

  water-14-03315




water-14-03315







Water 2022, 14(20), 3315; doi:10.3390/w14203315




Article



Budyko-Type Models and the Proportionality Hypothesis in Long-Term Water and Energy Balances



Fernando Paz Pellat 1[image: Orcid], Jaime Garatuza Payán 2, Víctor Salas Aguilar 3, Alma Socorro Velázquez Rodríguez 4 and Martín Alejandro Bolaños González 5,*[image: Orcid]





1



Mexican Carbon Program, Chiconautla Street No. 8, Lomas de Cristo, Texcoco CP 56225, Mexico






2



Department of Water and Environmental Sciences, Technological Institute of Sonora, Obregon City 85000, Mexico






3



Geoinformatics, Autonomous University of Ciudad Juarez, Km. 3.5, Anáhuac Highway, Cuauhtémoc, Chihuahua 31600, Mexico






4



Science Faculty, Campus El Cerrillo, Autonomous Mexico State University, Instituto Literario, # 100. C.P. 50000 Centro, Toluca 50000, Mexico






5



Hydrosciences, Postgraduate College, Campus Montecillo, México-Texcoco Highway Km 36.5, Montecillo 56230, Mexico









*



Correspondence: martinb72@gmail.com; Tel.: +52-59-5952-0200 (ext. 1163)







Received: 18 September 2022 / Accepted: 14 October 2022 / Published: 20 October 2022



Abstract

:

In the perspective of Darwinian hydrology, Budyko hypotheses can be the foundation of approaches for developing models. Numerous Budyko-type models meeting established boundary conditions (water and energy limits) have been developed based on the Budyko hypothesis on the long-term-average annual mass and energy balance. Some of these models are grounded on empirical bases, while others have been formulated on sophisticated mathematical developments. We analyze the basic hypotheses underlying some Budyko-type models; we first describe some published models and then examine their underlying hypotheses in a hydrologically intuitive space (precipitation versus runoff). The analyses show that the models studied are a consequence of assuming that two parallel straight lines (of unit slope) of different intercepts are indeed equal (proportionality hypothesis). This hypothesis gives rise to different Budyko-type models that, although mathematically correct and meeting the limits (partially) related to the Budyko hypotheses, do not yield any information about what happens between those limits. To overcome the extreme energy limit, an expolinear model is introduced.
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1. Introduction


Water and energy balances in catchments are primary approaches for developing hydrological models. Modeling the precipitation-runoff relationship is a basic process for operational applications in hydrology. Hydrological modeling over long time periods (e.g., years) and large areas (e.g., catchments) was introduced by [1] using a global (top down) approach for studying hydrological responses; such an approach was subsequently expanded by [2]. Global modeling offers the advantage of reducing the number of parameters and data requirements by limiting model complexity [3]. The alternative of using physical process-based hydrological models such as the Soil and Water Assessment Tool (SWAT) [4] demands information that is frequently not available, as well as a vast amount of input data to describe the precipitation and actual evapotranspiration fields, soil hydraulic properties, vegetation characteristics, topography, etc., for properly representing hydrological processes.



Such an approach which explicitly considers hydrological processes (infiltration, storage, evaporation, etc.) and their associated parameterization, is called Newtonian (bottom-up approach), as opposed to the global or Darwinian approach [5] that starts by recognizing general patterns or laws at the aggregate level and then seeks to disaggregate them by introducing new variables as the space-time scale changes (top-down approach). A classic example of the Darwinian approach is the [6] hypothesis on the partitioning of precipitation in catchments for long-term average annual conditions. Budyko-type functional relationships [7] that meet the limits set by [6] have boomed in recent years, particularly because evapotranspiration (E) can be readily estimated from precipitation (P) and potential evapotranspiration (Eo) data, which are usually available for most catchments. In addition to the empirical approaches to Budyko-type relationships, relatively complex mathematical approaches have also been used to derive and justify relationships that are similar to the empirical counterparts [8,9,10,11,12]. Those methods have used theoretical approaches based on sound mathematical considerations that add credibility to the resultant Budyko-type relationships. However, from the perspective of conceptualizing and developing sound theories based on hydrological criteria, the mathematical soundness of a hydrological model is not sufficient to warrant its validity. According to [13], “For a good mathematical model it is not enough to work well. It must work well for the right reasons”. This same author pointed out that using mathematical tools in hydrological modeling is useful for hydrological concepts as well as for misconceptions. The objective of this work is to review the most used [7] Budyko-type relationships (precipitation-runoff) that have been derived in a mathematically rigorous fashion but by using a more intuitive and simple graphic and algebraic format in order to reach similar outcomes and reveal the hypotheses implicitly made in the developments analyzed. First, we review the original Budyko hypotheses, as well as the hypotheses and empirical relationships that have been proposed or derived afterwards. We then analyze some Budyko-type relationships, clarifying their implications. It is important to note that the Budyko hypotheses (limits) are not questioned in this paper, but rather the models derived from them: Budyko-type functional relationships. The main objective of this review is to put the different Budyko-type models in a similar format to understand their hypotheses (proportionality) and theoretical bases. The review does not discuss the bases or developments of the different models analyzed, but rather their mathematical structure. This approach can be used to extend the analysis to other Budyko type models to explore if a proportionality hypothesis is used. In addition, it does not pretend novelties in the representation of the models, but to facilitate their understanding in intuitive spaces. Regardless, a new Budyko model is introduced and generalization schemes are proposed from the daily to the annual long-term scale.




