

  hydrology-07-00047




hydrology-07-00047







Hydrology 2020, 7(3), 47; doi:10.3390/hydrology7030047




Article



Assessing the Performance of Different Time of Concentration Equations in Urban Ungauged Watersheds: Case Study of Cartagena de Indias, Colombia



Álvaro González-Álvarez 1,*[image: Orcid], José Molina-Pérez 2, Brandon Meza-Zúñiga 2, Orlando M. Viloria-Marimón 2[image: Orcid], Kibrewossen Tesfagiorgis 3 and Javier A. Mouthón-Bello 4





1



Boswell Engineering, 330 Phillips Ave, South Hackensack, NJ 07606, USA






2



Independent Researcher, Cartagena de Indias 130012, Colombia






3



Department of Science, Borough of Manhattan Community College, 199 Chambers St., New York, NY 10007, USA






4



Grupo de Investigación Modelación Ambiental (GIMA), Universidad de Cartagena, Cartagena de Indias 130015, Colombia









*



Correspondence: agonzalez7@gmail.com; Tel.: +1-201-641-0770







Received: 12 June 2020 / Accepted: 24 July 2020 / Published: 25 July 2020



Abstract

:

In ungauged watersheds, the estimation of the time of concentration (Tc) is always a challenging task due to the intrinsic uncertainty involved when making assumptions. Given that Tc is one of the main inputs in a hydrological analysis for the design of hydraulic structures for stormwater management, ten equations (including one proposed in several local studies) and two Tc methodologies (overland flow time plus channel flow time) were used to compute the Tc in fifteen urban ungauged watersheds, located in Cartagena de Indias (Colombia), with different area sizes and slopes to statistically assess their performance against the value obtained via the Natural Resources Conservation Service (NRCS) velocity method (assumed to be the true value). According to the Nash–Sutcliffe efficiency index, none of the equations proved to be reliable in all watersheds as only four equations predicted the Tc value in 53% of the cases. In addition, based on the percent bias, all equations tended to significantly over- or underestimate the Tc, which affects the quantification of the runoff volume necessary for, among others, the implementation of best management practices for watershed management (e.g., conventional and/or sustainable drainage system design), flood-prone area delineation and flood risk analyses, urban planning, and stream restoration.
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1. Introduction


Hydrological analysis in ungauged watersheds might be challenging as several assumptions have to be made that could introduce uncertainties into the estimation of the design runoff via rainfall-runoff models, in which rainfall is one of the main inputs. This is particularly true in ungauged watersheds where, typically, rainfall data are only available from nearby gauges. In the absence of data from pluviographs that help with the understanding of rainfall duration and distribution over time, the Tc becomes a variable of paramount relevance in determining the design rainfall. The time of concentration has been defined differently [1,2,3,4,5,6,7,8,9,10] and multiple empirical equations have been derived for its estimation that can be found throughout the available literature on hydrology, in different types of stormwater management and design of drainage structure manuals/guidelines [3,11,12,13,14], embedded in software programs for hydrologic-hydraulic modeling such as Win TR-20 [15], Win TR-55 [16], HydroCAD® [17], Autodesk® [18], Storm Water Management Model (SWMM) [19], Hydrologic Engineering Center-Hydrologic Modeling System HEC-HMS [20], SewerCAD® [21], and StormCAD® [22], in freely available Tc online calculators such as Vlab [23], or as an input in rainfall-runoff models such as the rational method. These equations have considered different variables that range from rainfall and surface direct runoff to watershed morphological parameters (e.g., area, slope, length of flow path, and outlet elevation), land use/land cover (LULC) conditions, and channel characteristics.



The development of an equation based on local or regional data is always preferable. Manoj and Fang [24], Yoo et al. [25], De Almeida et al. [26], Sandoval-Erazo et al. [27], Michailidi et al. [9], and Perdikaris et al. [10] are examples of studies conducted to derive equations based on local available information. Unfortunately, in ungauged areas, there is no other option but to use existing empirical Tc equations. On this basis, the existence of numerous equations might become a hindrance when it comes to deciding which is best for a given area, especially when the person using a particular equation is not familiar with how it was derived and/or its advantages and intrinsic limitations. Various studies [1,2,5,6,7,8,28,29,30,31,32,33,34,35,36] performed in different locations around the world have resulted in large differences among the Tc values estimated by means of multiple equations, which contributes to (a) highlighting the need for assessing the performance of existing Tc equations prior to their use, (b) realizing that the equations cannot be randomly used, and (c) understanding and quantifying the impact on the subsequent computation of the design runoff.



