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The curve number method is a simplified means to estimate a typical direct runoff response during a 24-hour period from the 24-hour, maximum annual rainfall. Little is known about the limitations of the method because the original data and the procedures used to derive the curve numbers have been lost (Hawkins et al. 2009). Nevertheless, extensive use of the simple method worldwide has emboldened the developers of watershed models to expand on what is essentially an event based calculation to make continuous watershed runoff simulations. Where the original Soil Conservation Service (SCS) watershed water balance excluded evapotranspiration and all water storage except an initial abstraction and retention of all rainfall that did not runoff, the developers of many watershed models have supplemented the simple short-term (24 hour) partitioning of rainfall into runoff and retention with some of the more important hydrologic processes that were originally excluded. The chief hydrologic processes added include evapotranspiration, base flow contributions from groundwater, crude soil moisture accounting, and channel routing at the minimum. The saving grace may be that the curve numbers have become one of several calibration parameters. 
Approximately 60 percent of continuous watershed simulation models are based on the curve number concept (Tedela 2009, http://coweeta.uga.edu/publications/10363.pdf). From the listing in section 5.15.1, many of the more useful continuous watershed models used in the TMDL analysis use the curve number method to estimate runoff.
Models Based on Curve Number Hydrology
An incomplete listing including both field and watershed scale models follows in alphabetically order: 
1. ACRU (Schulze, 1984); 
2. APEX (Williams et al, 2012); 
3. AGNPS and AnnAGNPS (Cronshey and Theurer, 1998, Young et al., 1989, Bingner and Theurer, 2011); 
4. ARDBSN (Stone et al., 1986); 
5. CREAMS (Knisel (ed), 1980 ); 
6. DWSM (Borah et al, 2001; Borah, 2010); 
7. EPIC (Williams et al., 1983, 1984, 1995); 
8. GLEAMS (Leonard et al, 1987); 
9. GWLF (Haith et al, 1992); 
10. NLEAP (Shaffer et al., 1991); 
11. PRZM (Carsel et al., 1984); 
12. RUSLE2 (Foster et al., 2003); 
13. SPAW (Saxton, 1993), 
14. SPUR (Carlson et al., 1995); 
15. STEPL (http://it.tetratech-ffx.com/steplweb); 
16. SWMM (Rossman, 2010); 
17. SWRRB (Arnold, et al., 1990); and 
18. TVA-HYSIM (Betson et al., 1980).

Overview of the Curve Number Method
The method has been widely used since 1954. Tables for the selection of curve numbers based on soil class, cover, and condition are found in the original and subsequent technical releases of the SCS (now NRCS) National Engineering Handbook (USDA 1954, 2003) In practice, most curve numbers are in the range of 55 to 95, and table values are based on land use and condition, and soil hydrologic group. The United States Department of Agriculture classifies soils of different series and texture into four hydrologic soil groups. The groups are A (most porous but least prone to runoff) through B, C, and D (least porous, and most prone to runoff). Most agricultural soils are in the B and C groups. Hydrologic soil group has a major influence on the curve number.
Curve number adjustments for antecedent soil moisture or runoff condition is controversial. At one time the SCS National Engineering Handbook recommended curve number adjustments for three antecedent states (antecedent moisture condition, or AMC) I, II, and III, with AMC II being the standard or typical runoff condition used in almost all design applications. Later the Handbook re-labeled the antecedent moisture condition as antecedent runoff conditions (ARCs) when subsequent studies found no significant correlation between adjustments and antecedent soil moisture. The archaic climatic-based (5-day prior rainfall depths) categorization for the ARCs was dropped by SCS in circa 1993. The Handbook has been silent on these adjustments ever since.
The intended application of the curve number method is to estimate a direct runoff volume Q (i.e., depth) from a rainfall depth P, both at the same return period. For example, a 100-year rainfall (the maximum annual rainfall occurring once every 100 years) is assumed to produce a 100-year runoff. 
The direct runoff volume Q was conceived originally to be overland flow. Although most of the data is lost, the watershed rainfall-runoff observations and infiltrometer data used to derive the curve numbers in 1954 were overwhelmingly responses from agricultural land uses. Subsequent observations indicate however, that other rapid runoff generation through field tile drainage or forest quick flow (or interflow) (Tedela et al. 2012) that occurs within hours of the rainfall can be described using the curve number concept. The streamflow generation must occur before evapotranspiration and any storage on the watershed becomes significant. The primary examples of retention and storage that prevent rapid streamflow generation from rainfall within hours include snow accumulation, moisture frozen in the upper soil and litter cover, channel and bank storage, and most deeper groundwater recharge. So conceptually and practically, continuous watershed calibration is achievable for some faster tile drainage and forest quick flow but the curve number tables do not extend to these process to make estimates of ungaged watershed runoff under these conditions. For those continuous watershed models that do adequately conceptualize and parameterize the major longer-term abstractions and retentions not covered by the simple curve number method, reasonable curve number calibrations are not only feasible but practical for expert watershed modelers.
