Dear Prof. Erwin Zehe:

I am very sorry that I missed your comments in the last round. This is partly
because I am not familiar with the HESS’s system, which is distinguished from that of
the other journals. Please believe that as a senior researcher, I really understand the
values of your work and will never intentionally disregard the comments of yours and
the reviewers’.

As you suggested, I revised the manuscript again. Major revisions include: 1) I
added Figure 1 and Appendix E to exhibit how the LI method works and its validity in
a straightforward way; 2) As you suggested, I added a supplement that details the
calculation steps of LI method; 3) I requested the Editage (www.editage.cn), a
division of Cactus Communications, helped me with the language editing.

Sorry again about my failure last round.

Best regards

Mingguo Zheng
2020-3-1

Response to Editor

Editor Decision: Reconsider after major revisions (further review by editor and referees) (16 Jan
2020) by Erwin Zehe

Comments to the Author:

Dear Prof Mingguo Zheng.

I had a close look at your manuscript, the two reviews and your corresponding responses. In line
with reviewer 2 | see that the proposed approach to assess and discriminate model sensitivities
to climate and catchment characteristics is more general than what you call the total differential.
The latter corresponds to the derivative of a multivariate function if and only if the variables are
orthogonal. This must not be the case for hydrological state variables as you correctly stated.

Many thanks for your careful examination of the manuscript. But I fell that you seem to
misunderstand the method we present in the manuscript. The method is distinct from the existing
ones in that it is mathematically precise. For this reason, I revised the title as “A mathematically
precise method to partition climate and catchment effects on runoff”. I do not think that the
method is more general than the existing ones. Moreover, it equally requires that the independent
variables are orthogonal.

Acceptance of a new method for publication of requires however, a) a convincing demonstration
of its relevance and b) a clear and broadly understandable explanation of the underlying math,
particularly in comparison to other existing methods. The present manuscript should be
considerably improved respect to both issues. This requires major revisions, which should

address the reviewers’ recommendations.



a) [ intentionally emphasized the research significance many times in the
manuscript, such as lines 34-41, 75-88, 326-337, and 348-354. I will certainly add
more if the reviewer could be more specific.

b) Figures 4-7 all aims to compare with other existing methods. In the revised
version, | added Figure 1 in comparison to the methods in a straightforward way and a
supplement that details the calculation steps of LI method.

Moreover | recommend you should consider the following issues during the revision process:

- As | am not sure, whether all partial derivatives of R are correct, | recommend that you provide
a supplement which details the important steps to facilitate the evaluation/understanding of the
math.

This is a good advice. As suggested, I added a supplement that details the calculation step using
one of the catchments as an example.

- How strong is the actual dependence of precipitation and potential evaporation? This is of key
importance to evaluate, whether the new methods needs to be used or not.

I added the correlation analyses at lines 321-325 and addressed the issue of the interdependence of
the climate and catchment variables.

It was found that although annual P and E¢ showed significant correlation, the mean annual P and
Eo showed little correlation (see the figure below).
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Figure R1 There is good correlation between annual P and Eq (a) for the Adjungbilly CK , but the
correlation tapers off when aggregated over a 7-year period (b).

- With all the respect | have for the Budyko framework, for me nis like a fitting factor. Of course
we expect that offsets from the Budyko curves are explainable with catchment characteristics,
but this should much be more precise- is it landuse, total soil storage volume, field capacity and
retention properties or what are we talking about. The latter can be investigated in a
straightforward manner with a conceptual hydrological model. The current way how this issue is
addressed is way too unspecific.

I re-read the references of the selected catchments. For all of them, the change in catchment
properties mainly referred to the vegetation cover or land use change. I have added the statement
in Lines 238-239.

I adopted a “tuned” n value that can get exact agreement between the calculated £ and that
actually encountered, so that the offsets you mentioned are very small for all established Budyko
models.