2. Budyko-Type Functional Relationships


Considering long-term-average annual values of the energy-mass balance, precipitation in a catchment can be partitioned as follows:


   P  =  E  +  Q   



(1)




where Q is runoff. Equation (1) assumes that soil storage is negligible. Equation (1), the continuity equation for a given temporal and spatial scale, is the foundation of hydrological analysis and can be regarded as a fundamental theorem [14]. Equation (1) can be rewritten by dividing both sides by P, as:


  1 =   E   P   +   Q   P    



(2)




which allows relating E/P with Q/P by using ratios.



2.1. Budyko Hypothesis and Representation Diagrams


Citation [6] put forward two basic hypotheses. First, the following relationship holds under very humid (energy-limited) conditions:


    E   P   →     E   o     P   ,    a s       E o    P   → 0  



(3)




where Eo is potential evapotranspiration. The following relationship holds under very dry (water-limited) conditions:


    E   P   → 1 ,    a s       E o    P   → ∞  



(4)







The Budyko hypotheses are illustrated in Figure 1a (Budyko diagram; [15]), showing a relationship that meets the limits established. Budyko hypothesized that precipitation is partitioned between runoff and evapotranspiration in the first-order, and it is determined by balance between available water (P) and available energy (Eo); that is:


  E =  f    P , E o    



(5)







Another Budyko type diagram is the relationship P/Eo versus E/Eo (Turc diagram); ref. [15] as shown in Figure 1b. The energy limit is given by:


    E     E   o     → 1 ,    a s      P     E   O     → ∞  



(6)




and the water limit by:


    E     E   o     →   P     E   o     ,    a s    P     E   O     → 0  



(7)







Although other Budyko-type diagrams [16] might be easier to interpret than the one shown in Figure 1c, this one allows a straightforward analysis of the P–Q relationship in hydrological terms [17,18]. In this diagram, a functional relationship shall meet the energy limit:


    E     E  0    =      P  −  Q        E   o     → 1 ,    a s      P     E   O     → ∞  



(8)




and water limit:


    E     E  0    =      P  −  Q        E  0    → 0 ,  a s      P     E   O     → 0  



(9)







As will be discussed below, the diagram in Figure 1c can be converted, without loss of generality, into a P–Q diagram to yield the classical visualization of the precipitation-runoff Equation (2).




2.2. Budyko-Type Functional Relationships


The Budyko-type functional relationships will be given for the spaces shown in Figure 1. If E/P is known, then Q/P can be estimated using Equation (2). For the space P/Eo − E/Eo, it is necessary to change E/P by E/Eo after changing Eo/P by P/Eo if the relationship obeys Budyko limits [15]. Citation [19] put forward the model Q/P = 1 − exp(s/P), where s is a parameter. Reference [20] suggested that s can be replaced by Eo;


    E   P   = 1 −  e x p    −     E  0    P      



(10a)






    E     E   o     =     P     E   o         1 −  e x p    −     E  0    P        



(10b)






    Q   P   =  e x p    −     E  0    P      



(10c)







Citations [21,22] developed a simple model to account for the Schreiber relationship as an equilibrium solution of the precipitation-runoff chain through the use of two water reservoirs operating two different time scales: a fast stochastic one that feeds the second (slower) reservoir. Citation [20] proposed the functional relationships:


    E   P   =      E o    P      t a n h      P    E o       



(11a)






    E     E   o     =  t a n h      P    E o       



(11b)






    Q   P   = 1 −      E o    P      t a n h      P    E o       



(11c)







Citation [23] found that water balance in many catchments falls between the Schreiber and the Ol’dekop curves, and therefore proposed to use the geometric mean of the two relationships:


    E   P   =        t a n h      P    E o             E o    P       1 −  e x p    −    E o    P           1 / 2    



(12a)






    E     E   o     =        t a n h      P    E o            P     E   o         1 −  e x p    −    E o    P           1 / 2    



(12b)






    Q   P   = 1 −        t a n h      P    E o              E   o     P       1 −  e x p    −    E o    P           1 / 2    



(12c)







These models do not include any fitting parameter, and thus they seemingly lack the flexibility to allow for specific conditions (vegetation, topography, etc.) in the hydrological response of catchments. To address this issue, citations [24,25] proposed the general Equation (10a) by introducing a variable m coefficient into the Schreiber relation:


    E   P   = 1 −  e x p    −  m       E o    P        



(13)







Citation [26] also included a fitting parameter m in the Equations (10) and (12) changing Eo by mEo. Several authors [10,27,28,29,30,31] proposed a single-parameter model:


    E   P   =  1      1 +       P    E o        n       1 /  n       



(14a)






    E     E   o     =  1      1 +         E   o     P       n       1 /  n       



(14b)






    Q   P   = 1 −  1      1 +       P    E o        n       1 /  n       



(14c)







This model, hereafter referred to as the TMPHCY model, utilizes either specific n values or a single overall n fitting parameter. Proposed by [28], the formulation is based on the relationship:


   1    E   n     −  1    E   o   n     =  1    P   n      



(15)




which yields Equation (14a) when solved in terms of E/P.



