	4th International Symposium on Flood Defence:     Managing Flood Risk, Reliability and Vulnerability           Toronto, Ontario, Canada, May 6-8, 2008


	[image: image1.png]Institute for
Catastrophic Loss

Reduction —






METHODOLOGY FOR EVALUATING HYDROLOGIC MODEL PARAMETERS IN AN URBAN SETTING: CASE STUDY USING TRANSFERRED HSPF PARAMETERS IN MIDLOTHIAN AND TINLEY CREEK WATERSHEDS, ILLINOIS
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Abstract: A method was presented for evaluating streamflow simulated with the Hydrological Simulation Program—FORTRAN (HSPF)
. The study applies regional rainfall-runoff parameter sets to Tinley and Midlothian Creek watersheds in northern Illinois, both of which have streamflow records available for evaluation. The accuracy of the simulation is evaluated by using the ratio of simulated to recorded runoff volume (S/R ratio). For months with apparent discrepancies in S/R ratios, the ratio of runoff to precipitation can provide information about the reasonableness of the simulation, and examining components of simulated runoff can help identify causes of the discrepancies. 
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1. Introduction
An HSPF model was developed to estimate streamflow volumes from the diverted Lake Michigan watersheds (diversion system) (USACE, 2004). Calibration of the original parameters used in this HSPF model was performed at watersheds that bordered the diversion system in the 1970s. The Fifth Technical Review Committee (USACE, 2004) reported that the HSPF modeling using the original parameter set met the U.S. Supreme Court requirement of using the “best current engineering practice and scientific knowledge” with a ± 10 percent accuracy on annual streamflow volumes. The runoff parameters were updated in the 1980s using selected data from the diversion system. Some of the updated parameters were outside the range of the original calibrations. The accuracy of simulated streamflow from these updated parameter sets is inferred by parameter transfer between hydrologically similar watersheds. With the availability of newer topographic data and techniques for watershed description and up-to-date meteorological data, a review study also can provide an opportunity to examine the simulation in more detail. The objectives of this study are to: (1) evaluate the accuracy of simulated streamflow; and (2) identify causes of discrepancies, if any.
2. background
Two small, gaged, adjacent, mostly urban watersheds in northeastern Illinois that are in the diversion system have been selected to test two parameter sets that were previously calibrated for the diversion system. With similar runoff depth per unit watershed area, they form a good pair for comparative studies. The drainage area of Midlothian Creek above the U.S. Geological Survey (USGS) streamflow-gaging station (05536340) at Oak Forest is approximately 32.6 km2. The drainage area for Tinley Creek watershed above the USGS streamflow-gaging station (05536500) at Palos Park is approximately 29 km2. HSPF models for the diversion system describe watersheds with three land-use types: grass, forest, and impervious lands. The two parameter sets tested in this study are termed CTE and Current. These parameter sets differ by five rainfall-runoff parameters in grass land (interception storage capacity, upper-zone nominal soil-moisture storage, lower-zone nominal soil-moisture storage, index to infiltration capacity, and interflow inflow), one parameter in impervious land (retention storage capacity), but are identical for forest land. Snowmelt parameters for grass, forest, and impervious lands are also identical.
2.1  Data
Meteorological data used in the HSPF modeling include hourly precipitation from the Cook County precipitation-gaging station network (Westcott, 2006); air temperature, cloud cover, dewpoint temperature, and wind speed from O’Hare Airport; and solar radiation from Argonne National Laboratory. Potential evapotranspiration data were computed using the LXPET (Lamoreux Potential Evapotranspiration) utility program (Murphy, 2005) with meteorological data from O’Hare Airport and air temperature from Midway Airport. Daily streamflows were retrieved from the two USGS streamflow-gaging stations. The simulation period is from Water Years (WY) 1996 to 2005.
2.2 Percentage of Effective Impervious Area