The object of the manuscript is to present a new method using the Budyko model as an example,
and did not intend to do something about the Budyko model itself. I am sorry I did not do anything

more.

- | agree that changes have different impacts on non-linear dynamics when they occur during
different systems state and thus on different points in time. However, | doubt that the Budyko
framework is suitable for working this out, because it refers to the steady state water balance. A
dynamic system catchment under change will develop from old to a new steady state behavior.
Why should this new steady state functioning depend on the time where the change occurred?

At a given state, the state functioning depends on the sensitivities at the state. In Figure 1, for

example, we would concern f’(X) as Azx= f'(x)dx at point A, and f'(X+AX) as

Azx= f'(x+AX)dX at point C . Similarly, we would concern the sensitivities at all points along

the curve AC if the change from the state A to C occurs. That’s why the LI method concerns all
points along AC.

I am not sure I have understood the comments. Using the Budyko framework to partition the
effects of human activities and climate change is a common practice in the hydrology community.
The steady state water balance is indeed prerequisite to the use of the Budyko framework requires.
When a catchment evolves from old to a new steady state, however, the catchment is dynamic but

not steady.

- Last but not least you should make sure that you manuscript is in line with the common
guidelines for equations and variables published on the HESS webpage.
| have read the guidelines and revised the equations and units.

Response to Reviewer 1

Many thanks for your insightful comments and careful examination of the
manuscript. | have studied your comments carefully and tried our best to revise the
manuscript. My responses are given as follows. Attached please find the revised
version. Thank you and best regards.

1. [This manuscript describes mathematical research. The application is to a classical
hydrological problem but the results are about comparing (theoretical) calculated
quantities. In more detail, the formulation of the problem addressed in described in
detail on pages 2-3 (lines 77-89). The basic idea is that the standard first order
expansion for a total differential does not adequately consider the order of the
differentiation. A new proposal is made that enables the first order expansion to be
used. In short I did not understand the proposed formulation of the problem.]

This manuscript developed a new method. | think that it is quite needed to
compare the method with the existing ones.



This research was motivated by the lack of a mathematically precise method to
partition the combined effect of several drivers (Line 40-41). In lines 77-89, we
further stated that the problem does not get solved even given a precise hydrology
model.

2. [To my mind this is classical calculus and it may be better to get a professional
mathematician to evaluate the work. My own evaluation is that | could not see the
underlying point of the formulation. On my understanding (and remembering that |
am not a professional mathematician) we use a first order expansion to get the total
differential, and each of the individual differentials are considered to be infinitesimal
in which it does not matter about the order. If we want more detail then we make a
second order expansion, e.g., using the example from the text, i.e., R=f(X, y), we have

for the relevant second order term a differential like; d2R/(0x dy) to more fully

account for the missing part. Such rigour is rarely used in Hydrological (or science)
practice since we usually have finite differences (rather than differentials) and the
necessary accuracy is usually only 10% or so.]

Yang et al (2014) have shown that the first order expansion has caused an error
of the climate impact on runoff ranging from 0 to 20 mm (or -118 to 174%) over
China. Although the error is sometimes trivial, anyway, a precise method is always
desirable.

Reference

Yang, H., D. Yang, and Q. Hu: An error analysis of the Budyko hypothesis for
assessing the contribution of climate change to runoff. Water Resources Research, 50,
9620-9629, 2014.

Response to Reviewer 2

Many thanks for your insightful comments and careful examination of the
manuscript. | have studied your comments carefully and tried our best to revise the
manuscript. My responses are given as follows. Attached please find the revised
version. Thank you and best regards.

1. [The paper describes a mathematical method to attribute a discrete change in
runoff to changes in climate and catchment characteristics. The method is directly
applicable to common data and yields quite similar results when compared to
existing methods. However, it remains open which of these methods is more
accurate because there is no data to verify.]

| acknowledge that the empirical evidence is indeed lacking. However, our
method is mathematically precise but the others are not. The mathematical



reasoning is as powerful as the empirical evidence.

