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Abstract

:

Operation of source control measures (SCM) in urban drainage in tropical/transitional climates are still a challenge because of higher rain volumes and more intense rains, as well as constraints from sea-level interference. In this study, the performance of a swale to control runoff was detailed and monitored in such an environment. The data on rain, runoff, and sea levels were acquired at a site located in an island in the south coast of Brazil. The results showed that even with higher rain volumes and more intense rains, the mean capture of the swale was 51.7% of the entrance runoff volume, but it depended on seasonal rain variation and interference of sea/tide level. As a result, the swale might be undersized in summer and oversized in winter. Peak flow retardation was observed in 97% of monitored events. The interference of sea/tide level was not directly correlated with infiltration volumes, but in the principal component analysis, the parameters of sea/tide level, along with the hydrological parameters of rain duration, height, and intensity, explained 60% of the variance in the data. In conclusion, the application of SCMs in tropical regions is suitable, but seasonality should be incorporated in the design. The interference of sea/tide level must be further investigated to verify how to incorporate its influence in the design.
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1. Introduction


Rapid urban development increases impervious surfaces and consequently induces an increase in the peak flow and total volume of surface runoff. Stormwater runoff can result in both water pollution and urban flooding. Therefore, it is imperative to efficiently manage urban stormwater runoff in order to reduce such impacts. Several stormwater control measures (SCMs) have been applied worldwide. SCMs are structural facilities used to store or treat urban stormwater runoff to reduce flooding, remove pollution, and provide other amenities. Some SCM examples are detention or retention facilities, infiltration facilities, wetlands, vegetative strips, filters, water quality inlets, and others [1,2,3].



A well-known SCM is infiltration swale [4,5,6]. Swales are shallow, open vegetated drains/channels that are designed to convey, filter, and infiltrate stormwater runoff [7,8]. They present several benefits as runoff control, groundwater recharge, and water quality enhancement, and they can provide amenities in urban landscape [9,10]. The linear structure of swales favors their use in the treatment of runoff from highways, residential roadways, and common areas in residential subdivisions, as well as along property boundaries and in parking lots [11]. In a study to develop a database to guide SCM construction in China, vegetated swales are among the five most used facilities to implement the concept of sponge cities [12]. Some studies focus on the optimization of project parameters to improve the cost effectiveness of SCMs to enforce their application in runoff control and ecological services [13,14].



These facilities require few structural elements, may take advantage of native plants to use in the cover, and can be considered a low-cost and low-maintenance option to manage volumes and reduce pollutants in runoff. Meanwhile, in coastal areas, additional restrictions may apply due to environmental constraints, as great biological diversity, high degree of environmental sensitivity, presence of shallow aquifer, and interference with sea level rise [15]. The use of SCMs in coastal areas depends on local physical and social vulnerabilities, cost constraints, and the nature of storm or rising sea level [16,17,18]



More than 40% of the global population lives within 100 km of coastal areas [19]. Moreover, these environments are very sensitive to the impacts of climate change. Few studies have evaluated the performance of infiltration facilities in coastal regions. In Savage, which is located on the northeast coast of the State of Maryland, United States, Davis [20] compared two types of infiltration swales: with and without treatment filter. The volume control efficiency ranged from 27.1 to 62.7%. Stagge [8] compared 22 precipitation events in Maryland and reported a significant peak flow (50–53%) and total volume (46–54%) reduction. Revit et al. [21] showed volume reduction varying from 30% to 48% (estimated from six studies conducted in the United States, France, and Sweden), representing the typical efficiency of grass swales in reducing flow volume. Additionally, the majority of studies involve swale monitoring cases in temperate climates, where rain presents lower volumes and intensities than in tropical or transitional climates.



In Brazil, infiltration swales were only tested in three pilot-scale studies and presented optimistic results, considering the particularities of these tropical regions; however, the performance of runoff abatement was not the mainly objective of these studies, and so abatement values were not published in them [22,23,24,25]. The hydrologic performance of swales in mitigating runoff volumes, especially from small storms, is well documented [26], but the use of SCMs, including swales, is still a challenge in tropical regions, where high precipitation intensity and volumes are common. Furthermore, none of the previous studies were conducted in coastal regions.



The main obstacle to the safe application of this kind of structure is a project’s infiltration rate determination and maintenance, which depend on the particular aspects of the watershed, such as soil type, moisture, groundwater depth, and hydraulic conductivity [25]. In addition, in coastal regions with shallow aquifers, SCM technologies may be influenced by fluctuations in groundwater levels due to ocean tide variations. In shallow porous water tables, infiltrated water can recharge the groundwater more quickly due to a shorter traveled distance [27], and the accumulation of groundwater can consequently affect the land, damaging or influencing the function of infiltration structures.



The goal of this study is to quantify the overall performance of an infiltration swale in a transitional tropical/subtropical region in a coastal environment. The facility has been in operation for a long period (50 years), but its performance had never been evaluated until this study. Detailed data on water balance in the infiltration swale are presented and show the overall performance in controlling runoff in real-life conditions with constraints. This study presents contribution in the systematic monitoring of a swale to control runoff, quantifying the volume abstraction and retardation of peak flow in the conditions of a transitional/tropical climate and coastal zone with shallow aquifers. In addition, we present a synthesis matrix of the structure’s performance patterns in response to precipitation events to improve the understanding of its role in controlling runoff.




2. Materials and Methods


2.1. Study Area


The infiltration swale was installed in Florianópolis (Figure 1a), an island located in the south of Brazil. According to the Köppen climate classification, this region is Cfa (humid temperate with hot summer) [28,29], with annual medium precipitation from around 1400 to 1600 mm and an average of 160 rainy days per year (Figure 1b—climatological data from [30]). This study was conducted with support from the city hall of Florianópolis in a swale that they had projected and operated for the last 50 years. The swale flows into a system of channels and lagoons excavated in natural soil and is at a distance almost 2 km from the sea (Figure 1a).