In hydrologic modeling, the area assigned as impervious land should be the "effective" impervious area, or EIA, which is that portion of the total impervious area (TIA) that is hydrologically directly connected to the drainage system. Estimating EIA of a watershed is one of the most important and challenging elements in watershed hydrologic analysis (Sutherland, 2000). The TIA in a watershed can be estimated by summing the surface areas of impervious elements including rooftops, driveways, parking lots, roads, and streets. For practical purposes EIA is often estimated as a percentage of a specific land use or by developing empirical relations with basin characteristics such as drainage areas (Sutherland, 2005). Commonly used percentages for converting land cover to EIA in northeastern Illinois are given in table 1 (USACE, 2004). 
Table 1. Percentages of effective impervious area for various land uses.
	Land Use
	Rust 
(USACE, 2004)
	TR-55
(USACE, 2004)
	Du Page 
(USACE, 2004)
	Upper Bounds Determined in This Study 1

	Forest
	0
	
	
	

	Open Space/Park
	5
	
	determined case-by–case
	

	Low Density Residential: 

    1.1 acre median lot
	19
	20
	10
	Mean: 22 

Range: 21-25

	Medium Density Residential: 

    1/2 acre median lot
	40
	25
	15
	Mean: 31
Range: 23-36

	High Density Residential: 

     1/5 acre median lot
	56
	38
	38
	Mean: 41
Range: 32-48

	Multifamily and High Rise
	70
	65
	50
	

	Commercial
	85
	85
	85
	

	Industrial
	72
	72
	85
	

	Highway Corridor
	
	
	
	

	With Grassed Median
	50
	
	50
	

	No Median
	80
	
	100
	

	Open Water
	100
	
	100
	


1. Discussed in Section 2.4. 
2.3 Watershed Descriptions
Precipitation for each watershed was analyzed using the Thiessen method (Gilman, C.S., p. 9-28 in Chow, 1972) four nearby precipitation-gaging stations. Polygons of the 11 land uses (table 1) were determined using 2005 color aerial photographs (resolution 0.305 m2) by digitization in the ArcGIS environment. Areas of the digitized land-use polygons then were aggregated to determine the total areas of the three land-use types used in the HSPF modeling in each subbasin by assigning areas in forest to forest, open space/park to grass, and the remaining nine land-use categories to impervious areas (note, these are not EIA areas). By this initial land-use analysis, fractions of grass, forest, and impervious land use were 21%, 24%, and 55%, respectively, in Tinley Creek watershed and 21%, 11%, and 68%, respectively, in Midlothian Creek watershed. The fractions of forest and impervious land uses are quite different between the two watersheds. After the initial land-use digitization, EIA was computed by multiplying the EIA percentages in table 1 with areas of individual land-use polygons and assigning the non-EIA areas to grass.
2.4 Upper Bound of Effective Impervious Area

In this study, TIA was digitized from nine polygons covering the three residential land uses – three in each residential land-use category with sizes ranging from 3.8 to 8.3 hectares (ha). Dividing a TIA by the corresponding polygon area provides the TIA percentage of that land-cover polygon. Results of TIA percentages determined by this method are listed in the last column of table 1, which includes mean and ranges of the results. These percentages are used as the upper bound of EIA percentages for this study.
3. simulation scenarios and results
To evaluate the reasonableness of the three EIA percentages, four additional EIA percentages were considered by combining the upper bounds of EIA percentages for residential areas with TR-55 EIA percentages for multifamily and high-rise buildings and other land uses (table 1).
3.1 Simulation Scenarios
A description of the seven scenarios and percentages of EIA computed for the two watersheds for each of the scenarios is provided in table 2.
Table 2. Percentages of effective impervious area for the seven scenarios analyzed.
	Scenarios
	Watershed

	
	Tinley Creek
	Midlothian Creek

	1
	Polygons of all impervious areas are assigned as completely impervious
	55%
	68%

	2
	Impervious percentages assigned according to Rust ( see table 1)
	35%
	41%

	3
	Impervious percentages assigned according to TR-55 (see table 1)
	28%
	34%

	4
	Impervious percentages assigned according to Du Page (see table 1)
	23%
	28%

	5
	Medium- and high-density residential areas are assigned as completely impervious, but the low-density residential area is assigned to grass
	53%
	63%

	6
	Apply EIA percentages determined in this study (table 1) to three residential areas, and adopt the percentages for multifamily and high-rise, commercial, and industrial lands from TR-55
	29%
	35%

	7
	Apply EIA percentages determined in this study (table 1) to three residential areas, and assign multifamily and high-rise, commercial, and industrial lands to be 100% impervious
	33%
	39%