In addition, although the test data is usually unavailable, it is easily obtained in
the one-dimension case. Figure 1 clearly demonstrated that the LI method yields
precise results but the others does not in the case of a univariate function.

[Still, there are two interesting and valuable aspects of the manuscript: a) The role
of the evolution over time b) Reconciling the existing methods and their
assumptions on this evolution]

They are indeed the key points of the L1 method and the manuscript.

[To consider the path of changes is an important aspect and, as the author
illustrates, may thus alter the resultant sensitivity to a change. This is important,
since this may allow to better assess the vulnerability of a given catchment to
global change. The problem is, that there is usually not sufficient data to constrain
the evolution of disturbances. ]

| acknowledged that this is indeed the limit of the LI method. | have added a
paragraph to discuss the high data requirement associated with the LI method. See
line 298-302 for details.

[The author uses subperiods of 7 years, where at least the meteorological data
provides some constraints. However, the use of shorter periods comes at the cost
of potential changes in the catchment water storage, which can then be
misinterpreted as changes in catchment characteristics. Figure 6 shows that the
temporal variation of the catchment property sensitivity is largest. This might
actually be caused by water storage changes, rather than actual changes in the
catchment properties. This aspect is not sufficiently discussed in the manuscript.]
I have added a paragraph to addressed the aggregated time period associated

with the Budyko model. See Lines 303-320 for details.

[Although I like that the existing methods are discussed in detail, I strongly
recommend that the author better visualizes these methods. An attempt is done in
Figure 1, but this must be extended and linked to the other methods.]

As suggested, I have added Figures 1 and 2.

[Recommendation: Major Revisions. The relevance/significance of the paper must
be better highlighted. This requires major changes throughout.]

I intentionally emphasized the research significance many times in the
manuscript, such as lines 34-41, 75-88, 326-337, and 348-354.

I understand the importance to clearly show the research significance to readers.
I have considered this suggestion seriously. Could you be more specific about why
and how?

[Further comments: Overall, the notation should be more consistent (for example



10.

indices)and streamlined]
I have checked the notation throughout the manuscript.

[I think that some parts of the paper can be cut. Figure 2b is trivial and can be
removed]

A major conclusion of the manuscript is that the decomposition method is a
special case of the LI method. Figure 2b lends direct support to the conclusion so
that it is not trivial. I am sorry I do not cut it.

[It would be better to describe the decomposition method in a conceptual Figure,
similar to Fig.1.]
I have added Figure 2 as you suggested.

[The catchments with the largest changes in n have a reference period of only 3
years. This is quite short for a reference period.]

I am sorry that I indeed directly used the data given in Zhou et al (2016). Many
thanks for your careful examination .

I do not remove the catchment (NO.10 in Table 1) from the manuscript
considering the reasons below: 1) the catchment has a high aridity index of 1.5. In
dry areas, the carryover of soil water storage between years is relatively small as
much of the annual precipitation is evaporated and thus has little effect in altering
water storage. For example, Ning et al. (2017) argued that a one-year aggregated
time period is appropriate in the semi-arid Loess Plateau; 2) the carryover of soil
water storage would result in an overestimated E, and in turn an overestimated 7.
The catchment NO.10 had a medium 7 value (1.7) in the reference period, much
smaller than the evaluation period (4.2). If the 3-year data period had caused a
bias, the real value of the n change would be larger. Hence, the largest changes in
n cannot be related to the 3-year data period.

11. [Figure 6: It is unclear what is shown here.]

n.

Figure 6 has become Figure 8 in the revised version.
The figure compares the temporal variability of the sensitivities of R to P, Eo, and
The boxplot clearly showed that the sensitivities to n is greatest, so it is unreliable

to predict future catchment effects using earlier sensitivity (Lines 271-278).