2.2. Infiltration Swale Description and Monitoring


The details of the swale are provided in [31]. In summary, the swale presents a direct contribution area of 17.91 ha, which is predominantly residential occupancy with approximately 80% of impermeable surfaces and intense car traffic. The swale’s cross section is trapezoidal (Figure 1c) with a bottom area of 16.83 m2, a side slope of 1.6:1, and an approximately 2.1% longitudinal slope. Runoff inlet by a concrete tube of 0.6 m is placed at the bottom, and outlet by a concrete tube with 0.5 m is placed 0.3 m above the bottom. Two pressure sensors were installed in the entry and outlet tubes of the swale. Groundwater was accessed in a well, PM2, where a pressure sensor was installed. Due to malfunctioning, only four months of data were available for the well. Rain was monitored in a tipping bucket rain gauge (SL2000P Solar Instruments, Florianópolis, Brazil, with 1% accuracy) placed 2 m far from the side of the swale (Figure 1c). The data collected from the pressure sensors and the rain gauge were stored in a Datalogger with solar panel.




2.3. Hydrology Flow Calculation and Data Evaluation


2.3.1. Runoff


Runoff enters the swale through a concrete tube of 0.6 m diameter placed at the swale bottom. The non-infiltrated flow parcel leaves the swale through a concrete tube of 0.5 m diameter at the opposite side (Figure 1c). Two pressure sensors (SL2000NV Solar Instruments) were installed in the entry and outlet tubes. The inflow and outflow rates were calculated from the water levels obtained from the respective sensors using Manning’s Equation, with coefficient n adjusted in the field by the float method for the inflow and from the literature for the outflow [31]. The float method [32] was used to access the velocity of flow in the inlet tube that drives runoff into the swale. The geometric parameter and the tube slope measured in the field enabled the calculation of n coefficient based on the equation of Chezy/Manning (Equation (1)). The inflow and outflow volumes were calculated for each sensor time step    (  ∆ t = 5    min   )    using the Chezy/Manning Equation (2). The infiltrated volume was calculated by the differences between the swale inlet and outlet volumes (Equation (3)).


n = v−1 · R2/3 I1/2



(1)






Qe(or Qo) = A · n−1 · R2/3 I1/2



(2)






   Ve t    ( or    Vo t  ) =  Qe t    ( or    Qo t  ) · ∆ t · 60   and   Vi = Vo − Ve  



(3)




where v is the flow velocity in the inlet tube (m/s); n is Manning coefficient; R is the hydraulic radius (m); I is the slope of the hydraulic grade line (m/m); Qe,t and Qot are, respectively, the flow rates for inlet and outlet in sensor time step t (m³/s); Ve,t and Vot are, respectively, the volumes of entry and outflow between two sensor time steps;  ∆ t is the interval between two time steps; and Vi is the infiltrated volume (m³).



The hydraulic performance of the swale was obtained from the water balance calculated according to Equation (4). Variation in the storage volume of the swale was estimated by the difference in elevation recorded by the level sensors in the inlet and outlet of the swale, according to Equation (5), considering that the cross section of the swale is trapezoidal (Figure 1c). The water balance was converted to a flow balance taking the form of Equation (3). The data were used to estimate the swale water balance, in which the estimated variable was the infiltration. Initially, we calculated evapotranspiration from the data of the nearest meteorological station (São José) using the Penman method, but we observed that its values were low (less than 5% of the water balance), that the values were constant in relation to the month with the use of monthly temperatures, and that its estimation would be one more source of uncertainty in the balance calculation. Thus, it was decided to remove the calculation of evapotranspiration from the hydrologic balance and to calculate its value in future works with measurement of a more precise parameter at the site. Equation (1) was then used while suppressing the ET term in Equation (4) and Vevap in Equation (6).


P + Qe = ET + Qo + ΔS,



(4)






Varm = (He − Hs) · Ab,



(5)






Vi = Ve − Varm − Vevap − Vo,



(6)




where P is precipitation; Qe and Qo are the water flow entering and leaving the swale; ET is evapotranspiration; ΔS is the change in water storage in the swale; Varm is the stored volume; He is the inlet sensor level; Hs is the outlet sensor level; Ab is the area of the base of the infiltration swale; Ve is the volume entering the swale; Vo is the output volume; Vi is the infiltrated volume; and Vevap is the evaporated volume from ET.



The swale was monitored for 17 months (August 2014–January 2016), with 60 storm event occurrences; in 38 of these events, it was possible to evaluate all parameters necessary for the water balance analysis. Events were discarded due to technical failures of the level sensors located upstream or downstream of the swale. Dunkerley [33] states that rainfall events must be determined deterministically by local climatology of rainfall that systematically affects the properties of this kind of event. Thus, in this study, rainfall events were delimited by the performance of the swale and runoff generation, according to the following criteria: (i) start and end of the runoff flow records in the entry of the infiltration swale; (ii) two events were considered to be independent when they occurred with a difference of at least six hours [3,33], and (iii) water level was greater than 5 cm (level sensor detection limit).




2.3.2. Soil Sampling, Hydraulic Conductivity Measure, Groundwater, and Sea Level Monitoring


The soil at the bottom of the swale was sampled at 3 points (entrance P1, middle P2, and outlet P3) at two different depths (surface and 40 cm deep) to address the sedimentation profile in the swale. The textural analysis was performed using Sieve Analysis according to the Brazilian Association of Technical Standards [34].



The hydraulic conductivity of the soil was measured using two different methods: slug test and concentric ring infiltrator. Groundwater level was measured in the pressure sensor installed in PM2. The level of the tubes, the points of collection of the soil, and the location of the rain gauge are shown in Figure 1b.