3.2 Results

Accuracy of a simulation in this study is evaluated using the ratio of the simulated to recorded runoff volume, S/R, for a specified time interval. S/R ratios for each water year and the entire period are given in table 3 according to the watershed and parameter set, except for scenarios 1, 2, and 5, which can be reasonably excluded because their EIA percentages are higher than the upper bounds for the study area and thus simulate surface runoffs that do not physically exist. Donigian and others (1984, p. 114) suggested that the annual or monthly fit of simulated results are “very good” when the error between simulated and observed streamflow is less than 10 percent, “good” when the error is between 10 and 15 percent, and “fair” when the fit is between 15 and 25 percent. These criteria are adopted to evaluate the accuracy of simulated results for the entire study period and for annual surface runoffs.
Results for the 10-year average are examined first. For the Midlothian Creek watershed, the CTE parameter set resulted in “very good” S/R values for all scenarios shown in table 3. Scenarios 1, 2, and 5 are not shown because they are physically unrealistic, and both overestimated the streamflow volume, which resulted in “less than fair” simulations. The best S/R values using the CTE parameters were from scenarios 3 (TR-55) and 6. On the other hand, the Current parameter set resulted in only one “very good” S/R, which was from scenario 5 (not shown) in the Midlothian Creek watershed, and scenarios 3 and 6 were “less than fair”. For the Tinley Creek watershed, the CTE parameter set resulted in “fair” S/Rs for scenario 3, 6, and7 and in “less than fair” S/R for scenario 4. All of these S/R values were less than 1; meaning underestimated the recorded streamflow volumes. When applying the Current parameter set to Tinley Creek watershed, the model simulation considerably underestimated streamflow for Tinley Creek. 

Table 3. Simulated to recorded ratios of annual mean and 10-year mean streamflows for Midlothian Creek at Oak Forest and Tinley Creek at Palos Park, water years 1996 to 2005, using HSPF with CTE and Current parameter sets. [EIA scenarios as described in table 2.  For the 10-year Average (last column), resutls in the “less than fair” category are shaded and those in the “very good” are shown in bold]
	
	
	EIA Scenarios
	Water year
	10-year Average

	
	
	
	1996
	1997
	1998
	1999
	2000
	2001
	2002
	2003
	2004
	2005
	

	Midlothian
	CTE
	3
	0.93
	1.08
	0.98
	1.16
	0.96
	1.00
	0.90
	0.86
	1.03
	1.01
	0.99

	
	
	4
	0.88
	1.03
	0.92
	1.10
	0.89
	0.94
	0.85
	0.78
	0.97
	0.96
	0.93

	
	
	6
	0.95
	1.09
	0.99
	1.18
	0.98
	1.01
	0.92
	0.89
	1.04
	1.03
	1.01

	
	
	7
	0.98
	1.13
	1.03
	1.22
	1.03
	1.06
	0.95
	0.95
	1.09
	1.07
	1.05

	
	Current
	3
	0.81
	1.00
	0.91
	0.94
	0.80
	0.87
	0.75
	0.76
	0.78
	0.91
	0.85

	
	
	4
	0.77
	0.96
	0.87
	0.89
	0.74
	0.81
	0.71
	0.68
	0.74
	0.86
	0.80

	
	
	6
	0.82
	1.01
	0.93
	0.95
	0.82
	0.88
	0.76
	0.78
	0.79
	0.92
	0.87

	
	
	7
	0.85
	1.04
	0.96
	0.98
	0.86
	0.92
	0.79
	0.83
	0.82
	0.96
	0.90

	Tinley
	CTE
	3
	0.73
	0.90
	0.76
	0.95
	0.71
	0.76
	0.70
	0.61
	0.79
	0.83
	0.77

	
	
	4
	0.68
	0.85
	0.71
	0.89
	0.64
	0.70
	0.65
	0.53
	0.72
	0.78
	0.72

	
	
	6
	0.75
	0.91
	0.77
	0.97
	0.73
	0.78
	0.71
	0.63
	0.80
	0.85
	0.79

	
	
	7
	0.79
	0.94
	0.81
	1.01
	0.79
	0.82
	0.75
	0.69
	0.85
	0.89
	0.83

	
	Current
	3
	0.64
	0.84
	0.71
	0.78
	0.60
	0.65
	0.59
	0.53
	0.60
	0.75
	0.67

	
	