12. [The motivation of the figures 7,8 and 9 is not really clear to me. Please explain or

remove]

They have become Figures 9, 10 and 11 in the revised version, respectively.

The manuscript re-defines the widely-used sensitivity at a point as the
path-averaged sensitivity. It is worthwhile to explore the predictability of the
path-averaged sensitivity. All of the figures are for this aim. I am sorry | do not
remove them.

Fig. 9 shows the correlation between the obtained sensitivities and P, Eo, n, and
aridity index, for purpose to determine the predictors of the sensitivities, which



will be used in Fig. 11.

Fig. 10 shows that the spatial predictions of the path-averaged sensitivities is
easy if having the long-term mean values of P, Eo, and R.

| used the predictors that was determined in Fig. 9 to predict the path-averaged
sensitivities. Fig. 11 shows the prediction performance.

13. [At Line 311-312 it is argued that the timing of precipitation change is important.
| did not see this aspect in the results.]
This sentence is problematic. | have removed it.

Reference

Zhou, S., B. Yu, L. Zhang, Y. Huang, M. Pan, and G. Wang (2016), A new method to
partition climate and catchment effect on the mean annual runoff based on the
Budyko complementary relationship. Water Resources Research, 52, 7163-7177.
https://doi.org/10.1002/2016 WR019046, 2016.

Ning, T., Li, Z., and W. Liu: Vegetation dynamics and climate
seasonality jointly control the interannual catchment water balance in
the Loess Plateau under the Budyko framework, Hydrology and Earth
System Sciences, 21, 1515-1526. https://doi.org/10.5194/hess-2016-484, 2017.
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Abstract

It is a common task to partition the synergistic impacts of a-rumber-of-drivers in the environmental
sciences. However, there is no mathematically precise solution to thise partition process. Here | presented
a line integral-based method, which eencerns-aboutaddresses the sensitivity to the drivers throughout their
evolutionary pathpaths so as to ensure a precise partition. The method reveals that the partition depends
on both the change magnitude and pathway (timing of the change), ard-but not on the magnitude alone
unless_used for a linear system. To illustrate thise method, | used the Budyko framework to partition the
effects of climatic and catchment conditions on the temporal change in the runoff for 21 catchments from
Australia and China. The proposed method reduced—reduces to the decomposition method when
assuminged a path aleng-in which climate change occurs first, followed by an abrupt change in catchment
properties. The proposed method re-defines the widely-used eencept-ofsensitivity at a point as the path-
averaged sensitivity. The total differential and the complementary methods simply concern abeut-the
sensitivity at the initial or/and the terminal state, so that-they cannot give precise results. The path-
averaged sensitivity of water yield to climate conditions was found to be stable over time. Space-wise,
moreover, the sensitivity # can be readily predicted even in the absence of streamflow observations,
whereby-which facilitates the evaluation of future climate effects on streamflow. As a mathematically

accurate solution, the proposed method provides a generic tool to conduct the-quantitative attribution
analyses.

Keywords: Runoff; Climate change; Human activities; Attribution analysis; Budyko

1 Introduction

The impacts of certain drivers on observed changes of interest often require quantification in
environmental sciences. In the hydrology community, both climate and human activities have posed
global-scale impact on hydrologic cycle and water resources (Barnett et al., 2008; Xu et al., 2014; Wang
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and Hejazi, 2001). Dlaqhosmq their relative contrlbutlons to runoff is of con5|derable relevance to the
researchers ahd managers. A

Wa .Unfortunately performrng
athe quantltatlve attrlbutlon analy5|s of fherunoff changes remains a challenge (Wang and Hejazi, 2001,
Berghuijs and Woods, 2016; Zhang et al., 2016); this is to a considerable degree due to a lack of a
mathematically precise method to decouple synergistic and often confounding impacts of climate change
and human activities.