Given the large amount of ungauged areas around the world, water-related professionals are accustomed to the use of empirical Tc equations for hydrological analyses. For instance, in Ireland [37] and Colombia [38,39,40], some estimate Tc as the average of Tc values from selected equations, while others prefer to eliminate the outliers before calculating the average. In the case of Colombia, this seems to be the reason that Invías [41] (pp. 22–28) and MinVivienda [42,43] recommend, respectively, fifteen (Kirpich, Témez, Williams, Johnstone–Cross, Giandotti, California culvert practice, Ventura–Heras, V.T. Chow, Kerby–Hathaway, Izzard, U.S. Federal Aviation Administration (FAA), kinematic wave, NRCS lag equation, George Rivero, and NRCS velocity method for shallow concentrated flow) and three empirical equations (Kerby–Hathaway, FAA, and NRCS velocity method for shallow concentrated flow). Whereas this practice might give the user a range of Tc values to choose from, it also raises doubts as to whether the selection of such an array of equations was indeed the result of an assessment of their performance. Furthermore, based on the authors’ experience and the scarce literature on Tc equation assessment in Colombia, the reasons behind such practice when computing the Tc are unclear. The bottom line is that averaging, per se, does not suffice when it comes to assessing the performance of such equations. Indeed, few studies [44,45] have either addressed this matter (though both studies used averaging as well) or developed local/regional Tc equations based on observed data [46,47].



The inherent degree of uncertainty involved in the computation of Tc in ungauged areas should be minimized by performing an assessment of the equation(s) to be utilized [48] (pp. 9.16). Therefore, this study intends to help with this task by assessing the performance of ten empirical equations (and two Tc methodologies that combine two different equations) in fifteen small urban ungauged watersheds located in Cartagena de Indias (Colombia) by comparing the Tc values with the value obtained via NRCS velocity method [3,49], which was assumed to be the “true” value owing to (a) the absence of hyetographs and hydrographs from which Tc could have been derived, (b) the conceptual robustness behind the method [6,10,11] that permits it, to a certain extent, to make up for the lack of data, and (c) in urban areas, it is recommendable to estimate Tc as the result of length over velocity [48]. The assessment consisted of measuring accuracy, bias, the model’s prediction power, and true simulated values’ linear correlation through, respectively, pre-established performance categories [50,51,52,53,54] for the statistical indicators of ratio of root mean square error and standard deviation (RSR), percent bias (PBIAS), Nash–Sutcliffe efficiency (NSE), and coefficient of determination (R2). The assessment also took into account the performance of the Tc equations when (a) applying the empirical formulas to the average slope and total length (original approach), (b) applying the empirical formulas to each of the identified flow types and then adding them up, and (c) utilizing both the 2-year, 24 h rainfall (P2) under stationary (SC) and non-stationary (NSC) conditions for the NRCS velocity method sheet flow formula owing to the findings of González-Álvarez et al. [55], who concluded that a non-stationary frequency analysis better fitted the 24 h rainfall time series at Aeropuerto (Apto.) Rafael Núñez rain gauge.




2. Study Area and Data


Cartagena de Indias, a city located within the Caribbean Colombian region, has a total area of approximately 623 km2, with an average total annual rainfall ranging between 1000 and 1500 mm [56], a rainy season during the months of April–June and August–November [57], and reported values of daily maximum rainfall of up to 222 mm (reported in 2 October 2016 at the Rafael Núñez Airport rain gauge). Despite the fact that 87.8% of its territory is rural, more than 90% of its population (around 925,860 people) lives in the urban area [58]. This exacerbates the flooding problems that the city experiences every year during the rainy season, chiefly caused by, among others, increasing rainfall and obsolete and/or deficiently designed hydraulic structures for stormwater management [55].



The selected urban watersheds’ areas range from 29.2 to 72.8 ha and discharge into either Las Quintas Swamp or Bazurto and Juan Angola Bayous (Figure 1 and Table 1), which are the water bodies that have undergone the largest anthropogenic pressure among the six water bodies that compose the city’s internal estuarine bayous and lagoons system [59].



Some of the data used in this study include the P2 value of the Apto. Rafael Núñez rain gauge (study area’s nearest rain gauge), estimated by González-Álvarez et al. [55], who concluded that a non-stationary frequency analysis better fitted the 24 h rainfall time series. Thus, both stationary and non-stationary P2 values (89 and 128 mm, respectively) were used as some of the inputs for the NRCS velocity method sheet flow formula to test whether it might bring any improvement in the performance of the Tc equations. The derivation of the remaining variables (length, slope, runoff coefficient, curve number, imperviousness and conveyance factors, and Manning coefficient) needed for the different Tc equations used is explained in the following sections as they (the variables) are all dependent on the watershed’s characteristics.




3. Methodology


The proposed methodology (Figure 2) consisted of four basic tasks: (a) the watershed delineation, (b) selection of Tc equations and estimation of relevant watershed morphometric parameters and Tc equations related variables, (c) Tc computation, and (d) Tc equation performance assessment via statistical analysis. Each of these stages are detailed in the following subsections.



3.1. Watershed Delineation, Morphometric Parameters, and Flow Types


The delineation of the fifteen watersheds, initial identification of the flow paths, and flow length and slope computation were conducted via ArcGIS (Version 10.6.1, ESRI Inc., Redlands, CA, USA [60]) using the 30-m National Aeronautics and Space Administration (NASA) Digital Elevation Model (DEM) [61]. Field work was also performed to (a) corroborate watersheds divide, (b) identify multiple flow paths and types of flows (sheet, shallow concentrated, and channel) within each watershed, and (c) obtain channel dimensions in watersheds where channel flow was identified.



