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This study evaluates the residence time (RT) and total phosphorus (TP) in a small hypereutrophic lake in 
the city of Fortaleza, Brazil. The results indicate that RT predicted by a complete-mix model is very similar 
(R² = 0.83) to that simulated with a 2-D hydrodynamic model (CE-QUAL-W2). Simple power-laws were fitted 
to describe RT and TP concentration at the lake inlet as functions of lake inflow, yielding correlations of 
R² = 0.84 and 0.70, respectively. The combination of these correlations with a complete-mix approach 
provided a comprehensive model that predicted TP values measured at the lake outlet reasonably well 
(R² = 0.60). In addition, a direct empirical correlation between simulated TP concentration and precipitation 
was also obtained. The simulations indicate a nearly periodic behaviour of RT and TP, with the seasonal 
variations being much higher than the interannual ones. Finally, an application of the model showed that a 
reduction of 99% of the input TP load was required to reach 100% compliance with the required water quality 
standards; this could be achieved by connecting the residences to the sewage network. The methodology 
proposed in this research can be easily applied to other lakes in the Brazilian northeast and extended to other 
tropical regions around the globe.
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INTRODUCTION

Lake eutrophication is a global issue closely associated with total phosphorus (TP) loadings 
(Chapra, 2008). In many tropical regions, such as Brazil, several water bodies are already eutrophic 
or hypereutrophic due to high TP loadings (Mekonnen and Hoekstra, 2018; Namugize and Jewitt, 
2018; Lira et al., 2020; Moura et al., 2020; Rocha and Lima Neto, 2021, 2022). Because of deficient 
sanitation facilities, this problem becomes even more severe in lakes and reservoirs located in low-
income urban areas, where TP concentration far exceeds the mandatory water quality standards 
(Pacheco and Lima Neto, 2017; Toné et al., 2018; Araújo et al., 2019).

Classical studies on TP modelling in lakes have been reported by Vollenweider (1968) and Chapra 
(2008). Since then, assessment of catchment hydrology, lake hydrodynamics and TP values have been 
improved on by several researchers with a variety of modelling approaches (Chapra and Canale, 
1991; Salas and Martino, 1991; Shen et al., 2002; Chapra et al., 2016; Xu et al., 2017; Cullis et al., 2018; 
Araújo et al., 2019; Oliveira et al., 2020). In this context, input loads of TP from the catchment (W) 
and hydraulic residence time (RT) are fundamental – from the simplest classical zero-dimensional 
TP balance model of Vollenweider (1968) to more complex multidimensional ones.

The quantification of the TP input loads (W) from the catchment is necessary to assess the seasonal 
and interannual variation of TP concentration in rivers (Rattan et al., 2016; Janssen et al., 2019; 
Raulino et al., 2021, Wiegand et al., 2021; Lima Neto et al., 2022). This has been done by coupling 
hydrological models to river water quality models or simply by adjusting empirical correlations 
relating flow rate to TP concentration (Bowes et al., 2008–2015; Bieroza and Heathwaite, 2015; Chen 
et al., 2015; Mockler et al., 2017; Zhang et al., 2020). However, there is no single model or general 
correlation to describe the relationships between flow rate or precipitation and TP loads from the 
catchment, since much of the variation in TP load with precipitation or flow rate depends on the 
climatic conditions, catchment characteristics, and anthropogenic activities.

On the other hand, water residence time (RT) plays an important role in the lake hydrodynamics 
and water quality (Ambrosetti et al., 2003; Jones and Elliott, 2007; Wan et al., 2013; Mahanty et al., 
2016; Laspidou et al., 2017; Tong et al., 2019). RT is commonly estimated assuming the complete-
mix approach, by simple division of lake volume by its inflow (Rueda et al., 2006; Pilotti et al., 2014). 
Nevertheless, RT is an intricate variable influenced by and depending on many parameters such as 
lake morphometry, flow rate and stratification (Castellano et al., 2010; Pilotti et al., 2014; Soares et al., 
2019), and may accordingly require more detailed studies using multidimensional model simulations 
(Messager et al., 2016; Kim et al., 2019).