Numerous studies have detected the long--term variability in runoff and attempted to partition the
effects of climate change and human activities through by-means-ef-various methods (Dey and Mishra,
2017); these include—Ameng-them-are the paired-catchments method and the hydrological modeling
method. The paired-catchment method is-believed-to-be-able-tocan filter the effect of climatic variability
and thus isolate the runoff change induced by vegetation changes (Brown et al., 2005). However, thise
method is capital intensive; moreover, —Partieslarly—it generally involves small catchments and
experiences difficultiesis-chaHenged when extrapolating to large catchments (Zhang et al., 2011). The

physical-based hydrological models often sufferfromhave limitations irekuding-such as a high data
requirement, labor-intensive calibration and validation processes, and inherent uncertainty and
interdependence in parameter estimations (Binley et al., 1991; Wang et al., 2013; Liang et al., 2015).
Conceptual models such as Budyko -type equatlons have consequently qamed interest in recent

(see Section 2.1).

Within the Budyko framework, a-targe-numberofstudies (Roderick and Farquhar, 2011; Zhang
et al., 2016) have used the total differential of runoff {.e—eR—where-R+epresents+uneff)-as a proxy for
the runoff change {e-ARJ-and-_the partlal derlvatlves as the sensitivities

(hereafter called the total differential method). The total
differential, however, is simply a first-order approximation of the observed change (Fig. 1(a)). This
approximation has caused an error in the calculation of climate impact on runoff, with the deviation

ranqmq from 0 to 20 10 m (or 118 to 174%) in China \(Yanq et al., 2014) Hewever—dR—rsessemralfy—a

The elast|C|ty method proposed by Schaake (1990) is also based on the total dlfferentlal expressmn
(Sankarasubramanian et al., 2001; Zheng et al., 2009). The method uses the “elasticity” concept to assess
the climate sensitivity of runoff. The elasticity coefficients, however, have been estimated in an empirical
way and is-are not physically sound (Roderick and Farquhar, 2011; Liang et al., 2015).

The so-called decomposition method developed by Wang and Hejazi (2011) has also been widely
used. The method assumes that climate changes drive-cause a shift along a Budyko curve and then human

2
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interferences cause a vertical shift from the-one Budyko curve to another (Fig. 4{b}2). Under this
assumption, the method extrapolates the Budyko models that are calibrated using observations of the
reference period, in which human impacts remain minimal, to determine the human-induced runoff
changes in-runeffthat eceurroccured during the evaluation period.

Recently, Zhou et al. (2016) established a Budyko complementary relationship for runoff and
further applied it to partitioning the climate and catchment effects. Superior to the total differential method,
the complementary method culminates with-by yielding a no-residual partition. Nevertheless, the-this
method depends on a given weighted factor that;-which is determined in an empirical but not a precise
way. Furthermore, Zhou et al. (2016) argued that the partition is not unique in the Budyko framework as
because the path of the climate and catchment changes cannot be uniquely identified.

A-Obtaining a precise partition remains difficult, even when using given-a precise mathematical
model. This difficulty can be illustrated by using a precise hydrology model R = f(x, y), where R represents

runoff, and x and y represent the climate factors and catchment characteristics, respectively. We assumed

that R changes—changes by AR when x ehanges—changed by AX and y changes by Ay, i.e.,
AR = f(x+Ax,y+Ay) - f(x,y). To determine the effect of x on AR AR, i.e. ARx, a common practice is to
assume that y remains constant when x changes by Ax. We thus getobtain: ARx= f (X+AX, y)— f (X, y) .
Similarly, we can getobtain: ARy= f(x,y+Ay)— f(x,y) . Although the—this derivation seems quite
reasonable, it is problematic as the-sum—of ARARy # AR and-ARy-is—het-egual-to-AR-. A Ffurther
examination shows that a variable’s effect on R seems to differ depending on the changing path_(timing
of the change). For example, AR«=f(x+Ax,y)—f(x,y) and ARy=f(x+Ax y+Ay)- f(x+Axy) if x
changes first and y subsequently changes (Note that the partition is precise with AR«+ARy=AR at this

momentthe-sum-of ARxand-ARy-equaling-AR-now). If y changes first and x subsequently changes, the
partition then becomes: ARx= f(x+Ax,y+Ay)— f (x,y +Ay) -and ARy = f (x,y + Ay) — f (X, y) . In the case of
x and y changing simultaneously, unfortunately, current literature seems not to provide a mathematically
precise solution.