	4
	0.59
	0.80
	0.66
	0.74
	0.54
	0.60
	0.55
	0.46
	0.55
	0.70
	0.62

	
	
	6
	0.65
	0.85
	0.73
	0.79
	0.61
	0.67
	0.60
	0.55
	0.61
	0.76
	0.68

	
	
	7
	0.68
	0.88
	0.76
	0.83
	0.66
	0.71
	0.63
	0.60
	0.64
	0.80
	0.72


For the annual results, the CTE parameter set produced “very good” S/R values in Midlothian Creek watershed for all tested years except WYs 1999 and 2003, which were, respectively, “fair” but overestimated, and “good” but underestimated. Applying the CTE parameter set to Tinley Creek watershed resulted in annual S/R values consistently showing underestimated streamflow volumes for all scenarios except for 1 and 5; and the S/R values were within “fair” range in general. When the Current parameter set was applied to Midlothian Creek watershed, the resulting S/R values showed systematic under-estimation but most of them remain within “fair” range.  Apply Current parameter set to Tinley Creek watershed resulted in under-estimation and most of the years were in the “less than fair” range. Scenarios 3 and 6 have similar results and are most accurate in S/R ratios for both watersheds.  Scenario 3 will be examined further because it is currently in use. 
4. analysis of results

There are discrepancies in annual S/R ratios, and each parameter set resulted in S/R values in different ranges between the two watersheds. In addition to parameter values, other factors affecting the accuracy of hydrologic models could be the model structure, randomness in nature, and adequacy of data (Yen, 1989). 
4.1 Observed Precipitation and Streamflow Records

Consistency in the observed precipitation to streamflow sequence was examined using the runoff coefficient (runoff to rainfall ratio), defined in this study as the ratio of monthly streamflow per unit watershed area divided by Thiessen-weighted precipitation. Runoff coefficients for observed data for the study period for each watershed are plotted in figure 1, using both raw data points and box plots. The monthly runoff coefficients are generally consistent between the two watersheds, but spreads in the winter (from December to March) are obviously wider. Reviewing records of runoff and precipitation for these months revealed that a precipitation event that spanned two months with runoff occurring in the second month could explain some of these large runoff coefficients. In other cases, the only likely explanation was the possibility of freezing and thawing events, which were difficult to model with accuracy because of many reasons including inadequate climatologic data.
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Figure 1. Monthly runoff coefficients using observed data for Midlothian Creek and Tinley Creek watersheds for water year 1996 to water year 2005. Monthly observed runoff coefficients are plotted with symbols and box plots. A runoff coefficient generally should be less than 1 (red line). The solid lines in a box plot mark the maximum value, 75th percentile, 50th percentile, 25th percentile, and the minimum value of the data set, and the mean is marked using a dashed line. Thiessen-weighted precipitation is used in the calculation of runoff coefficients. 
4.2 Simulated Streamflow
Monthly runoff coefficients for simulated and observed streamflow as well as S/R ratios from WY 1996 to 2005 are presented using box plots (figures 2.a-d). The reasonableness of simulations can be evaluated by comparison of the runoff coefficients between observed and simulated streamflow and the accuracy of simulations can be evaluated by the S/R ratios. As shown in figures 2.a-d, the simulated runoff coefficients generally have a narrower spread than the observed ones, which is reasonable because changes in nature are not always captured by simulations, and the ability of the model to reproduce these variations is controlled to some extent by the data. Figure 2.a shows that the runoff coefficients simulated using the CTE parameter set for Midlothian Creek matched the observed runoff coefficients well from April to December, and reasonable S/R ratios are presented from May to December. Underestimated runoff coefficients and S/R ratios prevail for the rest of parameter set and watershed pairs, however. Underestimation is most common from February to June (figures 2.b to 2.d). Although shortcomings in simulation of snowmelt may explain the discrepancies in runoff coefficients and S/R rations from January to part of March, losses were over-estimated by both parameter sets for the warmer months (April to June as well as part of March). These losses are evaluated next using components of simulated runoff.
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Figure 2. Monthly runoff coefficients for observed and simulated runoff, and ratios of simulated to observed runoff (S/R) for Midlothian and Tinley Creek watersheds; according to the CTE and Current parameter sets from water year 1996 to 2005. The reasonableness of simulation is evaluated by a comparison between the observed and simulated monthly runoff coefficients, referring to the axis to the left; the accuracy of the simulation is evaluated by the S/R ratios, using axis to the right of each figure. ntile, 25th percentile, and the minimum value of the data set, while the mean is marked using a dash line. The red index line in each plot indicated when S/R equals to 1.
4.3 Components of Simulated Runoff