Table 2 summarizes the different flow paths and flow types identified as well as their total length, average slope, and shallow concentrated flow as a percentage of the total flow. It might be observed that this type of flow corresponds to 46% to 100% of the total watershed identified flow types. Most of the empirical Tc equations have the slope as one of their main inputs, which greatly impacts the Tc estimation [10,62]. As a result, in this study, the slope estimation for each identified flow type and the entire watershed’s flow path was carried out by carefully observing the elevation longitudinal profiles of each of the identified flow paths. This avoids incurring any possible error by omitting relevant elevation differences along them (the flow paths).



It is also noteworthy to point out that, in Colombia, contrary to selecting the longest travel time of all possible flow paths within a watershed, it is a common practice among hydrologists to select the shorter time of concentration (with a minimum possible value of 15 min), arguing that it helps to be on the safe side because a shorter Tc value will lead to a larger rainfall (or rainfall intensity) [41] (pp. 2–8). However, this omits the fact that peak discharge occurs when all parts of a watershed are contributing to the runoff, which is assumed to occur at the time of concentration [9,11,63]. In this study, the longest travel time is used as the watershed’s time of concentration. Table 2 presents the paths with the longest travel time of all identified flow paths within each of the fifteen urban watersheds (Table S1). Figure 3 shows the flow paths identified in some of the selected watersheds of this study.




3.2. Selected Tc Equations


A total of ten empirical equations used for different types of flow and two additional methodologies that involve the combination of some of these ten equations were selected for the computation of the Tc: Miller [64,65], U.S. Federal Aviation Agency (FAA) [66], Espey-Winslow (E-W) [67], Kerby-Hathaway (with and without slope adjustment) [65,68], NRCS lag equation [11], Kirpich-Tennessee (with and without slope adjustment) [65,69], Bransby-Williams (B-W) [70], Johnstone-Cross (J-C) [71], Sheridan [72], NRCS velocity method for shallow concentrated flow with a local/regional coefficient for Cartagena proposed by Cartagena’s Stormwater Management Master Plan (PMDPC in Spanish) [73], the Kerby-Kirpich (K-K) methodology with and without slope adjustment [14,65,74], and the Tc methodology proposed by MinVivienda [42]. A brief description of all equations and methodologies is provided in Tables S7–S10.



For performance assessment purposes, Tc values were computed by means of the NRCS velocity method [3,11], which were assumed to be the “true” (or reference) values owing to (a) the absence of observed rainfall and runoff data (ungauged watersheds) from which Tc could have been derived and (b) the methodology’s robustness. The NRCS velocity method defines three types of flow, namely sheet, shallow concentrated, and channel. The time of concentration is the sum of the travel times of each identified flow type (Equation (1)). The travel time for sheet flow is estimated via Equation (2), while for shallow concentrated and channel flows, it is necessary to first calculate the velocities. Sheet flow velocity is estimated via either plot (or their corresponding equations [3,11]) if the flow path slope and soil cover type are known. Channel flow velocity is estimated through Equation (3). Finally, travel times for shallow concentrated and channel flow are estimated via Equation (4).


   T c  =  T  s h e e t   +  T  S h a l l o w   C o n c   +  T  C h a n n e l    



(1)






   T  S h e e t   =   0.007    (   n 0  L  )    0.8        (   P 2   )    0.5      ( S )    0.4      



(2)




where Tsheet is sheet flow travel time (h), n0 is the roughness coefficient, L is the flow path length (m), P2 is the 2-year, 24 h rainfall (mm), and S is the slope (m/m).


   V  C h a n n e l   =    R  0.67    S  0.5    n   



(3)




where VChannel is the channel water velocity (m/s), R is the hydraulic radius (m), S is the channel slope (m/m), and n is the Manning’s coefficient.


   T t  =  L  3600 V    



(4)




where Tt (h), L (m), and V (m/s) are the travel time, flow path length, and velocity for either shallow concentrated (TShallow Conc) or channel (TChannel) flows.



Additionally, in order to test how using a given equation for a type of flow for which it was not intended could introduce errors, each of the ten equations was applied to (a) each of the identified flow types within a watershed (sheet, shallow concentrated, and channel flow), and the total time of concentration was estimated as the sum of the times of concentration computed individually for each of the flow types (named each flow, E.F.), and (b) to the flow path as a whole, irrespective of the identified flow types (named total length, T.L.). Both results were compared to that of the NRCS velocity method (using P2 under SC and NSC). For instance, if the Kirpich equation was to be used in a watershed where shallow concentrated and channel flows have been identified, then the time of concentration was estimated both ways by applying the equation to (a) each of the identified flows, and adding both results, and (b) the total length, as the original methodology that is typically used (and derived for). For the two additional Tc methodologies used in this study (Kerby-Kirpich and MinVivienda), the sheet and shallow concentrated flows were considered as one. Additionally, these methodologies were not used for the total length scenario given the nature of the methodologies that establishes the separation of two flows to be applied.




3.3. Determination of Tc Equation Variables


Variables related to LULC, such as composite runoff coefficient (C) [75], composite curve number (CN) [3,11], and percentage of impervious area (ip) [67], were estimated by means of satellite imagery analysis (LandSat imagery processed via ENVI®.(Version 5.1, Harris Geospatial Solutions Inc, Boulder, CO, USA [76])) (Table S2). The Espey-Winslow channelization factor (φ) and roughness (n0) and Manning (n) coefficients were determined based on the channel soil cover observed during field visits. (Table S2). Descriptions of all variables used in the different selected Tc equations are given in Tables S7–S10.




