modules, with a combination of finite 

volume and finite difference techniques on a Staggered Cell type grid to solve fluid momentum 

equations [22,23]. 

In this study, EFDC+ was used to simulate hydrodynamics coupled with the temperature 

module to consider the atmospherics conditions, manly evaporation and precipitation. The EFDC+ 

hydrodynamic module solves the three-dimensional, vertically hydrostatic primitive equations of 

motion for turbulent flow in a curvilinear orthogonal coordinate system. It incorporates a second-

order turbulence closure model, which relates turbulence viscosity and diffusivity to turbulence 

intensity and length scale. The model employs the state equation that correlates density with 

pressure, salinity, temperature, and suspended sediment concentration, enabling comprehensive 

simulation of complex hydrodynamic processes [24,25]. 

4.2. Replicating the Historical Data Set 

The simulation period was established from January 20th, 2022, to June 30th, 2023. Covering 

several wet and dry periods, as well as incorporating the temporal variability that characterizes the 

dynamics of the lagoon due to the influence of multiple factors such as tides, winds, river flows and 

mouth opening/closing.  

4.2.1. The 0D Case (Excel® Model) 

In order to proceed with a simulation, once the model is implemented in a software (our 0D was 

made in Excel®), the harshest difficulty found is that the model needs a “continuous” time series of 

the river freshwater input; more precisely, it needs it on a discrete hourly time basis, but with no 

missing data. The reality unfortunately is that we can hardly count with few measures (actually, just 

estimations) of flow rate (gauging exercises). For the major part of the remaining time, instead, we 

only have one level measurement a day at an irregular time moment (usually between 6 am and 9 

am, but sometimes even in the afternoon) at the chosen gauging station of P.Troncal (and that, closer 

to the lagoon, of P.Viejo, see map in [1]). But in both cases there is no information about what 

happened the remaining 23 hours of that day. Finally, this time series has “holes” because some days 

(not many indeed) no measurement was taken at all. A first easy step adopted was to transform the 

level measurements into flowrate data, thanks to the stage-discharge relationship obtained (see [1]).  

Then, to “fill the rest of the day” we just assumed that the flowrate would remain more or less 

the same by just repeating the same measured or estimated value multiplied by a factor  to be set by 

trial and error; this factor would in principle be smaller than unity in case the recorded value were a 

flood (because it is unlikely that the flood lasts several hours as the river basin is just about 500 km2 

and events are rapid), while it would be greater than unity in the case the measured value were a low 

flow case. In the application, one only value of  was adopted for the whole time series. For days with 

no measurement, we then adopted the following reconstruction criterion: if the no-data period is one 

or two days, the reconstructed value is the average of the previous and following measured values; 

when the period is longer, the flow is null. This is consistent with the policy agreed with our partners 

that each time a flow was visible in the river, a measurement had to be taken, which implies that in 
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all periods of no flow, no measurement is taken. It is clear, however, that the reverse statement is not 

necessarily true; this means that structurally it is expected that the river inflow be underestimated.  

The sea level is measured on an hourly basis, so that no problem arises except the few days 

where a datum is missing in which case it is interpolated between the closest data. The level of the 

lagoon has been measured usually just twice a day (in the morning and in the afternoon), but this is 

not a problem because we use it just to compare the model answer with reality and assess its 

reliability, while the lagoon-sea water exchange module uses the state of the system (storage) 

calculated by model itself.  

In the simplified version of the system scheme (Figure 1b) there is need to assign a time series of 

the status of the mouth (opening/closure and cross-section area); in the periods of “boca cerrada” 

(closed mouth) it is easy because A=0 and no exchange can occur; in the other periods we just 

interpolated linearly the few measurements available. 

For the direct precipitation inflow and runoff from local catchment and the evaporation rate we 

just adopted the recorded time series of relevant meteo-climatic variables (temperature and so on) in 

a nearby station (see [1]). 

4.2.2. The 2D Case (EFDC+ Model) 

We discretized the domain area with curvilinear orthogonal horizontal coordinates. The grid 

was generated using the Curvilinear Grid Generator for EFDC (Grid+). The model has 203 elements 

in the X direction and 186 elements in the Y direction, with ΔX varying from 29.2 to 44.9 m and ΔY 

varying from 13.4 to 38.5 m, for a total of 25564 active cells (Figure 10). The topo-bathymetry of the 

study area obtained as described in Par.3.1 was processed into this high-resolution grid.  