The objective of this research was to evaluate the seasonal and interannual variability of RT and TP 
in a small hypereutrophic lake located in the northeastern Brazilian city of Fortaleza. Its main goals 
were: (i) to compare RT estimates based on a two-dimensional (2-D) hydrodynamic model and the 
complete-mix approach; (ii) to obtain innovative relationships to describe RT and W as a function of 
the lake inflow; and (iii) to provide a comprehensive model to predict the seasonal and interannual 
variations of RT and TP concentration in the study lake. Additionally, an empirical correlation 
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between TP and precipitation is also proposed. As an application 
of the results, different scenarios of W reduction are presented to 
analyse compliance with water quality standards. The limitation 
of this study is that it relies on the empirical (site-specific) nature 
of the proposed correlations, which may not be directly applied to 
other systems, but it instead proposes a methodology that can be 
applied for other systems.

METHODS

Study site

The study was carried out in Lake Santo Anastácio (LSA), which 
is located in the city of Fortaleza, in the northeastern Brazilian 
state of Ceará (Fig. 1). LSA is a hypereutrophic lake (Pacheco and 
Lima Neto, 2017) with an average surface area of about 16 ha and 
a maximum depth of about 5 m. Water temperature in the lake is 
approximately 30°C throughout the year. Annual precipitation in 
the area ranges from 1 000 to 2 500 mm, with two well-defined 
seasons: the wet season, from February to May, when most rainfall 
occurs, and the dry season from June to January. LSA is fed from 
a catchment area of about 4 km2 drained by a 2.5 km long, 5.0 m 
wide channel The water is discharged from LSA through a 2.0 m 
wide Creager spillway.

Part of the LSA catchment area is served by a sewerage network, 
but most residences are not connected to the system. The lake 
also receives large inputs of untreated sewage from informal 
settlements surrounding the drainage channel. More details of the 
study area can be found in Fraga et al. (2020). Table 1 presents data 
from water quality measurements in LSA, where the ecological 
conditions of the lake are shown (Pacheco and Lima Neto, 2017; 
Araújo et al., 2019; Fraga et al., 2020; Mesquita et al., 2020).

Field study and data analysis

The field surveys were conducted during the dry and wet seasons 
of 2018 and 2019. Water depths at the end of the drainage channel 
and at the Creager spillway, measured with a ruler, were used to 
calculate lake inflows and volumes with the following depth–
discharge and depth–volume curves adjusted to the data of Araújo 
and Lima Neto (2018):

	             Qin = 11.22 hc
3.69    (R² = 0.84) 	  (1)

	    V = 13 045 hs
2 + 27 357 hs    (R² = 0.92) 	  (2)

where Qin (m³/s) is the lake inflow, hc (m) is the water depth at the 
lake inlet (end of the drainage channel), V (m³) is the lake volume, 
and hs (m) is the water depth at the lake outlet (spillway).

Water samples were collected at the lake inlet and outlet at mid-
depth using Van Dorn bottles for rapid analysis at the nearby 
Environmental Chemistry Lab (LAQA) at the Federal University of 
Ceará (UFC), where TP concentration was determined following 
APHA Standard Methods (APHA, 2012). Hydrometeorological 
parameters (rainfall, evaporation, air temperature, cloud cover, 
and wind speed and direction) were measured on a daily basis 
from 2009 to 2019 in a meteorological station located about  
1.0 km from the lake outlet.

Hydrodynamic modelling

The 2-D laterally-averaged hydrodynamic model CE-QUAL-W2 
(Cole and Wells, 2018) was chosen for this study, as it is well-
suited to relativity long and narrow water bodies like LSA, 
and is largely applied to lakes and reservoirs (Deus et al., 2013; 
Sadeghian et al., 2018; Terry et al., 2018; Zhang et al., 2018). 

Figure 1. Schematic of Lake Santo Anastácio (LSA), located in the city of Fortaleza, state of Ceará, Brazil

Table 1. Typical ranges of water quality parameters in LSA

Parameter Year

Total phosphorus (mg/L) 0.4–7.2 2013

1.53–2.16 2016

Organic phosphorus (mg/L) 0.2–2.1 2013

Orthophosphate (mg/L) 0.1–0.9 2013

Chlorophyll_a (μg/L) 0.3–65.7 2013

54–76 2016

Total nitrogen (mg/L) 1.58–2.44 2016

Dissolved oxygen (mg/L) 4.3–7.1 2013

Biological oxygen demand (BOD) at outlet (mg/L) 17.1–36.1 2013

Chemical oxygen demand (COD) at outlet (mg/L) 49.3–112.0 2013

Total coliforms (MPN/100 mL) 9 630–97 540 2018

Escherichia coli (MPN/100 mL) 560–1 100 2018

Pacheco et al., 2017; Araújo et al., 2019; Fraga et al., 2020; Mesquita et al., 2020
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We used a CE-QUAL-W2 model previously calibrated/validated 
for LSA (Mesquita et al., 2020). The input data consisted of flow 
rates, bathymetry and meteorology. To fill the gaps in the times 
series of flow rate, we used a correlation provided by Mesquita et 
al. (2020), in which the inflows were calculated as a function of 
daily precipitation measured at the meteorological station from 
2009–2019:

Qin = 0.036P + 0.11    (R² = 0.93 p < 0.05, α = 0.05, df = 2)    (3)

where P (mm) is the daily precipitation and df is degrees of 
freedom. The constant of 0.11 m³/s in Eq. 3 represents the nearly 
steady-state flow condition resulting from sewage discharge 
into the urban drainage channel that feeds LSA, while the direct 
relationship between Qin and P reflects the impermeable nature of 
the catchment.

The above procedures allowed CE-QUAL-W2 simulations of lake 
hydrodynamics and residence time (RT) for the entire time series. 
In the model, RT is also called water age, defined as the mean time 
that water spends in a particular cell in the 2-D computational 
grid. An average of all RT grid cell values was made in order to 
compare 2-D results with those obtained by the complete-mix 
hypothesis.

Alternatively, residence time was also estimated using a complete-
mix approach – by simple division of lake volume by its inflows 
(see Rueda et al., 2006; Pilotti et al., 2014). As for the CE-
QUAL-W2 simulations, gaps in the flow rate times series were 
filled using Eq. 3. On the other hand, the following correlation 
obtained from the data available in Araújo and Lima Neto (2018) 
was used to fill the gaps in the lake volume times series:

V = 311 963 + 128 495 Qin 
(R² = 0.96, p < 0.05, α = 0.05, df = 2)                      

(4)

Using the complete-mix approach, Eqs 3 and 4 collectively enable 
estimates of water residence time for the entire time series:

RT = V/Qin                                            (5)

Equation 5 quantifies the lake’s flushing rate, which is the time 
required for the inflow to replace the quantity of water in the 
reservoir (Chapra, 2008) – a major determinant of water quality 

in the water body. Shorter RT values imply that water quality 
is primarily related to inflow, while longer RT values suggest 
significant effects of surface and bottom inputs along with 
biological activity (Fischer, 1979).

Total phosphorus modelling

TP modelling in the lake was performed by using a transient 
complete-mix approach (Vollenweider 1968; Chapra, 2008):

TP = TPo·exp(−λt) + W/(λV)·[1−exp(−λt)]              (6)

In Eq. 6, TPo and TP (kg/m³) are the initial and final total 
phosphorus concentrations at the lake outlet, respectively, for 
each time step t (s); λ (s-1) = k + 1/RT, where k (s-1) is the settling 
loss rate of TP; and W (kg/s) is the TP load at the lake inlet, given 
by W = TPin·Qin, in which TPin (kg/m³) is the TP concentration at 
the lake inlet.

We used a settling loss rate (k) of 7.2 x 10−7 s-1 obtained from 
Araújo et al. (2019). Moreover, correlations of RT and W as a 
function of Qin were also adjusted in order to provide, together 
with Eqs 3–6, a novel, simple and comprehensive model that can 
be used to investigate the seasonal and interannual variations of TP 
concentration in the study lake. An empirical correlation between 
TP and P was also determined, to provide some understanding of 
the impacts of rainy events on in-lake TP concentrations.

Finally, as an application of the proposed model, different scenarios 
of W reduction were analysed to study prospective compliance 
with the National Surface Water Quality Standards (CONAMA 
357/2005: Brazilian National Environment Council, 2005).

RESULTS AND DISCUSSION

A CE-QUAL-W2 simulation of water temperature at the surface 
and bottom of LSA for a year (2015) of typical annual precipitation 
(1 500mm) was developed (Fig. 2). Differences between top and 
bottom temperatures were usually lower than 2°C, as expected 
for shallow water bodies in tropical regions (Lewis, 2000), and 
confirming the lake’s relatively weak stratification. Similar results 
obtained for other years in the time series corroborated field 
measurements of the thermal regime in LSA by Lima Neto (2019) 
and numerical simulations thereof by Mesquita et al. (2020).