3.4. Tc Equations Performance Assessment


The equations’ performance was assessed by means of the coefficient of determination (R2) (Equation (5)), the ratio of root mean square error and standard deviation (RSR) (Equation (6)), percent bias (PBIAS) (Equation (7)), and Nash–Sutcliffe efficiency (NSE) (Equation (8)) [50,51,52,77,78,79]. In Equations (5) through (8),    Y i     o b s    ,    Y i     s i m    ,    Y    o b s  ¯     , and    Y    s i m  ¯      are, respectively, the values of the observed (true value obtained from NRCS velocity method), simulated (from each of the ten empirical Tc equations and two additional Tc methodologies), average observed, and average simulated values.


   R 2  =    [      ∑   i = 1  n   (   Y i     o b s   −  Y    o b s  ¯     )   (   Y i     s i m   −  Y    s i m  ¯     )        ∑   i = 1  n     (   Y i     o b s   −  Y    o b s  ¯     )   2        ∑   i = 1  n     (   Y i     s i m   −  Y    s i m  ¯     )   2       ]   2   



(5)






  R S R =  [        ∑   i = 1  n     (   Y i     o b s   −  Y i     s i m    )   2          ∑   i = 1  n     (   Y i     o b s   −  Y    o b s  ¯     )   2       ]   



(6)






  P B I A S =  [      ∑   i = 1  n  (  Y i     o b s   −  Y i     s i m   )     ∑   i = 1  n   (   Y i     o b s    )     ]  * 100 .    



(7)






  N S E = 1 −  [      ∑   i = 1  n     (   Y i     o b s   −  Y i     s i m    )   2      ∑   i = 1  n     (   Y i     o b s   −  Y    o b s  ¯     )   2     ]   



(8)







The coefficient of determination indicates the association (and goodness-of-fit) between the true and the simulated values through a linear correlation and has a range of values from zero (no correlation) to one (optimal value or perfect fit). RSR is a standardized form of the root mean square (RMSE) that measures the error of a model, with an optimal value of zero (no error). PBIAS, with an optimal value of zero, shows the model’s tendency to under- or overestimate when compared with the true value, where a negative PBIAS indicates that the simulated value is greater than the observed one (overestimation), while positive denotes underestimation. NSE permits us to assess the model’s prediction power; it ranges from −∞ to one (optimal value). If negative values of NSE are obtained, then the true values’ average is a better predictor than the simulated values. When NSE equals zero (or close to zero), either the average of true values or the simulated values could be used. Details of the theory and limitations/advantages of these statistical indices for model performance assessment can be widely found in the literature.



In order to better assess the equations’ performance, various categories were established for each of the four statistical indices used based on their corresponding range of values, as per Moriasi et al. [51,52] (Table 3). The color bar helps with the visualization and identification of such categories.





4. Results and Discussion


Tables S11–S14 show the watersheds’ estimated Tc values for all equations and methodologies used for each flow and total length with P2 values under stationary and non-stationary conditions.



Values of R2 are presented in Table S5. The range of R2 values under stationary conditions for each flow and total length ranged, respectively, from 0.03 (Kerby-Kirpich with slope adjusted) to 0.8 (PMDPC). For the total length under stationary conditions, the R2 range of values was between 0.02 (Miller) and 0.82 (Kirpich). Under non-stationary conditions, the R2 values oscillated between 0.002 (Miller) and 0.84 (PMDPC) for each flow and between 0.005 (Miller) and 0.86 (Kirpich) for total length.



The assessment of the Tc equations through the R2 revealed, as expected, that empirical formulas perform best when applied to the total length. The coefficient of determination values increased in all cases, except for the Sheridan equation, which had a decrease of 0.01 for stationary and non-stationary conditions when the equation was applied to each flow and total length. The equations’ performance improvement was also noted from the reduction in the standard deviation values in almost all equations (Tables S3 and S4). The Kirpich slope-adjusted equation had the largest R2 increases in both stationary and non-stationary conditions (+0.18) when each flow and total length were compared (Table S5). However, the slope adjustment did not bring major improvements when compared to other equations such as FAA, unadjusted Kirpich, Johnstone-Cross, NRCS lag equation, PMDPC, or the MinVivienda methodology (with FAA and NRCS lag equation). Despite the fact that shallow concentrated flow was mostly present in all fifteen watersheds (shallow concentrated flow as a percentage of the total flow had values ranging between 58% and 100%, Table 2), channel flow equations (except for the Sheridan equation), in general, had higher R2 values, the Kirpich equation being the one with the highest R2 values (0.82 and 0.86 for total length under stationary and non-stationary conditions, respectively). The use of P2 under non-stationary conditions in the NRCS velocity method sheet flow equation made R2 values increase, which might suggest not only that NSC are more representative of Cartagena’s rainfall behavior [55] but also that the NRCS velocity method sheet flow equation might work best whenever NSC are recommended after a frequency analysis has been conducted.