Double-mass curves for simulated runoff components per unit watershed area per month are presented in figure 3. Components of simulated runoff include: total runoff from pervious land areas (PERO) and from impervious area (SURO); PERO has components including SURO (surface runoff), IFWO (interflow), and AGWO (active groundwater outflow – baseflow). IGWI (percolation to inactive (deep) groundwater) is also a loss of water from the watershed. The simulated volume of IGWI is very small; therefore, it is not examined. Another component examined is the simulated evaporation and evapotranspiration – TAET (total simulated evapotranspiration from grass or forest lands) and IMPEV (evaporation from impervious land). Over-simulated TAET and IMPEV can result in lower simulated runoff.
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Figure 3. Double-mass curves for simulated unit-area outflow components versus precipitation from grass-, forest-, and impervious lands modeled using CTE and Current parameter sets: PERO (total runoff from pervious land (PERLAND)), SURO (surface runoff), IFWO (interflow outflow), AGWO (active groundwater outflow), TAET (total evapotranspiration from PERLND), and IMPEV (evapotranspiration from impervious lands (IMPLND)).
The plots in figure 3 illustrate the relations between the various model outflows from the various land uses and the parameter sets. The simulated forest runoffs and TAET from the CTE- and the Current-parameter set simulations are identical because the forest land-use parameters are identical. The forest land-use simulations have the least amount of outflows, but the greatest amount of TAET of all land uses. The TAET is several times larger than the other water mass loss from the watershed simulations (AGWO); consequently, the Tinley Creek watershed, with considerably more forest cover, has lower overall simulated runoff. The S/R ratio is also lower for the Tinley Creek watershed; suggesting that the forest land-use parameter calibration may need further refinement. Furthermore, although the CTE AGWO is larger than the Current AGWO, the much greater overall volumes of TAET and IMPEV with the greater TAET and IMPEV outflows from the Current parameter-set simulations than from the CTE parameter-set simulations causes the Current parameter set to simulate smaller runoffs overall than the CTE parameter set.
5. Summary and conclusions
Runoff is simulated at two small mostly urban watersheds in northeastern Illinois using two parameter sets that were previously calibrated for other watersheds. High resolution aerial photographs were used for determining land covers and for estimating total impervious area (TIA) percentages in residential areas.  Using TIA percentages as the upper bounds of EIA percentages, it was concluded that the TR-55 impervious percentages are reasonable for the two watersheds. The following summarizes results using EIA defined according to TR-55.

When the CTE parameter set was applied to Midlothian Creek watershed, the S/R value for the 10-year period was 0.99 (rated “very good”). However, when the CTE parameter set was applied to Tinley Creek watershed, the S/R value for the 10-year period was 0.85 (rated less than “fair”), an appreciable difference. The Current parameter set undersimulated streamflows for both watersheds. Despite the satisfactory overall S/R values for Midlothian Creek watershed, the fluctuations in annual S/R values and mostly less than “fair” S/R values and underestimates of streamflow for Tinley Creek watershed did not allow use of the CTE parameter set for the two watersheds. 
Runoff coefficients and double-mass curve plots were applied to diagnose inconsistent data in the rainfall and runoff sequence. Analysis of runoff coefficients obtained from observed data showed that the rainfall and runoff records are consistent except for some months in winter, which can be attributed to measurements of snow and discharge under snowmelt and freezing conditions. Combined analysis of the monthly runoff coefficients and S/R ratios showed that although the CTE parameter set does a better job in simulation of monthly flows, it over-simulated runoff losses from March to June. It was apparent from analysis of flow components using double-mass curve plots that forest land simulates the least outflow but the highest evapotranspiration among the three land uses. Parameters for forest land could be the reason for underestimation of streamflow from Tinley Creek watershed, and these parameters could be examined further if a recalibration is warranted.
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