The aims of this werk-study are-is to propose a mathematically precise method to conduct a
quantitative attribution to drivers. The method is based on the line integer (called the L1 method hereafter)
and takes account of the sensitivity throughout the evolutionary path of the drivers rather than at a point
as the total differential method does. In this way, the proposed method revises the widely-used concept
of sensitivity at a point as the path-averaged sensitivity. To present and evaluate the proposed method, |
decomposed the relative influences of climate and catchment conditions on runoff within the Budyko
framework using data from 21 catchments from Australia and China. | also examined the spatio-temporal
variability of the path-averaged sensitivities efrunoff-te-climatic-and-catchment-conditions-and assessed
their spatio-temporal predictability.
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2 Methodology

2.1 Fhe-Budyko Framework and the MCY equation

Budyko (1974) argued that the mean annual evapotranspiration (E) is largely determined by the
water and energy balance of a catchment. Using precipitation (P) and potential evapotranspiration (Eo) as
proxies for water and energy availabilities respectively, the Budyko framework
relates evapotranspiration losses to the aridity index defined as the ratio of Eo over P. The Budyko
framework has gained wide acceptance in the hydrology community (Berghuijs and Woods, 2016;
Sposito, 2017). In recentOv er—past-decades, severala—rumber—of equations have been developed to
describe the Budyko framework. Among them, the Mezentsev-Choudhury-Yang’s equation (Mezentsev,
1955; Choudhury, 1999; Yang et al., 2008) (Called the MCY equation hereafter) has been widely
accepted and was used in this studyhere:

E__ EgP )

P (1+(Eo/P)")¥"
where ne(0,0) is an integration constant that is dimensionless, and represents catchment properties. Eq.
(3) requires a relative-relatively long time scale whereby the water storage of a catchment is negligible
and the water balance equation reduces to be R=P - E . Here | adopted a “tuned” n value that can obtain
an exact accordance getexactagreementbetween the calculated E by Eq. (1) and that actually encountered

(=p- R'|')r.1e partial differentials of R with respect to P, Eo, and n are given as:
%: Re(P, Eo,n) =1—% (22)
R e (Pfﬁ (2b)
B - [P PP e

2.2 The-theory of the line integral-based method
To present the LI method, we start by considering an example of a two-variable function z = f(x,

y). The~which function has continuous partial derivatives éz/ox= fi(x,y) and dz/ay = f,(x,y) and we [ BETHR: F45: (BIA) Times New Roman, (1) Calibri |
assumed that x and y, are independent. Suppose that x and y variesvary along a smooth curve L (e.g. Ac [ﬁﬁ?ﬁriﬁ: FAR: (BRIA) Times New Roman, (132) Calibri]
in Fig—2{e)Fig. 3) from the initial state (xo, yo) to the terminal state (xn, yn), and z co-varies from zo to zn. [ﬁﬁ?*&iﬁ: iR /N }
Let AZ=2v—Z0, AX=Xv—Xo, and Ay =Yn—Yo. Our goal is to to-seek—fordetermine a mathematical [ﬁgﬁgﬁ; =24k NID, 1S }
solution te-that quantify-quantifies the effects of Ax and Ay on Az ,j.e. Azx and Azy. Azx and Azy should [ﬁET*&iﬁ: K N }
be subject to the constraint Az«+Azy=Az. [iﬁﬁﬂ%iﬁ: =24k NID, 1S }