Citations [12,32] proposed the relationship, hereafter referred to as the SZ model:


    E   P   =    k       E o    P        k       E o    P     + 1    



(16a)






    E     E   o     =    k      P     E   o          k      P     E   o       + 1    



(16b)






    Q   P   = 1 −    k       E o    P        k       E o    P     + 1    



(16c)







Citation [33] developed the following relationship, hereafter referred to as the Z model:


    E   P   =   1 +  W       E o    P       1 +  W       E o    P     +     P    E o         



(17a)






    E     E   o     =       P     E   o       +  W    1 +  W       E o    P     +     P    E o         



(17b)






    Q   P   = 1 −   1 +  W       E o    P       1 +  W       E o    P     +     P    E o         



(17c)







As pointed out by citations [10,12,32], the Z model violates the Budyko energy limit when W > 1.



Citation [34] developed the relationship, hereafter referred to as the WT model:


    E   P   =   1 +      E o    P     −         1 +      E o    P        2  − 4  ε    2 −  ε         E o    P         1 / 2     2  ε    2 −  ε       



(18a)






    E     E   o     =   1 +     P     E   o       −         1 +     P     E   o          2  − 4  ε    2 −  ε        P     E   o           1 / 2     2  ε    2 −  ε       



(18b)






    Q   P   = 1 −   1 +      E o    P     −         1 +      E o    P        2  − 4  ε    2 −  ε         E o    P         1 / 2     2  ε    2 −  ε       



(18c)







Finally, citations [8,11,35] formulated the following relationship, hereafter referred the TFZ model:


    E   P   = 1 +      E o    P     −     1 +        E o    P       ω       1 /  ω     



(19a)






    E     E   O     = 1 +     P     E   o       −     1 +       P     E   o         ω       1 /  ω     



(19b)






    Q   P   =     1 +        E o    P       ω       1 /  ω    −      E o    P      



(19c)







Each of these models includes one fitting parameter (m, k, n, W, ε, ω) that confers on them some flexibility to be parameterized according to the conditions and properties of catchments, although the models establish no explicit relationships with such conditions. [26] proposed the use of parameter m (Eo → mEo) in addition to parameter n (TMPHCY model) and ω (TFZ model).



Relationships showing a Budyko-type behavior have been developed from various hydrological models. For instance, [36] used a stochastic model of soil moisture [37] to formulate a model that yields patterns similar to Budyko-type relationships. [38] used the four-parameter abcd model developed by [39]; they parameterized b as a function of climate and used a simplified model of the variation of P and Q [38] to estimate the parameter a. The resulting model shows Budyko-type patterns.



Citation [40] presented a multiscale (days, months, and years) hydrological model of the components of actual evapotranspiration, including evaporation related to water surfaces, to produce patterns similar to Budyko-type functional relationships. Citation [41] used hydrological and vegetation models to generate patterns similar to Budyko’s functional relationships based on the principle of maximum entropy production in catchments.





3. Derivation of Selected Budyko-Type Models


The Budyko-type models presented in the previous section were developed on empirical bases. The TMPHCY (Equation (14)) and TFZ (Equation (19)) models were developed by means of dimensional analysis and mathematical reasoning using the boundary conditions that had to be met (i.e., water and energy limits). The mathematical development of those models is relatively complex and involves solving a system of partial differential equations subject to boundary conditions.



Citation [12] developed an alternative to dimensional analysis through generating functions that meet the water and energy limits by simplifying the mathematical complexity involved in developing Budyko-type models. Citation [9] proposed a generalized methodology for the mathematical derivation of Budyko-type models, with the method used by [12] as a particular case of this unified method.



Citation [12] stated that the TMPHCY model is the best Budyko-type model currently available, including the TFZ model, although [42] state that there are no hydrologically-based reasons to select one model over the other. It is, therefore, worth analyzing the TMPHCY model in detail.




4. Budyko-Type Models in the P–Q Space


4.1. Model TMPHCY


Citation [31] proposed that, given the limits set by Budyko hypotheses, the function:


   y  =   x   1 +  x     



(20)




meets the limits when x = P/Eo and y = (P-Q)/Eo = E/Eo (see [43] for further discussion). A generalized form of this function is:


   y  =   x           1 +  x      n       1 /  n       



(21)







The empirical argumentation given by Turc consists of utilizing a mathematical function that meets the conditions required, but without justifying its foundations beyond the limits. As discussed below, meeting the Budyko limits is not a sufficient condition for a function to be a hydrologically sound model.