Regarding the assessment with respect to NSE, the equations of Kerby, NRCS lag equation, Johnstone-Cross, and PMDPC, as well as the Kerby-Kirpich slope-adjusted and MinVivienda with Kerby equation methods, showed eight watersheds (out of 15) with values within the 0.75 to 1.0 range (or very good category) when applied to total length flow and P2 under stationary conditions (Table S15). FAA, Kirpich (adjusted and unadjusted), Kirpich-Kerby (unadjusted), MinVivienda with FAA, and MinVivienda with NRCS shallow concentrated flow followed, with seven watersheds within the very good category. The Espey-Winslow, Sheridan, and Bransby-Williams equations performed poorly, with, respectively, zero, two, and five watersheds exhibiting NSE values within the very good category. Based on these results, Espey-Winslow is not recommended. On the other hand, the Sheridan equation, despite its poor performance, demonstrated that indeed it works best when used on watersheds with low slope. The two watersheds (7 de Agosto and Manga) where the equation had high NSE values had slopes of 0.13% and 0.05%. It is important to point out that the Sheridan equation did not perform well in the Crespo watershed, despite having a slope of 0.01%. A look at other watersheds’ physical parameters permitted us to notice that the Crespo watershed was the least urbanized of the three (Table S2), which could partially explain its performance, with negative NSE, high RSR, and negative PBIAS (this denotes overestimation) (Tables S15 and S16). Overall, the poor performance of Espey–Winslow and Sheridan were in line with the findings of Gericke and Smithers [8,29].



The slope adjustment for both Kerby and Kirpich equations and the Kerby-Kirpich methodology was performed in watersheds Crespo, Pie del Cerro Cra 16A, and Manga (the only ones that complied with the adjustment conditions), aiming towards better results. Apropos the Kerby equation, however, the adjustment did not bring any improvement judging by the NSE values obtained under stationary conditions (Table S15) in either case (each flow and total length). As for the Kirpich equation, the adjustment made the NSE values decline, except for Pie del Cerro Cra 16A, where NSE increased from 0.62 to 0.72 when the equation was applied to each flow (Table S15). For the Kerby-Kirpich methodology, only the Pie del Cerro Cra 16A watershed presented improvement, with NSE values increasing from 0.68 (unadjusted) to 0.76 (slope adjusted). Based on the results and considering the watersheds’ types of flow (Crespo and Manga with shallow concentrated flow and Pie del Cerro Cra 16A with all three flows), the slope adjustment seemed to work best for the channel flow (Kirpich equation).



When P2 under NSC was used (Table S16), it was observed that the Kerby equation’s performance slightly worsened when compared to that obtained with P2 under SC. It moved from eight watersheds with NSE values within the very good category to seven. Similarly, the MinVivienda with Kerby equation and Kerby-Kirpich slope-adjusted method experienced the same setback: the first decreased from eight watersheds to seven and the latter from eight to six. On the other hand, the NRCS lag equation increased from eight to nine watersheds, PMDPC remained constant with eight watersheds, and MinVivienda with the NRCS equation (for shallow concentrated flow) moved from seven to nine watersheds (the NSE values of watersheds Bazurto and San Francisco La Loma increased from 0.7 to 1.0 and from 0.48 to 0.75, respectively).



All Tc equations applied to the total length performed better than when applied to the each length approach, corroborating the notion that their use should be limited to what they were designed for. As for the use of P2 under SC or NSC, NSE results indicated that, under SC, more Tc equations ended up having up to eight watersheds (8 out of 15, or 53.3%) within the very good category. On the other hand, under NSC, more watersheds (9 out of 15, or 60%) lay within the same category despite having only two Tc equations with that result (NRCS lag equation and MinVivienda with NRCS velocity method equation for shallow concentrated flow). This could be also an indicator of the local rainfall behavior’s non-stationarity, as previously mentioned. Nonetheless, further investigation is recommended.



In terms of both the error (RSR) and bias (PBIAS) performance (Tables S15 and S16), Tc equations with NSE values in the range of 0.75 to 1.0 had also low values of RSR (within the very good category, 0.0 to 0.5) in either case of P2 under SC or NSC. Tc equations applied to total flow performed better than each flow, which was also previously noticed. Notwithstanding, most of the equations presented bias, with values greater than or equal to ±25% (unsatisfactory). With either P2 under SC or NSC, there was a tendency for all equations to overestimate (negative PBIAS) with the each flow approach, whereas the opposite was true for the total flow approach. Kirpich was the equation with more watersheds (four) with PBIAS the under very good category (PBIAS < ±10%) under stationary conditions, followed by the FAA equation and MinVivienda methodology (with Kerby and FAA equations) with three, and the Kerby, NRCS lag equation, J-C, and Sheridan, with two watersheds. Under non-stationary conditions, the number of watersheds under the very good category dropped by one unit in some of the equations: Kirpich (from 4 to 3), Kerby and J-C (from 2 to 1), J-C (from 1 to 0), and MinVivienda with Kerby equation (from 3 to 2). However, this was a slight performance diminishment as all those watersheds fell into the following category (±10% ≤ PBIAS < ±15%, or “good” category), except for the MinVivienda with Kerby equation.