Daily sea level data were acquired from the Imbituba–SC Station equipped with a DIGILEVEL and an absolute pressure sensor (Druck/GE 1880, with squitter datalogger), installed 08/2001 and operated by IBGE (Brazilian Institute of Geography and Statistics, Brazil). Daily tide level was taken from the Caieira I Station in Florianópolis operated by Epagri/Ciram. The daily average was calculated from 5 min data in both stations. The daily sea level takes into account the astronomical tide average over the day, and the daily tide level takes into account the astronomical tide and the meteorological tide.




2.3.3. Data Processing


From the precipitation record series, it was possible to calculate precipitation characteristics that might affect swale performance: duration, mean intensity, accumulated and effective precipitation, and previous days without rainfall for each event. The concentration time (Tc) of the contributing area was calculated using the Schaake equation (Equation (7)), indicated by [35] as the more suitable equation for urban basins smaller than 70 hectares. Tc was used to evaluate the advance of flood peak in the basin due to the greater vulnerability of coastal ecosystems to seasonality (demographic density, rainfall indices, and local climatic variations).


  T c = 0.0828   L     0.24 S 3    S   − 0.16    A i m  p  − 0.26   ,  



(7)




where L is length of the stormwater collector or main channel (km); S is the average slope of the stormwater collector or main channel (m/m); and Aimp is the fraction of the impermeable area, ranging from 0 to 1 (dimensionless).



Finally, the hydrological and hydraulic swale variables were statistically tested for direct correlation and in a multivariate analysis using principal component analysis. We investigated the following questions about the use of swales in coastal environments, under the influence of tide and under a shallow aquifer (Figure 2):




	
Is the infiltration process predominant in the swale or the structure functions as a drainage channel?



	
If the infiltration process is predominant, what are the swale performance patterns in the face of seasonal variations in rainfall indices and tide/sea level?











3. Results and Discussion


3.1. Sampled Rainfall Characteristics


The storm events captured by the swale during the monitoring period were representative of the typical variability in rainfall in Florianópolis [36]. A comparison was established between the swale rain gauge data and the date from the São José Station (INMET national climatic station of Florianópolis city), the same one used in the studies of [36]. However, as small events (<2 mm) do not generate runoff in the swale catchment, this class of events do not appear in the list of monitored events (Table 1) even though they are registered in the swale rain gauge because of our choice of event definition. Rainfall depths varied between 2.4 to 97.6 mm (Table 1), with a mean depth of 18.5 mm. Storm duration ranged from 30 to 1347 min. Rainfall intensity (average per event) ranged from 0.34 to 10.46 mm/h, with a medium value of 3.56 mm/h. Davis et al. [20], in their pilot swales, recorded medium rains of 10.5 and 12.2 mm in Maryland, which presents subtropical climate. The swale that we monitored controls rains that are on average almost 55% higher than the pilot swales in [20] due to our tropical/transitional climate.




3.2. Soil and Infiltration Characteristics


The physical characteristics of soil directly influence the quantitative impacts of SCMs in aquifers. The analysis shows that the soil is classified as Quartzarenic Neosol according to the EMBRAPA Brazilian Soil Classification [37]. This category is similar to Arenosol in the FAO classification [38] or Loamy Soil in the USDA Texture Triangle [39]. The soil presented very good infiltration capacity according to hydraulic conductivity, which was measured as 5.18 × 10−6 m/s in the slug test [40] and estimated as 5.83 × 10−5 m/s as the constant final rate in the infiltration curve from the concentric ring infiltrator [41]. These values are within the ranges expected for soil type in coastal zones and correspond to fine sands with good infiltration capacity. They can indicate the impact of infiltration structures in coastal aquifers where a high infiltration rate is associated with a shallow depth of the water table and with the types of precipitations in regions of tropical climates.




3.3. Hydrologic Functions and Hydraulic Performance of the Infiltration Swale


3.3.1. Precipitation and Swale’s Percentage of Infiltration


The distribution of rainfall depth (Figure 3) presents much more variation and higher values in summer than in winter and spring. The average intensity presents a similar behavior but with more variation in these three seasons. Summer precipitations are convective with great volumes and intensities. In winter, frontal systems are predominant with small volumes, more constancy, and little intensity. (Fall data are not so representative because only two events have been registered, and without the tide/sea level values due to equipment failure). The infiltration percentage in the swale presents higher maximum values in spring and winter than in summer. Although variability is lower in summer, the average of infiltration is higher in this season than in spring and almost equal to winter. This is due to the major infiltration capacity in winter because of less volumes, but as events are longer, soil humidity is higher in winter. The mean average infiltration is higher in summer. The number of previous days without rain (DNR) were not found to correlate directly with the infiltration percentage in the swale. Although the volume of rainfall is greater in summer and spring, rainfall is well distributed throughout the days of all seasons.



During the summer of 2015, the highest daily precipitation (97.6 mm) and the maximum intensity (10.46 mm/h) were recorded (Table 1). During this summer, the convective rains were normally marked by high precipitation. Consequently, the soil moisture was close to saturation, which caused an overflow in the swale in some events.



The hydrological performance of the swale was determined by the size of rainfall event. Small events are completely captured by the swale (Figure 4). Larger events normally present certain volume reduction. In very large events, the swale can even function as a passing channel to runoff. After plotting a tendency line to linearly regress duration and rainfall depth (Figure 4), we found that P = 0.1667D + 0.74. Davis et al. [20] found a regression of P = 0.11D + 0.56 for their pilot swales in Maryland. It means that for a duration of 0.1 h, the difference in rainfall depth is 32% higher in Florianópolis, and for a duration of 3 h, the difference augments to 39%; these high values are characteristic of the tropical/transitional climate and indicate that our monitored swale works under heavy volumes of rain.



Capture is the infiltrated volume in the swale. The distribution of capture is also shown in Figure 4. The regression line of P × D represents a baseline for better capture. Most of the events that infiltrate more than 75% of runoff volume are below the regression line (six out of eight events). The same behavior is noted for the range of 50 to 75% of capture (11 out of 15 events). It means that 73.9% of the events that infiltrate appreciable volumes of runoff are below the regression line. The regression line reflects the intensity of rain. Capture varies along the duration of an event because of decreasing infiltration storage of the soil. It goes from the maximum infiltration rate when the soil is dry and decays asymptotically toward the saturated hydraulic conductivity. This is why the intensity of rainfall also determines the swale’s capacity for runoff capture. If the intensity of rain is greater than the infiltration capacity of the soil, runoff will occur even if the saturated hydraulic conductivity has not been achieved.