Atmospheric forcing data 

A constant evaporation rate of 0.01 m/day was applied throughout the simulation time, 

consistently with the 0D exercise. Wind forcing was based on some measured wind speed and 

direction data available from February 1 to September 7, 2022, and kept constant throughout the 

period. 

Initial conditions 

The water surface was set at the level reported from the field measurements record. This implied 

the assumption of a horizontal water surface and no movement (v=0) everywhere.  

Boundary conditions 

The two main boundary conditions used were, consistently with what had been done for the 0D, 

a Dirichlet-type boundary for the discharge of the Tomarrazón River and a Neumann-type boundary 

for the connection with the sea, where sea level variation was imposed. 

The river's boundary condition included the freshwater inflow from the main river basin 

Tomarrazón-Camarones and the runoff from the local watershed. Figure 9 shows the location of flow 

river boundary condition. 

The boundary condition at the sea interface needs further clarification. To represent the closing 

and opening of the lagoon mouth, we use the time-varying field for bathymetry option available in 

EFDC+. This option allows to specify the time or spatially varying forcing factors for each cell over 

the whole model domain. By using this capability, EFDC+ can receive time varying topo-bathymetric 

updates within its computational domain from external sources. The area of the sand bar modified 

to reproduce the opening and closing of the mouth is demarcated with a red polygon in Figure 9. 

First, the topographic variation in the mouth zone was determined using the field measured mouth 

surface area (m2). To do this, a fixed width was established to obtain an approximated depth, then 

with the measured lagoon free surface level data this depth was converted into elevation above sea 

level. All the cells in that zone were modified by assigning a new bottom elevation each hour. Thus, 

a file with 527 different time-varying field for bathymetry was created to reproduce the behavior and 

variation of the mouth throughout the simulation.  
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Figure 9. Forcing factors and boundary conditions for model 2D configuration. 

5. Results 

5.1. Results for 0D Model  

Once suitable values of the parameters involved (reduction factor for direct precipitation 1 =0,5 

and local runoff 2 =0,2; modulation factor of the river inflow  =1,2) have been assigned (not through 

a formal calibration, but just an approximate trial and error procedure), the main results obtained are 

as follows: 

▪ A thorough coherence with the general system behavior is evident (Figure 10) 

▪ The model represents quite well measurements, although there is a general sub-estimation 

clearly due to lack of river inflow inputs (particularly between time 8300 and 11000, Figure 11) 

and a sporadic small overestimation, still lying between the hydrometer and piezometer data 

boundaries (notice that in the initial period until t=3000, the two instruments, hydrometer and 

piezometer, needed some adjustments and were less reliable). 

▪ The tide is very “nervous”, with an amplitude of oscillations significantly larger than that of 

the lagoon; this is more linked to the 24h moving average. In addition, it is evident that 

between time 7000 until 9300 approximately, the lagoon elevation oscillation is much wider, 

but so is also the tide (actually its 24 h moving average value). In general, it must be 

considered that the lagoon elevation measurements only occur twice a day and hence, with 

such a low frequency sampling, it is very unlikely that the maxima and minima are indeed 

captured (Figure 12). 

▪ There may also be calculation errors; indeed, the Euler method adopted structurally introduces 

some errors as, for instance, it determines the evaporation flow in the interval (k, k+1) based on 

the lagoon water surface (S(k) at time k, while it is constantly changing. Other errors may be 

due to an incorrect numerical representation of the morphometric relationships and to 

reckoning approximations. 

▪ The system appears to be very sensitive to evaporation as shown in Figure 13. This means that 

more attention should be paid in the determination of the evaporation rate. 
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▪ Finally, the cross-section area of the boca determines the amplitude of the water surface 

oscillations (and the associated flow rates), but not the general pattern of the elevation, as 

shown in Figure 14 for an increased value of 50% in the period 7000-9000 (as an example). 

The Figure 11 to Figure 15 represents the findings. Notice that to allow discerning the lagoon 

elevation from that of the sea, this latter is reported without the shift correction (= 0,618 m) that 

instead the model sees; so, the sea graphs appear in the air, but have to be seen exactly shifted 

downwards of that quantity. 

For the sea, the light dense line on the background is the actual sea level measured; the darker 

shorter amplitude line on top of it is its 24h moving average. 