The concernment of the obtained PBIAS results lies chiefly in the fact that, in ungauged watersheds, where the computation of the design flow for a given return period is mostly performed via rainfall-runoff models, the Tc plays a key role since the duration of design rainfall depends on it. This is particularly true, for instance, when using the rational method for peak flow estimation in small urban watersheds (area < 80 ha) [14,42,43]. In this rainfall-runoff model, rainfall intensity is obtained from Intensity-Duration-Frequency (IDF) curves, whose main input is the rainfall duration, which is assumed to be equal to the Tc. As a result, any tendency to over- or underestimate the Tc will affect the design runoff and the inherent implications of this on the design of hydraulic structures, which might lead to life, infrastructure, and economic losses [80,81]. As a result, efforts to reduce possible errors when computing Tc should be made by minimizing any source of uncertainty, such as the estimation of the variables associated with a particular equation (rainfall, slope, area, land cover, flow path length, etc.) [5,10,82]. The more input variables a model has, there more chances there are to introduce errors, especially in hydrology, where the watershed’s morphometric parameter estimation depends on map scales and imagery interpretation. For instance, a closer look at watersheds Pie del Cerro Cra. 16A and Pie del Cerro Cra. 21B, which have similar area sizes (52.85 ha and 56.58 ha) and flow path lengths (1233 m and 1480 m) (Table 2), revealed the following:




	(a)

	
Equations with two and three variables outperformed Espey–Winslow despite having two additional variables related to land cover (channelization factor and impervious area percentage), which did not bring any advantage, especially in the case of the channelization factor (Table 4 and Tables S7–S10). In fact, Espey–Winslow was the equation with the poorest performance of all (Tables S15 and S16).




	(b)

	
The slope and length of each of the different flow types seems to affect the equations’ performance. Their average slope is different, with values of 9.2% and 15.2%, respectively. Additionally, Pie del Cerro Cra 21B has 91% (versus 58% of Pie del Cerro Cra 16A) of its total flow path corresponding to shallow concentrated flow, with a slope of 14.8% (Table 2). In this sense, watershed area and total urbanized area appear to also play a role in the equations’ performance given that the NRCS lag equation and Bransby–Williams performed well in the Bazurto watershed, despite having an average slope of 18.8% (larger than Pie del Cerro Cra 21B), 82% of its total flow path as shallow concentrated flow with a slope of 15.1% (similar to Pie del Cerro Cra 21B), and an area of 66.05 ha (Table 2). These two equations did not perform well in Pie del Cerro Cra 16A and Cra 21B even though the watersheds have similar area sizes and urbanized areas.









The authors also estimated the average Tc from equations Miller, FAA, Kerby, E-W, NRCS lag equation, Kirpich, Bransby-Williams, Johnstone–Cross, Sheridan, and PMDPC so as to mimic the procedure practiced by some hydrologists (none of the Tc methodologies assessed herein were included as they are not typically used to estimate Tc). Outliers were first identified (and excluded) by means of box plots. The resulting Tc average values were compared with those from the NRCS velocity method for each of the watersheds. The average Tc approach also showed poor agreement, with a tendency to underestimate in nine and ten watersheds for the each flow and total length approaches, respectively, under SC or NSC (gray cells in Table S6). The underestimation was less evident under non-stationary conditions.



All Tc equations (and Tc estimation methodologies) evaluated in this study showed setbacks, including those recommended by the Colombian drainage manuals MinVivienda [42] and Invías [41]. Inasmuch as these two manuals are used by many as almost indisputable references for hydrological analyses in the case of Colombia, the findings herein reaffirm the necessity of assessing the suitability of a given equation prior to its application, especially in ungauged areas. In the context of Cartagena de Indias, this becomes particularly relevant due to the use of an ad hoc Tc equation (PMDPC) to design eight concrete open channels for the first phase of the city’s Stormwater Management Master Plan, one of which (7 m by 1.0 m and 400 m long channel, which was built less than two years ago) is overflowed every year during the rainy season (Figure 4). The PMDPC’s performance was no better than that of the other equations, despite featuring a so-called regional constant (Table S9, K = 4.47) not validated by any study. Furthermore, the PMDPC equation has been utilized irrespective of the watershed’s flow type, regardless of the fact that the value of K is the same for all channel surfaces. Using an equation originally developed for shallow concentrated flows for watersheds that also have sheet and/or channel flows seems, then, counterintuitive to the nature of the NRCS velocity method since it implies that all watersheds only have shallow concentrated flows. Likewise, the PMDPC’s PBIAS poor performance indicated that the equation tended to overestimate in 60% of the selected watersheds, which leads to both smaller design rainfall intensity and peak flow values.



Adjustment factors have been proposed (Table 5) for those empirical equations that showed R2 values within the good and very good categories in Table S5. The adjustment factors are the inverse of the slope of the trend line equations obtained when Tc-simulated (empirical equations) and Tc-true (NRCS velocity method) values were scatter-plotted (trend line equations are summarized in Table S5), which makes the time of concentration values closer to the 1:1 line. This can be observed in Figure 5, where the majority of the time of concentration values obtained by means of the FAA and Kirpich equations before and after the proposed adjustment factors for the fifteen selected watersheds tended to follow the 1:1 line (black dashed line). Despite the improvement observed, the use of these adjustment factors is only recommended for the selected watersheds and/or for watersheds exhibiting similar characteristics.



Finally, the findings of this study are in line with other aforementioned studies with respect to the broad range of Tc values that designers have to typically deal with when performing a hydrological analysis. Based on the results herein and in the absence of measured rainfall and flow data, the authors recommend the estimation of Tc by means of the NRCS velocity method given the methodology’s conceptual robustness and the availability of data of the methodology’s variables.