3.3.2. Runoff Volume Control


The total volume of the infiltration swale was approximately 27 m3, and the average entrance volume was 35.0 m3 for the 38 events analyzed. The swale showed overflow in only two events: 13 February 2015 and 8 March 2015 (Table 1, lines shadowed in dark gray), even with an infiltration efficiency of 52.34% and 45.83%, respectively, in this summer. The mean daily sea level in these days were high and very high (49.9 and 55.7). It was observed that the increase in the channel level downstream of the swale was responsible for the back water effect, which indicates sensitivity to coastal drainage (tidal interference).



The volume of infiltration in the swale did not change significantly over the seasons, having prevailed over the output volume. In 51.2% of events, the infiltrated volume was higher than the output volume. However, these volumes practically became equal when there was a low number of previous days without rain (Table 1), which evidences a greater interference of the water table level in these events. Despite this observation, it was found that infiltration did not completely cease, although it was greatly reduced. In addition, the clogging process was considered negligible in this swale during the monitoring period. Vegetation growth in the swale is very important in preventing clogging (see photos in Figure 1b). Although the swale is not planted, vegetation grows naturally throughout the year and is removed by the municipality once a year. The growth of roots and the movement of stems and leaves with the wind helps to keep the soil pores open for infiltration. The infiltration rate was greater than 50% of the inflow volume in 39.47% of the monitored events.



Infiltration percentage is a measure of efficiency in volume control. The distributions by season are in Figure 5 The average infiltration percentage does not vary greatly by season: 50.2 in winter, 49.6 in spring, 57.4 in summer, and 51.5 in fall. However, the degree of variation is quite different, especially in summer.



The average infiltrated volume over the monitoring period is 18.3 m3. The average per season is more variable, with a volume of 24 m3 in summer (Figure 5); the lowest seasonal average is detected in winter and fall (14.7 and 13.5 m3), and an intermediate value of 19 m3 is detected in spring. The inflow volume is much higher in summer (41 m3) than in winter (28 m3) and similar to spring (38 m3). According to [42], precipitation characteristics influence infiltration structures in two ways. The most efficient aquifer recharge and infiltration events are generated by stratiform precipitation (when soil saturation increases without generation of flow) and intense convective precipitation events, in which recharge rates are more inefficient due to both an excess saturation with the flow generation and an increase in the evapotranspiration rate. That was not observed in Florianópolis. Even with major intensities in summer, the average infiltrate volume is higher in this season. This is probably due to the fact that the infiltration capacity of the coastal soil of Campeche in Florianópolis is high and the aquifer, although shallow, is large. Thus, soil infiltration capacity frequently does not present an impediment to infiltration even in hight-intensity precipitations. It is as if the higher volume of available precipitation in summer is able to force more infiltration in the soil, which does not present resistance to infiltration due to its sandy characteristic. The large aquifer of Campeche absorbs and distributes the infiltrated water from the swale relatively fast.



The runoff control volume varies from 26 to 81%, and it is greater than the average value of 52% in 19 events. This performance can be considered very good for urban runoff control.




3.3.3. Peak Flow Analysis


The advance of flood peak influences the response time in the flow volume attenuation or in the peak discharge from the swale (Figure 6). Thus, the time of concentration (Equation (1)) estimated for the basin for the pre-development and current urbanization periods is 15 min and 9 min, respectively. It was observed that the ascending limbs of the hydrographs are lower than the concentration time in 2.56% of rainfall events in the current urbanization period (Table 1). The majority of these events present a delay in the peak flow during the monitored period, in relation to concentration time. This may indicate that the infiltration swale presents a contribution in the retardation of peak flow, ensuring its hydrological function and compensating for the impermeabilization process and the impact of infiltration losses in the urban hydrologic cycle.



Peak flow reduction was observed in almost all monitored events (Table 1, Qe and Qo), except for the summer event of 2/13/15; in this occasion, the swale overflowed. Peak dumping varied from 5.3 to 66.7% and was, on average, 36.6% smaller in the output of the swale than in the input. The SCM showed very good peak attenuation, proving it to be very effective in urban flood control. A regression between the input and output peak flow could be established with a quadratic error of 51.4%, allowing the estimation of the output peak flow from the input peak flow using the equation Op = 0.53 Ip + 0.96.



In autumn, a greater infiltration (76%) of the flow was observed (Table 1), an observation that was also made by other authors. Lewellyn et al. [43] observed, for example, that climate has a direct influence on the infiltration rate for soil thicknesses less than 0.6 m, that is, the higher the atmospheric temperature, the higher the infiltration rate in the soil. Thus, the swale efficiently fulfilled its function even in seasons of greater rains; these are periods that have a greater obstruction of storm drains and an increase in both runoff and aquifer level volume due to soil type and high hydraulic conductivity, which are typical in coastal regions.




3.3.4. Hydraulic Performance Patterns of the Swale


In order to analyze the hydraulic performance patterns of the infiltration swale, the water balance of the structure was performed, which was synthesized with the other parameters monitored in the evaluation matrix (Table 2). The salmon colored lines represent good runoff control; dark green indicates retardation in peak flow; and infiltration efficiency is shown as medium and strong yellow. For light yellow, infiltration is under 50%. It is possible to verify the efficiency of the structure in surface runoff control as well as the time advance of peak flow. The water balance of compensatory techniques is important for the knowledge of its true hydraulic retention capacity and its influence on the process of infiltration of rainwater in the soil, involving the drained, infiltrated, and stored volumes [44,45].