Unfortunately, expert judgement is needed to calibrate and test TMDL watershed models based on curve number hydrology because the limitations of these approximations are essentially unknown. Furthermore, and perhaps most significant, the curve number approximation is so fraught with uncertainty that precise linkages between impairments and sources on the land surface are difficult to achieve. Nevertheless, experience with SWAT and other curve number based models demonstrates that these models can identify at least major classes of sources to manage by prioritization during implementation. 
The curve number method does have a history of inconsistent and spotty performance for some forested watersheds, where rapid infiltration occurs, and for frequent, low volume rainfalls. Most likely, all of these exceptions were outside the range of the 1954 data assembled to derive the curve number tables. Furthermore, as postulated in the older editions of the National Engineering Handbook (USDA, Soil Conservation Service, 1954, 1956, 1969, 1972, 1985), some elements of the method have never been documented or adequately explained. A few of these mysteries include the approximation for initial rainfall abstraction before runoff starts, the original data defining the effects of antecedent moisture, and how was the effect of land slope on curve number ruled out. 
Impacts of Curve Number Uncertainties on TMDL Applications 
Requirements for runoff curve numbers in continuous-simulation models for TMDL analysis is far more complex than what would be required for design. A design calculation requires a curve number not less than a conservative minimum while curve numbers for continuous simulations need to be more realistic. Continuous-simulation based on curve numbers requires day-to-day moisture accounting. Long-term moisture accounting to simulate antecedent conditions is even more uncertain than the simplified rainfall-runoff relationship based on curve numbers. The hydrologic processes between rainfalls is less understood.
The agricultural programs from the Green Revolution and management concerns of the 1970s and 1980s led to more sophisticated soil and water management models. Generally, these models simulated years of average yields of water, sediment, nutrients and agricultural production. 
A pioneering early step in adapting the curve number concept to continuous simulations was the soil moisture-curve number modeling of Williams and LaSeur (1976), with later generalizations by Hawkins (1978). These early applications essentially considered the watershed soil as a reservoir with a storage capacity or moisture retention defined by a dynamic curve number - adding water storage with rainstorms, and depleting moisture with drainage and evapotranspiration between storms, while keeping a daily accounting for site moisture to estimate daily streamflow response. The current state-of-the art with experience in application to river basin modeling is given by Williams et al (2012).
Curve Number Controversies
As a pioneering technology in 1954, many application issues were neither evident nor important. However, advances in rainfall-runoff hydrology continues to raise questions about the conceptual basis of the curve number method and how the method should be applied. Only a few issues have been addressed in periodic National Engineering Handbook updates. The follow addresses some of what seem to be the more important application issues for TMDL modeling.
Curve number analysis and ordered data: Curve numbers can be determined from watershed observations of P:Q pairs by solving 
		(5-1)
and substituting S into: Curve Number = 1000/(10+S). Controversially, frequency-matched P:Q pairs can be used but this obscures the significant uncertainty in the curve number relationship. This “frequency ordered” data differs from “natural” data where the coherence of the P:Q pairs is preserved so that the rainfall and runoff are associated with the same event. Frequency matching is performed by pairing the rank-ordered P and Q values: each P and Q within the pair will then have the same empirical return period (Woodward et al. 2010). This introduces significant incoherence into the ordered data as many ordered pairs consistent of rainfall from one year paired with the runoff of another year. 
Response classifications and asymptotic Curve Numbers: In almost all data-based evaluations of the curve number, a secondary relationship occurs between the event curve numbers derive from measured rainfall and runoff, and the measured rainfall. Three dominant patterns emerge. These are:
Standard response: The curve number-rainfall relationship begins at 0, 100, and the variable watershed curve number declines with increasing P to approach an apparent steady-state curve number as P increases. The steady state value is denoted as the asymptotic curve number CN∞. This is the predominant case, usually seen on rain-fed agricultural lands. It is consistent with the curve number equation in the limit of curve number as P→∞.
Complacent response: As with the Standard response, the curve number-rainfall plot begins as 0, 100, the curve number decreases with increasing P, but does not approach an asymptotic CN∞. This suggests runoff Q as a linear function of P (i.e., Q = CP), and is not appropriate for the curve number method. The linear response ratio C is usually in the range 0.005 to 0.05.