For analyzing the model TMPHCY we will first consider the case n = 1. According to Figure 1c, the water limit will be defined by:


    Q     E   o     =   P     E   o     ≥   Q   P   = 1  



(22)




and the energy limit by:


    Q   P   =   P     E   o     − 1 = >    P  −  Q      E  0    = 1  



(23)







Figure 2 shows a Budyko-type diagram on the P-Q space, which is strictly equivalent to the space shown in Figure 1b, since Eo cancels out when used in terms of ratios and the water and energy limits are the same; nevertheless, that use of ratios implies spurious self-correlation [44] because Eo is in both ratios (a common variable), as shown by [17]; (see also [45]).



In the following, we will use classical Budyko diagrams for consistency in representations, but all are equivalent to a simple P-Q representation (but presented more data dispersion).



To develop a Budyko model, the hypothesis (proportionality hypothesis; [34]) that water (Equation (22)) and energy (Equation (23)) limits are equal is made:


    Q   P   =    P  −  Q      E  0     



(24)







Substituting Q = P − E, then:


    P − E  P  =   P −   P − E      E 0    =  E   E o     











Solving this relationship for E/P:


   E o    P − E   = EP = >   PE  o  −   EE  o  = EP  










    EE  o  + EP = E    E o  + P   =   PE  o   








and the final result is:


   E P  =    E o     E  o + P     =  1  1 +    P   E o         











This equation is the TMPCHY model with n = 1 (Equation (14a)).



The derivation shown above implies that two parallel lines (same slope but different intercepts, see Figure 1c) should be equal to each other. This is a result of the arithmetic (proportionality; see [34]) hypothesis (1 = 1) of equating two relations with similar values (Equations (22) and (23)), as opposed to the notion of algebraically equating variables, which, by equating Q from Equations (22) and (23), would lead to:


  P = P − Eo  








which shows that this is valid if and only if Eo = 0; that is, when both parallel lines have a common intercept. The crucial point of the above derivation is that the shape (curvature) of the function obtained has no basis beyond the hypothesis that both parallel lines are equal despite having different intercepts. Although the relationship thus derived mathematically meets the Budyko limits (partially), it lacks any hydrological foundation (proportionality hypothesis).



The same argument that was described by [46] is the basis for the Soil Conservation Service (SCS) runoff curve-number (CN) method the P-Q relationship at the scale of daily rainfall events ([47]; currently [48]), starting from the so-called proportionality hypothesis (Equation (24)), with Eo = S (storage capacity of the catchment); see Appendix A for a trigonometric derivation of the proportionality hypothesis and its generalization. Citations [18,26] used the SCS model in the Budyko context.



Citation [49] pointed out that Equation (14a) does not satisfy the physical limit associated with humid environments due to the unfeasibility of Eo/P = 0 when E/Eo → 1.



A Budyko-type model must satisfy Q/P = 1 when P → ∞. Equation (14a) (n = 1) satisfy Q/P → 1 when P → ∞, but never reaches Q = P. The partial derivative of Equation (14a) (n = 1) is given by:


    ∂ Q   ∂ P   = 1 −  1      1 +  1      E o  P         2     








where for P → ∞ it is not defined (undetermined).



To overcome this problem, it is possible to use an energy limit with a variable slope α using a line defined by Q/P = (αQ − P)/S. Under the proportionality hypothesis the following relation is obtained:


    Q   P   =   P    E o  + ∝  P     



(25)




which partial derivative is given by:


    ∂ Q   ∂ P   =      P  E o       2 + ∝    P  E o           1 + ∝    P  E o          











The limit ∂Q/∂P = 0 is reached if P = 0 or Eo = ∞.



Under the condition ∂Q/∂P = 1 the value of α is:


  ∝ =  1 2  −      E o    P     +      1 4  +      E o    P          1 2     



(26)




where if Eo/P → 0 then α → 1 and original Equation (14a) (n = 1) is recovered.



Citation [50] developed a similar approach (Equation (25)) under the context of the CN-SCS method.



The generalized form (Equation (14)) for any n is obtained when Eo is substituted by (Eo)n, P by Pn, and Q by Qn.Figure 3a shows the situation when the variables are raised to the n-th power.



From Figure 3a the water limit is:


     Q n         E o     n    =    P n         E o     n    = >    Q n     P n    = 1  








and the energy limit is:


     Q n         E o     n    =    P n         E o     n    − 1 = >    P n  −  Q n         E o     n    = 1  











Under the proportionality hypothesis then:


     Q n     P n    =    P n  −  Q n         E o     n     











Solving for Q/P we obtain:


   Q P  =  P           E o     n  +  P n      1 / n      











Using Equation (2), then:


    E   P   =             E   o       n   +   P   n       1 /  n    −  P              E   o       n   +   P   n       1 /  n       



(27)







This equation can be simplified under the hypothesis:


    P +  E o    =      P n  +      E o     n      1 / n    










  1 +    E o   P  =     1 +        E o   P     n      1 / n    








which meets water and energy limits Eo/P → 0 and Eo/P → ∞, respectively. Substituting this last relation in Equation (27), we obtain:


   E P  =    E o             E o     n  +  P n      1 / n     =  1      1 +      P  E o      n      1 / n      








which is the TMPHCY model (Equation (14a)).