The attenuation in surface runoff volume in the monitored events ranged from 26.14% to 81.4%, and the average infiltration was 51.7% in surface runoff control. This value is higher than other studies with grassed swales: 30% [46], 33% [47], 45% [20], 45% [48], 46% [49], and 47% [6]. The average observed in this study (51.7%) may be considered very good given the conditions under which the swale works (without maintenance, shallow aquifer, and tropical rains). The high infiltration rate of the soil and the sandy large aquifer are part of the reasons for the good performance.



Some anomalous events occurred during the monitoring period. On 25 November 2014, it rained 60.8 mm, but the infiltrated volume was only 26% due to soil saturation by previous rains. In the case of very intense rains recorded on 4 November 2014, 13 February 2014, 15 March 2014, 2 September 2014, 4 November 2014, 13 February 2015 and 15 March 2015, the swale remained within the efficiency standards (50–75%) in the first three events, but in the last three events, it worked as a drainage channel, controlling only 4% of the input flow. The number of previous days with rain, the aquifer height, and the intensity of precipitation are the causes for the deficient performance.



The overall performance of the swale in controlling volumes and retarding peaks is presented in the matrix of Table 2. The infiltration phenomenon (in which the infiltrated volume was higher than the output volume) occurred in 48.72% of all events, and the infiltration rate ranged from 25 to 50% in slightly more than half of these events (51%). It was observed that there was an interference from soil moisture state, even with the swale having sandy soil with a high rate of infiltration (20 mm/h). This efficiency is close to that found by [6], who attested that swales can infiltrate 50% of runoff volume in semi-arid regions if the soil is permeable and the initial moisture content is low.





3.4. Interface between Infiltration Swale, Aquifer Level, and Tide Level


3.4.1. Tide and Sea Level Analysis


The distribution of the mean daily tide and sea levels (Figure 3) during the period of swale operation shows that the mean sea level is lower in summer (20 cm) but more variable than in winter and spring (22 cm). Sea level mainly reveals the astronomic tide (syzygy cycles). Daily tide level encompasses the interference of meteorological phenomena, and so its variation is much higher, specially in winter, spring, and fall due to winds and cold fronts that are characteristic of the south of Brazil. An exception is when there is a combination of heavy rains and high sea/tide levels, as observed in the summer events when the swale overflowed. Thus, it is recommended that this parameter (tidal variation) should be considered in drainage network and design of compensatory techniques, such as infiltration structures, in order to reduce flooding risk in coastal regions.



In Figure 7, an exploration of the regression of tide and sea levels with the percentage of infiltration is presented. The lines show that the relation is not linear and is not direct as the regression coefficient is very low. The multiple regression analysis is presented in Section 3.5 below. The effects of tide level have been registered in Florianópolis in multiples events of coastal flooding [50].




3.4.2. Performance of the System in Coastal Ecosystems


In the period from November 2015 to August 2016, the interface of rainfall, tide level, water depth in the swale, and height of the aquifer were evaluated (Figure 8). Based on the analysis of the performance of the structure, with tidal fluctuations and aquifer level, the greatest influence on the variation of the aquifer level is in the number of previous days without rain, which depends directly on the soil moisture conditions and the infiltration rate.



However, on 7 January 2016 (summer in the southern hemisphere), 70% of the runoff volume was infiltrated in the swale, with an average rate of infiltration equalled to 8.40 × 10−5 m/s. This value was higher than the value estimated by the concentric ring infiltrator method, which was 5.83 × 10−5 (test performed in the autumn during the periods of greatest drought), with an increase in the water table of 62 cm (Figure 8). The other events with the highest infiltration rate occurred in the fall and winter seasons. As autumn is one of the driest seasons, with an average rainfall of 90 mm in April, there is no formation of water in the swale. Unfortunately, the well sensor did not operate adequately during the entire project observation period, and more precise analysis of aquifer level interference in swale performance could not be better established.





3.5. Global Evaluation with Principal Component Analysis (PCA)


A principal component analysis was run with the entire set of data, but the importance of some variables was overlapped, such as the three volumes (Ve, Vi, and Vo). After eliminations of the overlapping variables, the PCA was performed again. The results (Table 3) group the explanation of the entire set of data into three principal components, which explain 67.46% of the total variance. The hydrological parameters are grouped in the first component: total duration of precipitation (Tp), total precipitation depth (P), and the volume infiltrated (Vi) in the swale. The second component includes the mean intensity (Im). Finally, the third component includes the sea and tide daily mean levels. This analysis reveals that the hydrological parameters related to the volume of rain and its distribution along the events are the variables more important, followed by its relation to soil infiltration capacity due to the mean intensity. Additionally, it is important to note that, even though the direct correlation of swale infiltration and sea level parameters is low (Figure 7), the multivariate analyses reveal its importance in the global performance of the swale. The third component of the PCA, which is composed of sea level and tide level, explains 17.57% more of the variances of the group of parameters. In coastal areas, the interference of sea and tide levels must be taken into account to design better SCM techniques. The question that arises is how to incorporate this information to the design process of SCMs in coastal areas, which should be the subject of future investigations.





4. Conclusions


In this study, an infiltration swale designed for runoff control and located in a coastal tropical/transitional zone was analyzed. In this kind of areas, the insertion of a SCM should be carefully evaluated due to environmental constraints, such as a high degree of environmental sensitivity, interference of sea level rise, and sometimes great variation in altitude in small areas. The monitored swale has been in use for almost 50 years, but there were no studies on its effectiveness. The swale operates in a tropical/transitional climate (1480 mm of rain/year) with convective intense rains in summer and frontal long-duration systems in winter. Coastal soil is sandy and presents good infiltration capacity (5.18 × 10−6 to 5.83 × 10−5 m/s). An extensive shallow aquifer is presented below the swale, and the variation in its level is significant. The aim of this study was to quantify the general performance of an infiltration swale in a tropical transitional region in a coastal environment. It detailed the water balance in the infiltration swale and showed the swale’s general performance in controlling the flow in real conditions.