 

Figure 10. General behavior of the model coherent with the system physics: when there is a significant river 

inflow (flood) or precipitation, the level suddenly rises and then soon start dropping with a first order behavior 

(exponential decay) because of the evaporation rate, possibly drying out the water body; the same occurs when 

the mouth is closed (C) and no flood or precipitation input the lagoon, the level drops; when the mouth is open, 

the level fluctuates according basically to the 24h moving average of the sea level. 

 

Figure 11. The model represents quite well measured elevations (pink dots, the assumed representative values 

of the elevation: hydrometer over -0,2 and piezometer below), although with a general subestimation, clearly 

due to missing fresh water inputs. In some occasions, particularly in the beginning period (t ≤ 3000 h, when still 

the hydrometer and piezometer suffered from some structural defect), the model overestimates the 

representative values; but still lie between the two measurements. 
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Figure 12. A detail on the sampled values of the lagoon water surface elevation data and the hourly values 

simulated by the model. 

 

Figure 13. The system, represented by the model, appears to be very sensitive to the evaporation rate (same 

parametrization): the adopted rate e=1.0 cm/day; e=1.5 cm/day and e=0.5 cm/day. 

 

Figure 14. The amplitude of oscillations of the water surface elevation (during periods with open mouth) 

depends very much on the cross-section area of the boca, but not so the general pattern, example for the period 

7000-9000: a) reconstructed (adopted) cross-section areas; b) same area pattern increased of 50%. 

In Table 2 the water balance is reported for different time intervals. It is apparent that by far the 

major water input comes from the sea exchange; the river input covers the second priority, while 

evaporation is approximately double than the precipitation input.  

It is worth noting that the mass balance shows a small error. This may be due to i) mutual 

inconsistency amongst the morphological relationships (the numerical V(y) is not really the integral 

of the S(y) as it should be) and numerical approximations adopted for their functional forms; ii) errors 

introduced by the Euler integration method; iii) approximations in the numerical reckonings (as it 
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works at hourly time step, in a considered period of about one and a half year there are more than 

13000 steps). 

Table 2. The water balance of the lagoon obtained through the simulation model (Period refers to December 20, 

2021 until June 30, 2023). 

   Period  Yearly Monthly 

IN river 94.00 61.54 5.13 

 precipitation & runoff 30.78 20.15 1.68 

  incoming sea 195.10 127.72 10.64 
  Total 319.88 209.41 17.45 

OUT outgoing to sea 265.09 173.55 14.46 

  evaporation 58.46 38.27 3.19 
 storage loss -1.90 -1.24 -0.10 
  Total 321.65 210.58 17.55 

BALANCE IN-OUT -1.78 -1,17 -0,10 

error as a % of IN 0.56 0,55 0,55 

When the dynamics of the boca is incorporated (Par.3.3), results are a bit worse, but still 

acceptable, as shown in Figure 15. It is noteworthy that the main difference is an underestimation 

after the closure of the boca, particularly around time 1000-2500; this is due to the too early closure 

that impede a recharge of the lagoon by sea water. Additionally, the oscillations when the boca is 

open are in general a bit exaggerated. This latter problem can be solved by modulating the Amax 

parameter as already noted (see Figure 9); the former problem may improve by adopting a less 

gradual reduction of the section after reaching the maximum opening (i.e. not the linear pattern 

adopted, but for instance an exponential one), but the main point is to capture the right closure and 

with our data set -where the initial data are lacking (particularly the river inflow and the sea level)- 

this is not possible. This can be addressed once the observation period will be further extended. On 

the contrary, around time 9500-10500 the full model (incorporating the dynamics of the boca) seems 

better than the partial one (adopting the extrapolated area based on measurements); this is due to the 

opposite fact: the closure of the boca occurs later and so an increased volume from the sea can fill the 

lagoon.  

A final observation is that the full model answer perfectly coincides with the partial one (without 

the dynamics of the boca) in the periods right after the dry out (time 3000 and 11000): this is where 

the system memory is nullified and a new cycle begins.  

 

Figure 15. Comparison of the model answer based on measured area of the boca light blue line “Lag simulated”) 

and that based on the theory and model adopted for the boca dynamics (orange line “y simulated mouth 

dynamics”).  
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5.2. Results for 2D Model  

The comparative plot of the time series of water levels in the Navio Quebrado lagoon (Figure 

16) which includes measured data and results from 0D and 2D models highlights the key differences 

between both modelling approaches. The observed fluctuations in water levels are clearly influenced 

by the temporary opening and closing of the mouth that connects the lagoon to the sea, as well as by 

the seasonal contributions of the Tomarrazón River. These factors constitute the most important 

external drivers affecting the dynamics of the lagoon, as they regulate both the water level peaks 

during periods of highest flow and the decreasing levels when the lagoon is isolated, and evaporation 

becomes the main mechanism of water loss. 