5. Conclusions


Estimating the design rainfall and its associated runoff values for a given return period in ungauged watersheds can become daunting as it depends on various assumptions, such as the Tc computation among a large array of available empirical equations with different results. Thus, this task should be always accompanied by the best engineering judgement, which also involves an assessment of equations. Hydrologic and hydraulic (H&H) analysis for stormwater management such as dam-breach analyses; flood-prone area delineation and flood risk analyses; stream restoration; erosion, sediment, and contaminant load estimation, and conventional and sustainable drainage system design must be as accurate as possible when estimating all variables [10,80,81,83,84,85,86]. This includes the estimation of the Tc, which becomes relevant when using rainfall-runoff models and software programs requiring such input for the design runoff computation (e.g., rational method, HEC-HMS, WinTR-55, WinTR-20, StormCAD®/SewerCAD®). In this context, the results of this study shed light on the following: (a) the fact that selecting a given equation cannot be taken as a random process in a hydrological analysis, which implies being aware of the equation’s background and limitations; (b) the identification of suitable equations for the area of study to start ruling out those that definitely do not perform well; (c) the need to implement, in any given location, a robust network of flow and rain gauges so as to have a better understanding of the local hydrology, which should include the derivation of local Tc equations for rural and urban areas given that none of equations utilized in this study performed well in all of the fifteen selected watersheds, and (d) conduct these types of studies in both urban and rural areas given the different hydrological and hydraulic behavior of their watersheds and water courses. Finally, in the absence of measured rainfall and runoff data in a particular site, the authors recommend the use of the NRCS velocity method for Tc estimation, which, despite its own limitations [3], has proven to be reliable over the years since its inception. Validation of the resulting design runoff derived from the Tc estimation, whenever possible, should be performed via (a) hydraulic simulation using available water marks and/or (b) hydrologic simulation by means of software programs such as SWMM, which does not require the Tc as an input.
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Figure 1. Study area selected watersheds. Source: adapted from Establecimiento Público Ambiental de Cartagena (EPA-Cartagena) and Universidad de Cartagena (UDC) [59]. 
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Figure 2. Methodology’s flowchart. 
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Figure 3. Watersheds’ identified flow paths. (a) Canapote (W3); (b) Torices Calle 50 (W7); (c) Daniel Lemaitre (W10); (d) Pie del Cerro Cra 16A (W11). 
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Figure 4. Emiliano Alcalá channel during (a) dry season and (b) rainy season. 
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Figure 5. Time of concentration values before and after proposed adjustment factors. (a) FAA equation and (b) Kirpich equation. 
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Table 1. Selected urban watersheds.






Table 1. Selected urban watersheds.





	No.
	Watershed Name
	Area

(ha)
	Receiving Water Body





	W1
	7 de Agosto
	29.20
	Juan Angola Bayou (in the vicinity of Canal Paralelo)



	W2
	Bazurto
	66.05
	Las Quintas Swamp



	W3
	Canapote
	67.87
	Juan Angola Bayou (in the vicinity of Crespo)



	W4
	Torices, Calle 37
	39.52
	Juan Angola Bayou (in the vicinity of El Cabrero Lagoon)



	W5
	Torices, Calle 42
	38.12
	Juan Angola Bayou (in the vicinity of El Cabrero Lagoon)



	W6
	Torices, Calle 44
	47.76
	Juan Angola Bayou (in the vicinity of El Cabrero Lagoon)



	W7
	Torices, Calle 50
	72.80
	Juan Angola Bayou (in the vicinity of Marbella)



	W8
	Crespito
	44.00
	Juan Angola Bayou (in the vicinity of Crespo)



	W9
	Crespo
	50.80
	Juan Angola Bayou (in the vicinity of Crespo)



	W10
	Daniel Lemaitre
	52.56
	Juan Angola Bayou (in the vicinity of Canal Paralelo)



	W11
	Pie del Cerro, Cra. 16A
	52.85
	Bazurto Bayou



	W12
	Pie del Cerro, Cra. 21B
	56.58
	Bazurto Bayou



	W13
	Manga
	38.47
	Bazurto Bayou



	W14
	San Francisco, Calle 77

(La Amistad)
	11.18
	Juan Angola Bayou (in the vicinity of Canal Paralelo)



	W15
	San Francisco, sector La Loma
	9.29
	Juan Angola Bayou (in the vicinity of Canal Paralelo)







Source: EPA-Cartagena and UDC [59].
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Table 2. Identified flow types within selected watersheds.






Table 2. Identified flow types within selected watersheds.