The swale presented very good performance in total runoff control even when under a volume of rain higher than the majority of the literature published; most of the previous studies were conducted in subtropical climates. Rain depth is 55% higher in our case than in [20], if we compare regression lines adjusted to rain depth, duration, and capture of that study and ours, and the difference in rains depths is around 35% higher in our study. In Florianópolis, we monitored a case where the swale is submitted to significantly higher rain volumes.



It was observed that the average infiltration was 51.8% of surface runoff in 38 events sampled. In half of the events, capture was between 50 and 75% of total runoff. Even during the summer events that presented more intensity, the mean percentage infiltration was 57%, which was associated with a lower mean sea level in the period. Otherwise, when intensity was high and was accompanied by high sea level, the swale overflowed (in two events, both in summer).



The summer and spring months presented larger global rainfall per event, as well as higher volume variations between events. Autumn and winter rains were characterized by lower volumes and less variation between events.



It was found that, in larger events, the swale showed some volume reduction, but the output volume was higher than the input; only 19.68% of the events presented this characteristic when the swale functioned as a passage channel for the flow. The capture varied over the duration of events due to the decrease in soil infiltration storage. It went from the maximum infiltration rate when the soil was dry and decreased asymptotically toward the saturated hydraulic conductivity.



A reduction in runoff peak flow was observed in this study. The peak dumping was, on average, 36.6% smaller in the output of the swale, and it was observed in 38 out of 39 events, attesting the swale’s good ability in storing and controlling runoff.



During the monitoring period, a direct correlation between the sea and tide data, the swale infiltration, and the level variation after precipitation events was not found. On the other hand, in the multivariate PCA analyses, the daily average sea and tide levels, along with the hydrological data, explain 60% of the global variance in the swale’s performance in controlling runoff. More details on how this interference drives swale performance are important to investigate to allow the consideration of these phenomena when designing SCMs in coastal areas.



Therefore, even though the structure has been in operation for 50 years, the results demonstrate an excellent performance, both in controlling the flow and in retarding the peak flow, satisfactorily fulfilling its hydrological regulatory functions for a coastal ecosystem. The risk of aquifer and soil contamination is always present when infiltration is the major process. This question is important to investigate in this coastal tropical area; it is out of the scope of this paper but is presented in other publication [31].



For future studies, a more detailed characterization of the events occurring in autumn is necessary since we were only able to monitor two events. Likewise, more accurate monitoring of the aquifer level is necessary to better understand its relationship with tide level and SCM performance. In this case, special focus should be given to meteorological high-tide events. Sea level monitoring is conducted by government entities and has been improved in recent years. We expect to obtain hourly data for sea level and tide level as opposed to the daily data used in this study.
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Figure 1. Location and climatological aspects of study area: (a) the swale located in Florianópolis in the south of Brazil and its connecting channels to the sea; (b) normal climatology of precipitation in Florianópolis (1981–2010) [30] with rainfall depth accumulated by season; and (c) swale instrumentation [31]. 
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Figure 2. Data processing schema for water balance, and hydrological and hydraulic swale performance calculations. 
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Figure 3. Variation in rain height (P), medium intensity (Im), daily sea level (cm), daily tide level (cm), and percentage volume infiltrated (%Inf) in the swale. 
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Figure 4. Correlation of rainfall depth and duration with percentage of infiltration in the swale. 
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Figure 5. Balance of volumes in the swale inlet, outlet, and infiltrated volume distribution. 
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Figure 6. Swale inflow/outflow (a) volumes and peak dumping distribution, (b) inflow and outflow volumes regression. 
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Figure 7. Correlation of infiltration efficiency with tide/sea level. 
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Figure 8. Interface between swale level (difference between maximum level at the swale inlet and outlet height), aquifer level, and tide level. 
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Table 1. Rainfall runoff data from the monitored events grouped by season.
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Events

	
Tasc

	
Dasc

	
DNR

	
P

	
Im

	
Qe

	
Qo

	
Ve

	
Vot

	
Vi

	
Tld

	
Slm

	
%Inf Inf




	

	
days

	
(min)

	
(min)

	

	
(mm)

	
(mm/h)

	
(m³/s)

	
(m³/s)

	
(m³)

	
(m³)

	
(m³)

	
(cm)

	
(cm)

	






	
Winter

	
1 Aug 14

	
235

	
10

	
7

	
14.6

	
3.73

	
7.2

	
3.6

	
6.0

	
3.9

	
2.8

	
44.1

	
21.7

	
48.43




	
4 Aug 14

	
135

	
20

	
2.5

	
10.4

	
4.62

	
9.0

	
5.8

	
16.9

	
10.2

	
6.2

	
50.7

	
22.0

	
36.50




	
12 Aug 14

	
310

	
40

	
7

	
16

	
3.10

	
8.3

	
6.1

	
24.4

	
14.2

	
10.9

	
64.0

	
23.3

	
44.79




	
16 Aug 14

	
249

	
145

	
4

	
10

	
2.41

	
7.2

	
4.7

	
16.0

	
8.9

	
6.1

	
45.9

	
23.1

	
38.16




	
16 Aug 14

	
345

	
44

	
0

	
7.4

	
1.29

	
7.2

	
4.3

	
29.6

	
16.4

	
8.9

	
45.9

	
23.1

	
29.87




	
25 Aug 14

	
285

	
145

	
9

	
15.2

	
3.20

	
7.6

	
4.7

	
29.9

	
15.8

	
14.1

	
41.6

	
23.4

	
47.25




	
31 Aug 14

	
330

	
213

	
6

	
38.4

	
6.98

	
9.4

	
6.1

	
47.2

	
25.7

	
21.5

	
38.3

	
21.0

	
45.51




	
2 Sept 14

	
189

	
6

	
0

	
15.2

	
4.83

	
8.3

	
6.5

	
13.0

	
5.9

	
6.9

	
62.2

	
22.2

	
53.30




	
3 Sept 14

	
180

	
63

	
0

	
2.6

	
0.87

	
2.5

	
2.2

	
3.6

	
1.7

	
1.9

	
41.7

	
21.0

	
53.10




	
3 Sept 14

	
333

	
27

	
0

	
9.8

	
1.77

	
3.6

	
3.2

	
10.3

	
6.0

	
4.2

	
41.7

	
21.0

	
41.31




	
21 Aug 15

	
670

	
110

	