Curiously, the 2D model shows an adequate fit at moments when levels in the lagoon suffers 

gradual changes or when there are no large fluctuations induced by intense external forcing, that is, 

during periods without sudden changes. It tends however to overestimate some peaks and has less 

detailed responses with smaller variations compared to measured data and 0D model.  

Again, as expected, there is an underestimation of water level towards the end most probably 

due to “escaped floods”. 

 

Figure 16. Results of the 0D and 2D models compared to measured water level data 

6. Discussion and Conclusions 

6.1. Discussion 

The exercise we conducted can be considered successful as both models replicate quite 

satisfactorily the patterns of the measured variables, when the dynamics of the boca is considered an 

exogenous input (i.e. known from observations).  

This result may appear obvious as the system and the model are extremely simple; however, 

reconstructing the inputs is not a trivial exercise.  

A little worse result is obtained when the mouth dynamics is explicitly modeled in the 0D; but 

it can certainly be improved and can be considered sufficient for exploring future scenarios.  

The comparison between 0D and 2D hydrodynamic models unveils the strength of the 0D 

model: it performs slightly better than the 2D and is evidently much simpler. Possible reasons for this 

are: i) although the area of the mouth between lagoon-sea has been represented as varying, following 

the actual system information (exogenous input), its width has been assumed constant, while it 

should have been modulated as well; ii) the wind was assumed constant throughout the whole 

period, because of lack of detailed information, while certainly it is not, and this increments the actual 

evaporation.  

Moreover, it is able to replicate the dynamics of the mouth, although in a not perfect fashion, 

while for the 2D this predictive exercise has not been undertaken and would certainly prove much 

more difficult (notice that we included the mouth dynamic -as an exogenous input- to replicate the 

historical data set, but we did not conduct the very prediction of the mouth dynamic, that instead 
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was done for the 0D as explained in Par.3.3). Finally, even if this additional element could 

(theoretically) be incorporated, simulating very long time series with the 2D model would be a 

challenge owing to the computational burden. 

Importantly, the 0D model enabled us to ascertain that our comprehension of the physical 

behavior was correct and actually added several pieces of information. For instance, we ascertained 

that the tide, although determining the major water exchange, does not affect the general time pattern 

of the surface elevation; a variation of the mouth cross-section area influences the amplitude of the 

oscillations, while it is its moving average that introduces some real forcing effect, but of course only 

when the mouth is open. The evaporation flow, although by far smaller than the sea exchange flow 

and the river inflow, is the governing factor when the mouth is closed and outside of the rainy season. 

Another finding, although to be ascertained with further data, is that the effective input from the 

precipitation (directly to the lagoon or indirectly through runoff from its catchment) is much lower 

than what could be expected from the recorded data, contrary to the initial intuition; the main reason 

for that probably is the non spatial representativeness of the data. Finally, or first of all, it is essential 

to determine the full river hydrogram otherwise an underestimation of the lagoon water surface 

elevation is unavoidable. 

The 0D model can be used with future climatic scenarios to assess for instance the frequency of 

events of dry out and their duration, the frequency of opening and closure events or the duration of 

the lagoon-sea exchange-phase. All these statistics can be very useful to predict ecological 

consequences hampering both the natural value of the system and its provisioning ecosystem service.  

On the other side, it is evident that the 2D model can be key when simulating water quality 

issues as horizontal mixing in a shallow lagoon is a complex process that the 0D model cannot 

reproduce at all. Indeed, 0D models present significant limitations because they treat the system as if 

it were homogeneous, leading to underestimate sometimes the magnitude of extreme events and to 

be temporally delayed under changing conditions, as reported by [26]. These characteristics make 0D 

models unsuitable for simulating phenomena that require high spatial resolution, especially when 

interactions with the environment vary significantly. Additionally, the flexibility offered by 2D 

models to handle complex geometries, particularly using curvilinear or nested grids, allows for 

higher resolution in areas of interest, improving the accuracy in the simulation of water accumulation 

and redistribution zones [27].  