A direct alternative to develop the TMPHCY model is to use limits of Figure 3b. As before, the proportionality hypothesis is given by:


     P n  −  E n     P n    =    P n         E o     n    −      P n  −  E n           E o     n     











Solving for E/P we obtain:


   E P  =    E o             E o     n  +  P n      1 / n     =  1      1 +      P  E o      n      1 / n      








which is the TMPHCY model (Equation (14a)).




4.2. Model SZ


In Figure 4 the water limit is given by:


   Q   E o    =  P   E o    = >  Q P  = 1  








and the energy limit by:


   Q P  =  P   E o    − k = >   P − Q     kE  0    = 1  








under the proportionality hypothesis:


   Q P  =   P − Q     kE  0     











Using Q = P − E and solving for E/P, we obtain:


   E P  =     kE  o    P +   kE  0    =   k     Eo  P      k     Eo  P    + 1    








which is the SZ model (Equation (16a)).




4.3. Model Z


Figure 5 shows the water limit for this model:


   Q   E o    =  P   E o    = >  Q P  = 1  








and the energy limit by:


   Q   E 0    =  P   E o    −   1 + W      E 0   P      = >   P − Q    E 0  + W          E o     2   P      = 1  











The proportionality hypothesis is established as:


    Q   P   =    P  −  Q      E  0  +  W            E   o      2    P        











Substituting Q = P − E and solving for E/P:


   E P  =    E o  + W          E o     2   P      P +  E o  + W          E o     2   P      =   1 + W     Eo  P      1 + W     Eo  P    +    P  Eo        








which is the Z model (Equation (17a)).




4.4. Model WT


Citation [34] develop their model using the generalized proportionality hypothesis. In this case, the TMPHCY model is obtained by simply substituting P by Pe (= P − Ei) in Equation (14a) with n = 1, where Pe is effective precipitation. In the SCS (today the National Resources Conservation Service or NRCS) curve number, Pe = P − Ia [46], where Ia is the initial abstraction (storage in troughs, interception by vegetation, etc.). Over an annual period, some of the precipitation (Pi = Ei) is not expected to contribute to runoff (initial abstractions from rainfall events) and, thus, this consideration holds true. Citation [51] proposed this modification to the TMPHCY model, and [52] did the same for the TFZ model.



According to Figure 6, the water limit is:


   Q   E o    =   P −  E i     E o    = >  Q  P −  E i    = 1  








and the energy limit by:


   Q   E 0    =   P −  E i     E o    −    E o  −  E i     E i    = >   P −  E  i −   Q    E 0  −  E i    = 1  











Under the proportionality (generalized) hypothesis and using Q =P − E we obtain:


     P  −  E     P  −   E   i     =    P  −   E   i   −    P  −  E        E  0  −   E   i     =    E  −   E   i       E  0  −   E   i      



(28)







Citation [53] called this relationship the generalized proportionality hypothesis (see Appendix A), the same proportionality hypothesis but with an intercept different from zero. Citations [54,55] utilized this relation with the two-phase concepts (precipitation and wetting) of [56].



Dividing the numerator and denominator by P in both sides of Equation (28):


    1 −  E P    1 −    E i   P    =    E P  −    E i   P       E 0   P  −    E i   P     











Using ε = Ei/Eo, then substituting Ei = εE in the previous equation:


    1 −  E P    1 − ϵ    E P      =    E P  − ϵ    E P         E 0   P  − ϵ    E P       











Solving the equation for E/P, we obtain:


    ϵ   2 − ϵ          E P     2  −   1 +      E o   P         E P    +      E o   P    = 0  











This equation can be solved considering that E/P is positive and less than 1:


    E   P   =   1 +      E o    P     −         1 +      E o    P        2  − 4  ε    2 −  ε         E o    P         1 / 2     2  ε    2 −  ε       








which is the WT model (Equation (18a)).




4.5. Non Proportionality Hypothesis Models


One way to analyze differences between proportionality hypothesis related models (e.g., TMPHCY) is using Eo/P − Q/P space [16], Figure 7. This diagram shows that the water limit is defined by:


    Q   P   → 1 ,    a s        E   o     P   → 0  



(29)




and the energy limit by:


    Q   P   → 0 ,    a s        E   o     P   → ∞  



(30)







First, the Q/P TMPHCY model (Equation (14c)) must be converted in terms of P/Eo as Equation (19c) of the TFZ model:


    Q   P   = 1 −  1      1 +      1     P  /   E   o           n       1 /  n       



(31)







Equation (31) is not defined for P/Eo = 0 and it is not a valid model for this limit (water). In this limit, the TFZ model gives Q/P = 1 (water limit).