	
9.2

	
0.82

	
5.4

	
2.5

	
40.2

	
10.6

	
29.8

	
57.9

	
22.2

	
74.07




	
22 Aug 15

	
240

	
75

	
0

	
2.8

	
0.70

	
5.4

	
2.9

	
30.6

	
5.7

	
24.9

	
34.1

	
19.2

	
81.38




	
25 Aug 15

	
1110

	
220

	
3

	
30.6

	
1.65

	
6.5

	
4.0

	
90.7

	
46.0

	
44.7

	
72.7

	
24.6

	
49.32




	
26 Aug 15

	
420

	
35

	
0

	
2.4

	
0.34

	
6.5

	
4.0

	
37.2

	
14.5

	
22.7

	
33.7

	
20.9

	
60.97




	
Spring

	
24 Sept 14

	
460

	
35

	
5

	
20.2

	
2.63

	
5.8

	
4.7

	
60.5

	
24.9

	
35.6

	
20.4

	
19.9

	
58.88




	
26 Sept 14

	
420

	
145

	
0

	
9.6

	
1.37

	
7.6

	
4.0

	
30.7

	
20.7

	
9.9

	
43.2

	
23.3

	
32.42




	
27 Sept 14

	
135

	
45

	
0

	
3

	
1.33

	
3.2

	
2.9

	
11.7

	
5.8

	
4.2

	
62.9

	
23.3

	
36.32




	
11 Oct 14

	
505

	
415

	
5

	
11

	
1.31

	
10.1

	
6.5

	
54.4

	
11.2

	
43.2

	
39.6

	
23.4

	
79.47




	
13 Oct 14

	
715

	
455

	
2

	
60.8

	
5.10

	
20.5

	
9.7

	
80.5

	
43.9

	
36.6

	
53.2

	
22.0

	
45.50




	
4 Nov 14

	
70

	
15

	
1

	
4.4

	
3.77

	
5.4

	
4.7

	
7.4

	
4.2

	
3.1

	
29.6

	
20.6

	
42.70




	
6 Nov 14

	
130

	
45

	
2

	
12

	
5.54

	
10.1

	
6.1

	
13.8

	
9.5

	
5.2

	
55.3

	
24.0

	
37.63




	
8 Nov 14

	
45

	
25

	
2

	
5.8

	
7.73

	
8.3

	
4.7

	
16.0

	
9.3

	
6.7

	
45.9

	
21.6

	
41.76




	
22 Nov 14

	
80

	
85

	
1.5

	
3.2

	
2.40

	
7.6

	
4.3

	
8.3

	
5.7

	
3.7

	
45.3

	
22.8

	
44.69




	
25 Nov 14

	
1174

	
700

	
2

	
60.8

	
3.11

	
9.4

	
6.8

	
114.1

	
84.7

	
29.8

	
41.7

	
20.4

	
26.14




	
3 Dec 14

	
530

	
420

	
9

	
8.2

	
0.93

	
9.4

	
6.5

	
42.9

	
18.8

	
24.1

	
41.7

	
20.8

	
56.11




	
14 Dec 14

	
410

	
285

	
9

	
17

	
2.49

	
9.4

	
5.0

	
34.6

	
14.1

	
20.5

	
69.1

	
23.0

	
59.19




	
13 Dec 14

	
30

	
20

	
0

	
3

	
6.00

	
8.6

	
5.8

	
17.4

	
5.7

	
11.7

	
59.9

	
21.4

	
67.34




	
26 Nov 15

	
493

	
51

	
1

	
5.4

	
0.66

	
7.2

	
3.6

	
46.0

	
12.5

	
31.0

	
41.4

	
22.0

	
67.51




	
Summer

	
15 Jan 15

	
185

	
30

	
8

	
27

	
8.76

	
10.1

	
7.2

	
50.3

	
16.4

	
33.8

	
63.2

	
23.3

	
67.28




	
4 Feb 15

	
1138

	
25

	
2.5

	
53.8

	
2.84

	
6.8

	
3.2

	
17.0

	
8.2

	
9.2

	
51.2

	
22.7

	
54.40




	
13 Feb 15

	
406

	
130

	
2

	
45.6

	
6.74

	
7.2

	
14.8

	
39.1

	
19.0

	
20.4

	
57.5

	
22.7

	
52.34




	
8 Mar 15

	
560

	
115

	
3

	
97.6

	
10.46

	
23.0

	
15.5

	
43.7

	
24.7

	
20.0

	
49.9

	

	
45.83




	
9 Mar 15

	
1347

	
415

	
0

	
50.4

	
2.24

	
9.4

	
5.8

	
79.1

	
37.5

	
41.8

	
50.0

	

	
52.81




	
15 Mar 15

	
155

	
415

	
3.25

	
26.8

	
10.37

	
9.4

	
5.4

	
44.4

	
15.3

	
29.2

	
57.9

	

	
65.62




	
19 Mar 15

	
530

	
20

	
2

	
6.4

	
0.72

	
7.2

	
4.7

	
34.1

	
9.2

	
24.9

	
51.5

	

	
73.02




	
21 Mar 15

	
177

	
23

	
2

	
18.6

	
6.31

	
6.8

	
6.5

	
21.7

	
14.4

	
7.6

	
57.7

	

	
34.99




	
7 Jan 16

	
411

	
69

	
1

	
19.52

	
2.85

	
10.1

	
4.0

	
43.5

	
12.8

	
30.7

	
35.6

	
16

	
70.55




	
Fall

	
28 Mar 15

	
317

	
312

	
2

	
20.8

	
3.94

	
7.9

	
4.7

	
33.0

	
24.0

	
9.0

	
71.2

	