Figure 2. CE-QUAL-W2 simulation of LSA surface and bottom water temperatures for a typical year (2015)
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Figure 3 compares the time series of RT predictions from the 
space-averaged CE-QUAL-W2 and the complete-mix models 
(Eq. 5) in relation to measured precipitation (P) data. The clear 
inverse dependence between RT and P that is evident suggests 
that inflow (Qin), which is directly related to P through Eq. 3, 
has a predominant influence on the hydrodynamics of LSA. The 
RT time series predictions of the complete-mix model correlate 
strongly (R² = 0.83, p < 0.05, α = 0.05, df = 2) with those simulated 
by CE-QUAL-W2, with both models yielding approximately 
similar average RT values of about 0.7 months. This implies that 
the complete-mix approach is a reasonable approximation for 
the lake. In contrast, while annual-averaged RT values obtained 
from a 1-D hydrodynamic model (DYRESM) and the complete-
mix model for a larger seasonally-stratified lake in Spain matched 
closely, monthly-averaged RT values differed considerably (Rueda 
et al., 2006). Conversely, Pilotti et al. (2014) found that DYRESM 
simulations of RT were about twice the RT estimates given by the 
complete-mix model for a strongly stratified lake in Italy.

In our study, seasonal variations of RT were much more 
pronounced than interannual ones (Fig. 3), with a roughly 5-fold 
difference in RT values between dry and wet seasons. This ratio is 
within the range of 2 to 35-fold reported in the literature for lakes 
under different climatic and hydrodynamic conditions (Rueda et 
al., 2006; Jones and Elliott, 2007; Pilotti et al., 2014; Mahanty et 
al., 2016).

Both RT and TP concentration varied monotonically with inflow 
Qin (Fig. 4). As already discussed (see Eq. 3 and Fig. 3), P and 
Qin were the dominant influences on the hydrodynamics of LSA, 
helping to explain the good fit (R² = 0.84, p < 0.05, α = 0.05, df = 2) 
between RT simulated with CE-QUAL-W2 and the values of Qin 
in Eq. 7. Consistently, the complete-mix model (Eq. 5) provided a 
similar curve to the power-law fitted to the CE-QUAL-W2 data. 
On the other hand, since only part of the study area is covered by a 
sewerage network, to which several residences are not connected, 
much raw sewage is discharged into the drainage channel (Araújo 
and Lima Neto, 2018; Araújo et al., 2019; Fraga et al., 2020). As 
this suggests a complete dominance of point-source TP input 
to LSA, simple power-law models such as Eq. 8 (R² = 0.70, 
p < 0.05, α = 0.05, df = 2) adequately describe the relationship 
between TP concentration and Qin (see Bowes et al., 2008); 
particularly since the catchment area of the lake is predominantly 
impermeable, with no complex hysteretic TP pattern observed  
(see Bieroza and Heathwaite, 2015).

RT = 0.14 Qin
-0.93    (R² = 0.84, p < 0.05, α = 0.05, df = 2)    (7)

TPin = 0.46 Qin
-0.86    (R² = 0.70, p <0.05, α = 0.05, df = 2)    (8)

Note that the TP load at the lake inlet is given by W = TPin·Qin.

Importantly, total phosphorus concentrations in the drainage 
channel (TPin) ranged from 0.23 mg/L to 5.71 mg/L, and averaged 
2.23 mg/L – values very much higher than the limit of 0.05 mg/L 
established by the National Surface Water Quality Standards 
(CONAMA 357/2005: Brazilian National Environment Council, 
2005). During low-flow conditions (Qin ≈ 0.11 m³/s), TPin was 
of the order of typical concentrations (4.0 mg/L) reported for 
untreated domestic sewage (Chapra, 2008). This implies that 
as Qin increases with precipitation (see Eq. 3), sewage becomes 
diluted and TPin decreases to around 0.5 mg/L, but still remains 
10-fold higher than the above mandatory standard.

The combination of Eqs 3–8 provides a simple and comprehensive 
complete-mix model (Fig. 5) that predicts empirical measurements 
of total phosphorus at the lake outlet (TPout) reasonably well 
(R² = 0.60, p = 0.07, α = 0.05, df = 2). The relationship between 
simulated TPout and measured precipitation is described by the 
negative exponential regression:

TPout = 2.27e-0.03P    (R² = 0.94, p < 0.05, α = 0.05, df = 2)     (9)

This regression also fits the TPout data measured during our study 
(Fig. 5 – red scatter points) reasonably well (R² = 0.58, p = 0.08,  
α = 0.05, df = 2) – not unexpectedly – since the catchment area 
of LSA is located in an urban region with deficient sanitation. As 
TP loads are diluted by rainy events, the relationship described in  
Eq. 9 offers a potential management tool for LSA and other similar 
lakes – as its independent parameter (precipitation) is such an 
easily and widely measured parameter.