According to [10], the parameters n and ω are linearly related:


   ω  ≈ n + 0.72  








although [12,42] show that this relation is imprecise. Both models are generated using different hypotheses, and it is expected that results differ.



With regard to the Schreiber model (Equation (10c)) and the [20], both models satisfy the water limit, but not the extreme energy limit (horizontal and oblique line in Figure 2) as discussed below.



Another way to visualize differences among the proportionality and no proportionality hypothesis models is using the ∂E/∂P function of [57]:


    ∂  E    ∂  P    = 1 −       E     E   o         p    



(32)







If p = 1 then the Schreiber model is generated through the integration of Equation (46) and if p = 2 the Ol’dekop model is obtained. Citation [29]; introduces the following relation:


    ∂  E    ∂  P    =     1 −       E     E   o         n       1 +  1  n      



(33)







Integrating this equation, we obtain the TMPHCY model.



Regarding the TFZ model, ∂E/∂P is given by:


    ∂  E    ∂  P    = 1 −     1 +         E   o     P       w        1  w   − 1           E   o     P        w  − 1    



(34)







Equations (32) and (34) have a different mathematical structure than Equation (33).



Citation [8], see [11,42], derived TFZ model using the variables (Eo − E)/P and (P − E)/Eo (= Q/Eo). Using these variables, the water and energy limits can be stablished as shown in Figure 8.



The TFZ model cannot be derived using the proportionality hypothesis applied to the spaces shown in Figure 8, in particular the space of Figure 8b used in the derivation of model TMPHCY.





5. An Expolinear Model of the P–Q Relationship


One of the problems faced by empirical models (Equations (10c), (11c) and (12c)) is that they cannot approach the extreme energy limit shown in Figure 2 (both horizontal and inclined line). In order to comply with this objective, the exponential model (Equation (10c)) could be extended to an expolinear model [46]. Something similar could be done for the tanh model (Equation (11c)).



The expolinear model could be developed if the relation between P and Q is considered as composed by two parts:


  Exponential   Growth :     ∂  Q    ∂  P    =  m Q  ,    Q  =   Q  0   e x p     m P     



(35)






  Linear   Growth :     ∂  Q    ∂  P    =  C  ,    Q  =  C     P  −   E  0     



(36)







In the transition between the exponential growth to the lineal one, the rates of change have to be the same (mQ = C). The solution to both types of growth is an expolinear model (see [58]):


   Q  =   C   m    l n  ( 1 +  e x p     m     P  −   E  0       



(37)




where the transition point (PT, QT) from exponential to linear is defined by:


   Q     P  =   P   T     =   C   m   =   Q   T    



(38)






    P   T   =   E  0  +   0.541   m    



(39)







The model in Equation (37) fulfills the Budyko extreme limits [59]) and only requires one parameter (m), because C = 1 [60] is the energy limit.




6. Discussion


Arguably, under the perspective of the equifinality thesis [61], the dimensional analysis of [10] in developing the TMPHCY model could be considered as a possible alternative route to find the same solution as the proportionality hypothesis; however, the mathematical evidence (flaws) shows that the dimensional approach used by [10] is equivalent to the hypothesis.



The derivations herein presented illustrate a universal concept in developing hydrological relationships from the daily to the annual scale [12], which is a hypothesis (proportionality) that has no hydrological bases beyond meeting the limit conditions, making no contributions to the knowledge of what happens between the limits (partially satisfied).



Same claims as [12] can be made using daily hydrological models similar to the Budyko-type analyzed. The Schreiber model, with the modification of Ol’dekop, is similar to the model proposed by [62], using natural logarithms:


   Q P  = 1 − exp   − bP    








where b is a fitting parameter (b = 1/Eo in the context of Budyko models). Note that this equation is put in terms of P, not 1/P as Equation (10c). Nevertheless, this model is equivalent to the Schreiber model inverting numerator and denominator in the previous equation.



Another model used in a daily basis was proposed by [63]:


   Q P  = 1 −    f P     tan h     P f     








where f is daily loss (f = Eo in the context of Budyko models).



Finally, a similar model to the TFZ was proposed by [64]:


   Q P  =     1 +      d P     t      1 / q   −    d P     








where d is daily water deficiency (d = Eo in the context of Budyko models) and q is a fitting parameter.



The use of mathematical tools is essential for establishing hydrological relationships based on the principle of mass and energy balance coupled with the use of hydrological—not merely mathematical—reasoning. Emphasizing mathematical properties that support hydrological “knowledge” leads to circular arguments based on empirically grounded hypotheses such as Budyko’s limits. The boundary conditions set limits that cannot be surpassed, but they do not provide specific information on what happens in between those boundaries. From the standpoint of the Darwinian approach [5], the limits define the minimum requirements that any hydrological development should meet to be used to reduce the complexity of hydrological models.