	
27.37




	
29 Mar 15

	
511

	
475

	
0

	
25.8

	
3.03

	
7.6

	
2.5

	
23.5

	
5.6

	
17.9

	
51.8

	

	
76.00




	

	
Medium

	
409.4

	
151.9

	
2.7

	
20.5

	
8.3

	
5.4

	
3.6

	
35.0

	
16.5

	
18.3

	
21.9

	
49.3

	
51.8




	

	
Maximum

	
1347.0

	
700.0

	
9.0

	
97.6

	
23.0

	
15.5

	
10.5

	
114.1

	
84.7

	
44.7

	
24.7

	
72.8

	
81.4




	

	
Minimum

	
30.0

	
6.0

	
0.0

	
2.4

	
2.5

	
2.2

	
0.3

	
3.6

	
1.7

	
1.9

	
16.1

	
20.4

	
26.1








D: rainfall duration; Tasc: time to peak; DNR: number of previous days without rain; P: rainfall depth; Im: mean rain intensity; Qe and Qo: water flow entering and leaving the swale; Ve: swale entry volume; Vo: swale output volume; Vi: infiltrated volume; Tld: mean daily tide level; Slm: mean daily sea level; and %Inf: infiltrated percentage. Vi in bold indicates infiltration volumes above 50% of the runoff and very good swale performance in runoff control.
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Table 2. Overall swale performance in controlling runoff.






Table 2. Overall swale performance in controlling runoff.





	
EVENTS

	
Runoff Reduction

	
Advance of Peak Flow

	
Infiltration Efficiency (% inf)




	

	
Vinf > Vo

	
Tasc < Tc

	
Tasc > Tc

	
25–50

	
50–75

	
75–100






	
1 Aug 14

	

	

	
x

	
x

	

	




	
4 Aug 14

	

	

	
x

	
x

	

	




	
12 Aug 14

	

	

	
x

	
x

	

	




	
16 Aug 14

	

	

	
x

	
x

	

	




	
16 Aug 14

	

	

	
x

	
x

	

	




	
25 Aug 14

	

	

	
x

	
x

	

	




	
31 Aug 14

	

	

	
x

	
x

	

	




	
2 Sept 14

	
x

	
x

	

	

	
x

	




	
3 Sept 14

	
x

	

	
x

	

	
x

	




	
3 Sept 14

	

	

	
x

	
x

	

	




	
24 Aug 14

	
x

	

	
x

	

	
x

	




	
26 Aug 14

	

	

	
x

	
x

	

	




	
11 Oct 14

	
x

	

	
x

	

	

	
x




	
13 Oct 14

	

	

	
x

	
x

	

	




	
4 Nov 14

	

	

	
x

	
x

	

	




	
6 Nov 14

	

	

	
x

	
x

	

	




	
8 Nov 14

	

	

	
x

	
x

	

	




	
22 Nov 14

	

	

	
x

	
x

	

	




	
25 Nov 14

	

	

	
x

	
x

	

	




	
3 Dec 14

	
x

	

	
x

	

	
x

	




	
12 Dec 14

	
x

	

	
x

	

	
x

	




	
13 Dec 14

	
x

	

	
x

	

	
x

	




	
15 Jan 15

	
x

	

	
x

	

	
x

	




	
4 Feb 15

	
x

	

	
x

	

	
x

	




	
13 Feb 15

	
x

	

	
x

	

	
x

	




	
8 Mar 15

	

	

	
x

	
x

	

	




	
9 Mar 15

	
x

	

	
x

	

	
x

	




	
15 Mar 15

	
x

	

	
x

	

	
x

	




	
19 Mar 15

	
x

	

	
x

	

	
x

	




	
21 Mar 15

	

	

	
x

	
x

	

	




	
28 Mar 15

	

	

	
x

	
x

	

	




	
29 Mar 15

	
x

	

	
x

	

	

	
x




	
21 Aug 15

	
x

	

	
x

	

	

	
x




	
22 Aug 15

	
x

	

	
x

	

	

	
x




	
25 Aug 15

	

	

	
x

	
x

	

	




	
26 Aug 15

	
x

	

	
x

	

	
x

	




	
26 Nov 15

	
x

	

	
x

	

	
x

	




	
7 Jan 16

	
x

	

	
x

	

	
x

	




	
No. occurrences

	
19

	
1

	
37

	
19

	
15

	
4




	
% Occurrences

	
50.00%

	
2.63%

	
97.37%

	
50.00%

	
39.47%

	
10.53%








Salmon colored lines represent good runoff control; dark green indicates retardation in peak flow; infiltration efficiency is shown yellow, light yellow for 25 to 50% infiltration, medium yellow for 50 to 75% infiltration and strong yellow for 75 to 100% infiltration. 
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Table 3. Principal component loading and explained variance for the three components.






Table 3. Principal component loading and explained variance for the three components.











	Factors
	
	Principal

Components
	





	
	PC1
	PC2
	PC3



	Tasc
	0.739
	0.287
	−0.283



	D
	0.357
	−0.304
	0.059



	P (mm)
	0.776
	−0.358
	−0.177



	Qe
	0.660
	−0.445
	−0.033



	Im (mm/h)
	0.069
	−0.868
	0.108



	Vi (m³)
	0.715
	0.246
	−0.483



	Sea level
	0.434
	0.285
	0.780



	Tide level
	0.491
	0.094
	0.774



	% Inf
	0.319
	0.572
	−0.107



	Eigenvalue
	2.76
	1.73
	1.58



	Explained variance (%)
	30.66
	19.24
	17.57



	Cumulative Eigenvalue
	2.76
	4.49
	6.07



	Cumulative % of variance
	30.66
	49.90
	67.46







Bold represents the variance of the factors that compose the principal component.
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