The values of TPout confirm that the lake is hypereutrophic 
(Pacheco and Lima Neto, 2017), with its phosphorus concentration 
being consistently higher than the limit of 0.03 mg/L established 
by the National Surface Water Quality Standards (CONAMA 
357/2005: Brazilian National Environment Council, 2005). In 
fact, the average TP concentration (1.68 mg/L) is about 56-fold 
larger than the required standard. The nearly periodic behaviour 
of the simulated time series implies that the dry weather TP load 
at the lake inflow (W) – mostly attributable to sewage discharge 
– is approximately constant, with the values of both TPin and 
TPout being essentially controlled by precipitation (or flow rate). 
As already noted for RT (see Fig. 3), the seasonal variations of 
TPout are much more important than the interannual ones, with 
a roughly 4-fold dry to wet season TP ratio. In contrast, using 
CE-QUAL-W2, segmented complete-mix models or generalized 
linear models (GLMs), Deus et al. (2013), Chapra et al. (2016), 
Kim et al. (2019) and Oliveira et al. (2020) found higher seasonal 
and interannual variations of TP in large stratified lakes. The 
difference (compared to the present study) may be attributed 
to the complexity of their catchments, lake hydrodynamics and 
anthropogenic effects.

Figure 3. Residence time (RT) simulations by ‘complete-mix’ and CE-QUAL-W2 models in relation to measured precipitation (P) from 2009 to 2018
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As an application of the results obtained in this study, different 
TP load (W) reduction scenarios were investigated by applying 
the comprehensive complete-mix model (Eqs. 3–8) to the 10-
year time series (Fig. 7). The simulations indicate that in order to 
meet 100% compliance with the National Surface Water Quality 
Standards (CONAMA 357/2005: Brazilian National Environment 
Council, 2005), the actual TP input load to LSA (W) would need 
to be reduced by 99%. This would require all residences in the 
catchment to be connected to the local sewerage network and/or 
their sewage outflows to be redirected to other sewage systems.

Finally, our results indicated that simple power-law equations 
together with a complete-mix approach are sufficient to describe 
RT and TP in LSA. Such results are of the utmost importance, as 
the Brazilian northeast presents thousands of small reservoirs with 
similar characteristics to LSA (Lima Neto et al., 2011; Rabelo et 
al., 2021; Wiegand et al., 2021). Therefore, simple methodologies 
such as the one proposed in our study are needed to couple 
hydrologic and TP modelling at the basin scale and improve water 
resources management.

Figure 4. Relationships of residence time (a) and total phosphorus concentration at the lake inlet (b) as functions of the inflow 

Figure 5. Validation of the complete-mix model (Eqs. 3–8) and its empirical correlation (Eq. 9) with respect to field data of total phosphorus 
concentration at the lake outlet
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CONCLUSIONS

This paper investigated the seasonal and interannual variability 
of residence time (RT) and total phosphorus (TP) in a small 
hypereutrophic lake in Fortaleza, Brazil. The field studies 
and numerical simulations revealed that the lake behaved 
approximately as a well-mixed system, as the RT time series 
predicted by a complete-mix model was very similar to that 
simulated with CE-QUAL-W2. This indicates that simpler models 
can provide reliable results, depending on the complexity of the 
studied system. Furthermore, the seasonal variations of RT were 
significantly higher than the interannual ones. Because of the 
impermeable nature of the catchment area, precipitation and flow 
rate were the dominant influences on the lake’s hydrodynamics, 
allowing the fitting of simple power-law equations to predict 
RT and TP concentration at the lake inlet to lake inflow. The 
combination of these equations with a complete-mix approach 
provided a comprehensive model that was able to predict the 
field data of TP at the lake outlet. Moreover, a simple relationship 
between simulated TP concentration and precipitation was also 
obtained, which is a potential management tool. The simulations 
indicated a nearly periodic behaviour of TP concentration in the 
lake, with the seasonal variations again being significantly higher 
than interannual ones. An application of the proposed model 
suggested that only a TP load reduction of 99% would comply 

with the national water quality standards. This would necessitate 
residences being connected to the local and/or other sewage 
networks. This result is important, as the Brazilian northeast and 
other tropical regions around the globe present thousands of 
small ponds, lakes and reservoirs with similar characteristics to 
LSA, where urgent sanitation measures must be taken to improve 
water quality. Finally, simple methodologies such as that proposed 
here are important to couple hydrologic and TP modelling at the 
basin scale and improve water resources management.
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