The use of hydrologically intuitive spaces, such as P − Q, adds perspective to the hypotheses implicit in the formulation of some Budyko-type models, in addition to incorporating variables hydrologically associated to catchments, such as the initial abstraction and the storage capacity of soil (and similar definitions), with no need to resort to the potential evapotranspiration concept. However, unlike initial abstraction and storage capacity, potential evapotranspiration can be readily estimated, allowing models to become operational.




7. Conclusions


This paper analyses different Budyko type models in a unique representation that shows that all of the models use the proportionality hypothesis, with different formulations, as a base for developments. If the proportionality (and the generalized version, a simple change of the origin of coordinates) is not valid (valid only in trigonometrical terms, not in algebraic ones), then all models analyzed are not mathematically correct.



A new model is proposed to satisfy the imposed conditions, in addition to the model developed by Fu and others, depending on only one parameter. The introduced model has another parameter that can be allowed to change when precipitation is not enough to meet the energy limit.



As a conclusion from this review, the authors call for the hydrological community to not disregard their intuition, but rather visualize—beyond the mathematical complexities—the essence of the hypotheses being proposed and avoid the temptation to assume that mathematical proofs are sufficient to make a theory correct. This step is necessary for new developments in hydrology avoiding to do science with unverified assumptions [65].
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Nomenclature




	Symbol
	Unit
	Description



	P
	mm
	Precipitation



	E
	mm
	Actual evapotranspiration. The E symbol in hydrology is commonly used for Evaporation, but we change it in line with common notations in Budyko type models



	Q
	mm
	Runoff



	E0
	mm
	Potential evapotranspiration. Symbol changed as used in common hydrology practice



	m, k, n, W, ε, ω, α, b, f, d
	-
	Fitting parameters of the Budyko type models








Appendix A


Appendix A.1. Proportionality Hypothesis of the CN-SCS Method


The discussion of the proportionality hypothesis of the SCS/NRCS curve number method generally starts from the identity relationship generated by the equation and sometimes sketches its interpretation using the space-time [66], which is not clear to understand its implications. In simple terms, without context, it is relatively normal (e.g., [67]) to use the next diagram (Figure A1) to explain the hypothesis.
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Figure A1. The developments shown are strictly similar for the case of a Budyko P − Q dia-gram. 
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The developments shown are strictly similar for the case of a Budyko P − Q diagram, where in the following S is storage potential capacity (=Eo), Ia is initial abstraction (=Pi or Ei, initial precipitation or evapotranspiration not contributing to runoff), and F is cumulative infiltration (=E). The water balance is given by P = F + Q.




Appendix A.2. P-Q Space Limits


The water limit is defined in Figure A2a, which uses a simple model of a saturated bucket (Figure A2b), where all precipitation (P) produces runoff (Q).
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Figure A2. (a) Water limit in the P-Q space and (b) simple model of a single saturated bucket, with F = 0. 
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The soil storage limit (energy limit) is shown in Figure A3a, where the soil water storage is empty at the beginning and only when it is full (F = S) does runoff (Q) begin. The above represents a simple model of a single empty bucket (Figure A3b).
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Figure A3. (a) Water storage limit (energy limit) in P − Q space and (b) simple model of a single empty bucket, with F > 0. 
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Appendix A.3. Case Ia = 0


The case of Ia = 0 and analysis concerning the line Q = P, Figure A4, up to the limit P = S defines the trigonometric identity of the two shown triangles (α = 45°):


  tan  ∝  = 1 =   Q   P   =   F   S    



(A1)
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Figure A4. Case of Ia = 0 for the analysis concerning the Q = P line. 
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Using the Equation (A1), the CN-SCS model (F = P − Q) can be developed:


   Q  =     P  2     P  +  S     



(A2)







In general, for the condition Q = P (S = 0, so Q = P), the CN-SCS method is strictly valid, but S is not required, nor used.



In the case of using the two straight lines (Q = P and Q = P − S) as a reference (Figure A5), the trigonometric equality of the two equal triangles shown gives:


  tan  ∝  = 1 =   Q   P   =   Q    P  −  S     



(A3)







It is important to note that although it is a mathematically valid trigonometric identity, in algebraic terms it is valid if and only if S = 0 (line Q = P as a reference) in P = P − S.
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Figure A5. Case of Ia = 0 for the analysis concerning the line Q = P and Q = P − S, equal triangles. 






Figure A5. Case of Ia = 0 for the analysis concerning the line Q = P and Q = P − S, equal triangles.