Violent response: This watershed response begins as the complacent response, but at some threshold rainfall Pt unexpectedly transforms to a large fractional runoff response (50 % to 100 %). With this the curve number increases with increasing rainfall, and approaches a large asymptotic CN∞, often in the range of 85 to 92. Typical rainfalls are from 1.5 inches to 2.5 inches. Despite the large curve numbers observed, this response is consistent with the initial concept of a constant watershed curve number. The violent response is the rarest of the three responses
These patterns are seen with both natural and ordered data sets, though more distinctive with the ordered data (the ordering obscures the significant uncertainty in the curve number relationship). The response patterns were not recognized in the original curve number formulation, and these are not discussed in the current handbook. See Hawkins (1990, 1993).
Handbook curve number table reliability: Several studies have shown substantial differences between curve number estimates from handbook tables based on soil and cover, and the curve numbers defined by watershed observations of rainfall and runoff (Hawkins, 1981, Titmarsh et al, 1989, Stewart et al, 2010, 2012, Tedela et al. 2012). The differences are more profound with smaller curve numbers, and with land types less well described in the tables. Curve numbers for humid forested watersheds with heavy cover are a notable problem (Hawkins et al, 2009, Tedela et al. 2012).
Sensitivity: Over most of the practical range of rainfall, the runoff calculation is more sensitive to errors in the selection of the curve number than to errors in measuring rainfall (Bondelid et al, 1982, Hawkins, 1975).
AMC and ARC: In 1993 the term “Antecedent Moisture Condition,” (AMC) was dropped in favor of “Antecedent Runoff Condition” (ARC), acknowledging the many factors in addition to soil moisture that influence the relationship between rainfall and runoff. Similarly, an archaic climate-based criterion for AMC or ARC, defined with the 5-day prior rainfall depths, was dropped and use discouraged because it seems the AMC I, II, and III were defined using data from one site. Several studies have shown that prior rainfall may be important, though not universally and not at the scales suggested (Hawkins and VerWeire, 2005). The curve number relationship might have sufficient resolution to clearly resolve an antecedent effect in humid locations not in arid zones except on very short time scales.
The ARC table entries were found to describe the cumulative probability of observed curve number (and runoff) at a given P reasonably well. Hjelmfelt et al. (1982) found these at 10 %, 50 %, and 90 % for ARC I, II, and III respectively. Later studies with a larger sample by Grabau et al. (2009) found similar results, but better described by 12, 50, and 88 percent, respectively. Recent work (Hawkins and Ward, 2012) has found that the distribution of S values (based on the percentiles 10-50-90) is well-described as log normal. Although the curve number relationship seems too crude to distinguish antecedent effects, large compilations of data may define the uncertainty in the form of the approximately 90th percentile confidence interval.
In the application of some of the popular continuous watershed models, a leap in faith has been made to assume that ARC III defines the soils at field capacity in terms of moisture status, and ARC I defines the wilting point (Williams et al. 1982). These and many other model development assumptions must be put into scientific and engineering context.
Seasonal Effects: Related to the antecedent runoff conditions, dormant seasons or winters will show larger curve numbers than growing or warm seasons (Price 1998; Tedela et al 2012, Grillone et al. 2015). This may be because of differences in seasonal moisture, seasonal land use, or in the seasonal distribution of rainfall. However, Tedela et al. (2012) clearly demonstrates for forests under the best of conditions that seasonal resolutions of curve number changes are just out of range of the resolution achievable with the curve number method.
Ia/S: The threshold of Ia = 0.2S is a questionable but long held SCS presumption that is being actively debated as of 2016 (Ia is the initial abstraction: the beginning rain volume required before runoff can start). A value of Ia/S = 0.05 has been found to be much more representative (Jiang, 2001). Yet some data sets still show Ia/S = 0.2. Adjusting Ia/S also requires modifying the National Engineering Handbook curve number tables, which were founded on the value of 0.2 (Hawkins et al, 2001, 2002a,ba).
Infiltration: There is no fixed relationship between curve number and infiltration process parameters, such as Ks (Green and Ampt 1911) or fc (Horton). Curve numbers are not reliably determined from plot-sprinkler or ponding ring infiltrometry. The curve number found from such analyses usually varies inversely with the duration of the artificial rainfall application or ponding in the infiltrometer.
When the retention defined by curve number concept is contrived or postulated to be the infiltration capacity (including the rate usually expressed in inches per hour), infiltration has been shown to be a positive function of interval intensity (Stone et al. 2008).
Slope: Intuitively, higher sloped watersheds should have greater curve numbers. Although there is no National Engineering Handbook convention on this, several continuous models do contain an undocumented positive slope-adjustment procedure (e.g., Williams et al. 2012). Surprisingly, the limited data available shows mild negative relationships (Garg et al. 2003, Hawkins et al. 2009, Hawkins et al. 2010).
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