In this context, the integration of 0D and 2D models has been proposed as a hybrid approach to 

take advantage of the benefits of both methods. According to [28], this combination can provide a 

more balanced representation of coastal systems, allowing the use of 2D models to accurately 

simulate extreme events, while 0D models can be employed for more computationally efficient long-

term simulations. This strategy not only maximizes the accuracy in resolving the most complex 

hydrodynamic processes but also optimizes computation time, which is especially relevant in 

complex environments such as coastal lagoons. 

6.2. Conclusions 

Before our model can actually be used to explore future climate change scenarios, even if 

disregarding the mentioned (very important) effects of sediment transport, several improvements 

have to be made: the dynamics of the boca needs to be better represented and consolidated; 

evaporation and precipitation need to be better estimated taking into account the spatial patterns of 

the climatic variables; the Euler computational integration scheme can be improved.  

In terms of data acquisition, most importantly, a better method to measure the river input has 

to be put in place. Certainly, a more automatized gauging station [29,30] would solve our problem, 

but -as pointed out in [1] - unfortunately the local socio-cultural context ensures that such a system 

would have short life. For the purpose of modeling the lagoon, possibly no other solution is available. 

Satellite imagery methods are not applicable here owing to the small width of the river and the dense 

riparian vegetation.  
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An indirect approach, however, can be adopted: set up a hydrological rainfall-runoff model of 

the river basin based on satellite precipitation data (now available) and reconstruct the flowrate based 

on precipitation data. Then, the problem would be how to calibrate such a model as there exists no 

official systematic river flow gauging station in our basin. In principle, the low granularity flowrate 

data available from our own gauging station can serve the purpose; but certainly, adding more data 

up to the whole hourly  time series of river flow data would offer a better resource.  

But even a more empirical approach can be explored by observing that the quite primitive 

monitoring system set up, together with the 0D hydrological model developed, can be used to 

implement a reconstructor of the river flowrate hydrogram: the idea is that from the variations of the 

lagoon level not explained by the causal variables that can be easily measured (precipitation and 

evaporation and sea exchange), one can infer what river flow must have occurred for the model to fit 

the discrete measurements of the lagoon water surface elevation. In other words, the lagoon 

monitoring system plus the model constitute a gauging system for the river (Figure 17). 

The most basic approach would be to write recursively Equation 9 starting from a measured 

value yL*(k) of the elevation at discrete time k, until the following measurement yL*(k+) after  

steps so obtaining an articulated non linear function of the type: 

  yL*(k+) = g(k,yL*(k); u(k), u(k+1),…, u(k+-1)) (10) 

where the function g(•,…,•) is a combination of the recursive use of Eq.1.a and the inverse 

morphological relationship V=V(y), while [u(k), u(k+1),…, u(k+-1)) ] is the set of the unknown values 

sought for, being u(k) the generic river inflow, while all other exogenous inputs are supposedly 

known and hence embedded in the g(•,…,•)  function. This is a problem with one non-linear 

equation and  unknowns, which by construction has no unique solution (if any); this is not at all 

surprising, as we are here trying to estimate a high granularity input (the river hydrogram at a hourly 

level), from low granularity observations (the lagoon elevation measured discretely just twice a day), 

taking advantage of the fact that these variables are interlinked by the continuity equation.  Adding 

the information related to the following measurement (or to all available measurements) does not 

improve the situation because a new set of unknowns is also added. 

However, if the fitting is assessed not on a single value yL*(k) at each real-world time t, but on 

the whole set of measurements taken from the last good fitting model time k*(t) until current time t 

(e.g. with k*(t) located at the end of a significant period of no river inflows), and by introducing some 

reasonable, practical hypothesis about the shape of the hydrogram portion, there may be a chance 

that a reasonable solution be found. In any case that would be a much better estimation 

than…nothing. The discontinuous measurements at the gauging station may greatly help, although 

are not essential in principle. Rigid schemes like Kalman filter [31] (originally conceived to 

reconstruct the state, but likely to be extended to estimate model parameters – e.g. [32]- and hence 

even its inputs that can be seen as special time varying parameters) cannot be applied here owing to 

the irregular and discontinuous measurement protocol adopted for the lagoon (and even more for 

the river).  

This is a new open challenge to explore further. 
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Figure 17. The river flowrate Q reconstructor scheme: a) overall view; b) detailed vie. It needs the input time 

series virtually from a far instant before (t0) until current time t to reconstruct the flowrate time series Q(t0,t-1) 

until the last instant t-1. 
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