As shown in Fig—1{e)Fig. 3, points Mi(X, y1),..., Mn-1(Xn-1, yn-1) partition L into N distinct segments. [&Engﬁ; =0K: N }
Let AXi = Xi+1—Xi,Ayi = Yi+1—Vi, and Azi = Zi+1—Zi. For each segment, Azi can be approximated as the (RETHER: Ik (R )

et lerente——ddzi: Azi ~ dzi = fu(Xi, Yi)AXi + fy(Xi, yi)Ayi We then have:
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N N N
Az = ZAzi ~ Z (i, yi) AXi + Z fy(xi, yi)Ayi . We thus obtain an-the following respective approximation
i=1

i=1 i=1

N N
of Az and Azy: Azc~ Y fi(xi, yi)axiand Azy =~ " f,(xi, yi)Ayi . Next, Ddefine 7 as the maximum length
i=1 i=1

among the N segments. The smaller the value of 7 , the closer to Azithe value of ddzi, and then the more
accuratebetter the approximations are. The approximations becomes exact in the limitz — 0. Taking the
limit 7 — 0 then turas-converts the sum into integrals and gives a precise expression (it-this is an informal
derivation and please see Appendix A for a formal——___ one):

N N
Az= Irlgglzﬂl fx(Xi, Vi) AXi + Irlﬂglz:; fy(Xi, yi)Ayi = IL (X, y)dx+.|.L fy(x, y)dy , where

N N
J'L fi(x, y)dx = EILTJIZ:; f(xi, yi)Axi and L fy(x, y)dy = Irlmg fy(xi, yi)Ayi denote the line integral of fxand f,

along L (termed integral path) with respect to x and y, respectively. -[L f«(x, y)dx and J'L fy(x, y)dy exist

provided that fx and fy are continuous along L. We thus obtain a precise evaluation of Azxand Azy :
Az= | f(x, y)dx (3a)

Az = [ H(x y)dy . (3b)

Unlike the total differential method, the sum of Azx and Azy persistently equals Az (Appendix B).
If f(x, y) is linear, then fx and fy are constant. Befine-Defining S«=fx(x, y) and Sy="Fy(x, y) remain constant
at Cx and Cy respectively, then we-have- Azx= CxAx and Azy = CyAy . Azxand Azy are thus independent of L.
If f(x, y) is non-linear, however, both Az« and Azy varies-vary with L, as was-is exemplified in Appendix
C. Hence, the initial and the terminal states, together with the path connecting them, determine the
resultant partition unless f(x, y) is linear.

The mathematical derivation above applies to a three-variable function as well. By doing the line
integrals for the MCY equation, we obtain the desired results:

R
ARp=| —dP 4a
=5 (4a)
oR
AReo= | —dE 4b
== g 05 (40)
AR= | L?dn (4c) (RABETK
n [‘&ET@?& FAR: (BRIA) Times New Roman
where_ARp , ARe. ,_and AR\ ARr—ARer—aR&-ARr denotes the effects on runoff change of P, Eo, and n, ECET:
respectively. The sum of ARpAR=and_ARe. -aRe—represents the effect of climate change, and AR, -ARr {ﬁﬁﬁgﬂiaﬁ
are-is often related to human activities although it prebabhy-probably includes the effects of other factors, [ﬁﬁﬁ%ﬂiaﬁt
such as climate seasonality (Roderick and Farquhar, 2011; Berghuijs and Woods, 2016). L denotes a {jﬁﬁ@aﬁf&
three-dimensional curve along which climate and catchment changes have occurred. | approximated L as [ BRBOER
(mRBOER
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by a series of line segments. ARp, ARe;, and AR. AR —ARer—aRe-ARy Were finally figured

BABEER

eutdetermined by summing up the integrals along each of the line segments (see Section 2.3). BABEER
BABEEHR

2.3 Using the LI method to determineﬂ&&dﬁfﬁm&wandﬁmwithin the Budyko BARBOER
Framework ARBOER

1) Determining ARp,ARe., and AR. assuming a linear integral pathARsARes-2REARr aSSUmiRg-a-Hinear BARBEFER
integralpath RRBEEK