[image: Water 14 03315 g0a5]





Additionally, in case of using the two straight lines (Q = P y Q = P − S) as a reference, in Figure A6, the trigonometric equality of the two similar triangles shown gives:


  tan  ∝  = 1 =   Q   P   =   F   S    



(A4)







Therefore, with F = P − Q, it generates the Equation (A2) of the CN-SCS method.
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Figure A6. Case of Ia = 0 for the analysis concerning the line Q = P and Q = P − S, similar triangles. 
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In Figure A6 the minor triangle (yellow filling) has the horizontal side (P) defined with respect to the line Q = P and the same side (P − S) defined with respect to the line Q = P − S. Thus, using the line Q = P − S as a reference it is obtained:


  tan  ∝  = 1 =   Q    P  −  S    =   F   S    



(A5)







From the Equations (A4) and (A5), it is obtained:


  tan  ∝  = 1 =   Q    P  −  S    =   Q   P    



(A6)




which is valid if and only if S = 0, using the line Q = P as reference.




Appendix A.4. Case Ia > 0 and Different Origins of P and S


For the case of Ia > 0, for runoff to occur, this reservoir must be filled first (Figure A7b) and, depending on the state of the storage S, it will run off immediately or after saturation (Figure A7b). Figure 7a shows the relations of the P-Q space. Similar to those in Figure A6, but for the situation where S is defined as additional to Ia and P at the origin. In this situation, the previous discussion is valid only with the change from P to (P − Ia).
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Figure A7. Case of Ia > 0, with S and P with different origins (a) and simple two-bucket model (b). 
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Appendix A.5. Case Ia > 0 and Equal Origins of P and S


The case of Ia > 0 and equal origins of P and S, also known as generalized proportionality hypothesis [53], is shown in Figure A8, where the definitions of the P-Q space are shown in Figure A8a and the simple single bucket model is shown in Figure A8b.
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Figure A8. (a) Case of Ia > 0, with S and P with equal origins and (b) a simple model of one bucket with two reservoirs. 
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The situation of common origins of S and P only requires changing these variables to (S − Ia) and (P− Ia) to reach the same conclusions as the previous cases analyzed.




Appendix A.6. General Discussion


The analyses shown define that the proportionality hypothesis (and its generalization) is correct as a trigonometric identity, but not valid in algebraic terms for use in P-Q models. The trigonometric identity is equivalent to an algebraic one only when S = 0, meaning when only the limit Q = P is used. In other words, the two straight lines (slopes of 45 °) are equal if and only if they have a common origin (S = 0). In this perspective, the hypothesis of Budyko-type models based on proportionality implies the equality of the two limits (water and energy), which is not a valid hypothesis in algebraic terms. The situation of using the straight-line Q = P − S as a reference cannot be defined, since in the limit when P → ∞ the slope of this line (tan 45° = 1) can never be reached, implying the existence of infinite storage in the basin [68].




Appendix A.7. Historical Context


Documentation of the development of the CN-SCS method is relatively poor, with some attempts to present its history [69]. Officially, Mockus presented the method in 1972 [70] in a format similar to that used today.



A letter from the author of the CN-SCS to Orrin Ferris [71] states that the simple hypothesis used was:


    F   S   → 1    a n d      Q   P   → 1 ,    w h e n     P  → ∞  



(A7)







Therefore, the equality defined by Equation (A1) was established.



The argument to justify the hypothesis was [71] “on the grounds that it produces rainfall-runoff curves of a type found in natural watersheds” or, as [72] established “whether we accept or reject Equation (A1) for practical use depends on its agreement with watershed data”. This utilitarian argument of the CN-SCS method was used to justify it as “factually true” [73]. To the question of whether it is algebraically true, no answer was obtained [73].



It is interesting to note that [73,74] define that the CN-SCS equation was not derived (e.g., there was no hypothesis initially) but was discovered after trying other equations, and its selection was made because it was the least complex. In statistical terms, the relation Q/P = (P − Q)/S (or variants) was used in the analysis using the available data [73,74], obtaining good results. The good correlation obtained by using this relation is due to a spurious correlation [44], since the variables P and Q are on both sides of the equation.



Finally, considering the situation that the P-Q relation of the NC-SCS was discovered and not derived (it was done later by using the “proportionality hypothesis”), the authors agree with [66] regarding the proportionality hypothesis (Equation A1) “This assumption seems to be quite arbitrary and has no theoretical or empirical justification…”.
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Figure 1. Budyko-type diagrams showing the relationships (a) Eo/P versus E/P; (b) P/Eo versus E/Eo; and (c) P/Eo versus Q/Eo. 
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Figure 2. A Budyko-type P–Q space. 
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Figure 3. Budyko-type space: (a) Pn/(Eo)n − Qn/(Eo)n and (b) Pn/(Eo)n − (Pn − En)/(Eo)n. 
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Figure 4. A Budyko-type P/Eo versus Q/Eo space with energy limit in P/Eo = k. 
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Figure 5. A Budyko-type P/Eo versus Q/Eo space with energy limit in P/Eo = 1 + W(Eo/P). 
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Figure 6. A Budyko-type P/Eo versus Q/Eo space with origin in P = Ei. 
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Figure 7. A Budyko-type Eo/P–Q/P space. 
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Figure 8. A Budyko-type spaces associated to the TFZ model. 
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