	
Watershed

	
Flow Path

	
Flow Type

	
Total Length

(m)

	
Watershed Avg. Slope

(%)

	
Shallow Conc. Flow as a % of the Total Flow




	
Sheet

	
Shallow Concentrated

	
Channel






	
7 de Agosto

	
1

	
(100 m; 5.2%)

	
(748 m; 0.04%)

	
––

	
848

	
0.2

	
92%




	
Bazurto

	
7

	
(100 m; 39.4%)

	
(1264 m; 15.1%)

	
(170 m; 1.4%)

	
1534

	
18.8

	
82%




	
Canapote

	
2

	
(100 m; 3.3%)

	
(2361 m; 6.5%)

	
(10 m; 11.0%)

	
2471

	
6.3

	
96%




	
Torices, Calle 37

	
1

	
(60 m; 3.4%)

	
(782 m; 6.0%)

	
(398 m; 0.6%)

	
1240

	
4.3

	
63%




	
Torices, Calle 42

	
2

	
(100 m; 12.3%)

	
(1289 m; 6.9%)

	
––

	
1389

	
8.4

	
93%




	
Torices, Calle 44

	
1

	
(100 m; 10.5%)

	
(1836 m; 10.0%)

	
––

	
1935

	
9.9

	
95%




	
Torices, Calle 50

	
2

	
(100 m; 3.9%)

	
(1213 m; 7.3%)

	
(14 m; 10.1%)

	
1327

	
6.4

	
91%




	
Crespito

	
2

	
––

	
(664 m; 2.4%)

	
––

	
664

	
2.4

	
100%




	
Crespo

	
5

	
––

	
(498 m; 0.01%)

	
––

	
498

	
0.01

	
100%




	
Daniel Lemaitre

	
2

	
(100 m; 4.4%)

	
(1981 m; 6.1%)

	
––

	
2081

	
4.8

	
95%




	
Pie del Cerro, Cra 16A

	
3

	
(100 m; 8.1%)

	
(713 m; 12.7%)

	
(420 m; 0.1%)

	
1233

	
9.2

	
58%




	
Pie del Cerro, Cra 21B

	
4

	
(100 m; 14.6%)

	
(1291 m; 14.8%)

	
(27 m; 0.7%)

	
1418

	
15.2

	
91%




	
Manga

	
1

	
––

	
(978 m; 0.05%)

	
––

	
978

	
0.05

	
100%




	
San Francisco, Calle 77

(La Amistad)

	
2

	
(100 m; 7.2%)

	
(647 m; 7.3%)

	
––

	
747

	
8.3

	
87%




	
San Francisco,

sector La Loma

	
2

	
(100 m; 9.1%)

	
(579 m; 9.5%)

	
––

	
679

	
9.4

	
85%








Note: Values in parentheses are the length and slope of the corresponding identified flow type. Blue cells indicate the selected flow path as they reported the larger time of concentration.
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Table 3. Statistical variables performance categories.






Table 3. Statistical variables performance categories.





	
Performance

Category

	
Color Bar

	
Statistical Variables Range of Values




	
R2

	
RSR

	
PBIAS (%)

	
NSE






	
Very good

	

	
0.85–1.00

	
0.0 ≤ RSR ≤ 0.5

	
PBIAS < ±10

	
0.75–1.00




	
Good

	

	
0.70–0.84

	
0.5 < RSR ≤ 0.6

	
±10 ≤ PBIAS < ±15

	
0.65–0.74




	
Satisfactory

	

	
0.60–0.69

	
0.6 < RSR ≤ 0.7

	
±15 ≤ PBIAS < ±25

	
0.50–0.64




	
Acceptable

	

	
0.40–0.59

	
Not applicable

	
Not applicable

	
0.40–0.49




	
Unsatisfactory

	

	
≤ 0.39

	
RSR > 0.7

	
PBIAS ≥ ±25

	
≤ 0.39








RSR = ratio of root mean square error and standard deviation; PBIAS = percent bias; NSE = Nash–Sutcliffe efficiency.
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Table 4. Variables in each Tc Equation.






Table 4. Variables in each Tc Equation.





	Tc Equation
	No. of Variables
	Flow Type
	Variable Description





	Miller
	3
	Sheet
	Roughness coefficient, flow path length and slope



	Federal Aviation Administration (FAA)
	3
	Sheet
	Runoff coefficient, flow path length and slope



	Espey–Winslow
	4
	Shallow Concentrated
	Flow path length and slope, channelization factor, and impervious area percentage



	Kerby
	3
	Shallow Concentrated
	Roughness coefficient, flow path length and slope



	Natural Resources Conservation Service (NRCS) Lag Equation
	3
	Shallow Concentrated
	Curve number, flow path length and slope



	Kirpich
	2
	Channel
	Flow path length and slope



	Bransby–Williams
	3
	Channel
	Flow path length and slope, and watershed area



	Johnstone–Cross
	2
	Channel
	Flow path length and slope



	Sheridan
	1
	Channel
	Flow path length



	Plan Maestro de Drenajes Pluviales de Cartagena (PMDPC)
	2
	Channel
	Flow path length and slope
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Table 5. Proposed adjustment factors.






Table 5. Proposed adjustment factors.





	
Time of Concentration Equation

	
Adjustment Factor




	
Stationary Conditions

	
Non-Stationary Conditions






	
FAA

	
2.17

	
2.13




	
NRCS Lag Equation

	
2.44

	
2.38




	
Kirpich

	
2.08

	
2.00




	
Kirpich-Adjusted

	
––

	
4.17




	
Johnstone-Cross

	
0.72

	
0.69




	
PMDPC

	
0.81

	
0.78




	
MinVivienda-FAA

	
2.27

	
2.22




	
MinVivienda-NRCS

	
2.38

	
2.33












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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