‘Given two consecutive periods and assumed-assuming that the catchment state has evolved from
(P1, Eo1, n1) to (P2, Eoz, n2) along a straight line L, Letlet AP = P2 — P1,AEo= Eo2— Eo1, and An=hz=nr;
An=nz—n; then the line L is given by parametric equations: P =APt+P1, Eo=AEot + Eor, n=Ant+n:,

OR /P =Ro(t), 8R/ 6Eo=Res(t), and 6R/on=Ra(t). Then, ARe,ARe., and ARn_ARe-ARer—aRe-ARrCaN be
evaluated as:
oR 1 1
ARe= | La—PdP = jo Re(t)d(APt + P1) = AP L Re(t)dt (5a)

oR 1 1
AReo = jLadEo =L Reo(t)d(AEct + Eot) = AEo jo Res(tydt  (5b)
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ARo= | L%dn = ['Ra(t(ant + ) = An[ Roft)et (5¢)
Unfortunately, | could noteannet-figure-out determine the antiderivatives of_ARp(t)dt . Reo(t)dt and [ﬁﬁﬁ%ﬂﬁi&
Rn(t)dt Re{t)-Res(t)-—and-Re{t)-and have-had to make approximate calculations. As the discrete equivalent [ﬁﬁ@aﬁaﬁ
Aof integration is a summation, we can approximate the integration as a summation. -I divided the t<[0,1] [WREE‘EB&
interval into 1000 subintervals of the same width, thereby-i.e., setting ddt identically equal to 0.001, and [iﬁﬁﬂ%iﬁ: IR iR
then—then calculated Re(t)dt , AREo(t)dt _and_ Rn(t)dt Res(tydt—and-Rn{t)dt- for each subinterval. Let [ﬁﬁﬁgaﬁaﬁ
1i=0.001i,i€[0,999] and is integer-valued, ARp.ARe., and ‘Ain ﬁRvTﬁRFv,—andﬁRwAwasA@ approximated as: [ﬁﬁﬂaifﬂt
ECEES
ARe ~ o.oomp% Re(ti) (6a) [ﬁﬁmaieﬁz
i0 {"&ET%?&I iR /NY
AReo = o.oomagf; Rea(t) (6b) (ARBEESK
= (RETHR: SR/ HER
ARy~ 0.001An Ro(t) (6c) (BRETER: T AW

i=0
2) Dividing the evaluation period into a number of subperiods
| first determined a change point and divided the whole observation period into the reference and
evaluation periods. To determine the integral path, the evaluation period is-was further divided into a
number of subperiods. The Budyko framework assumes a steady state condition of a catchment and
therefore requires no change in soil water storage. Over a time period of a-time-period-of-5-10 years, it is
reasonable to assume that changes in soil water storage are-will be sufficiently small (Zhang et al., 2001).
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Here, | divided the evaluation period into a number of 7-year subperiods with the exception for the fast
final enesubperiod, which varied from 7 to 13 years in length depending on the length of the evaluation
period.

3) Determining ARy, ARe:, and AR» AR ARer-aR6-ARy Dy approximating the integral path as a series

of line segments

As-did-inFig—1{e)-2A curve can be approximated as a series of line segments. For a short period,
the integral path L can be considered as linear, which implies a temporally invariant change rate. For a
long period; in which the change rate usuaty-may varies-vary over time, L can- be fitted using a number
of line segments. Given a reference period and an evaluation period comprising N subperiods, | assumed
that the catchment state evolved from (Po, Eoo, no), ..., (Pi, Eai, ni), ..., to (PN, Eon, Nn), where the subscript
"0" denetes—denotes the reference period, and "i" and "N" denetes-denote the ith and the last-final
subperiods of the evaluation period, respectively. | used a series of line segments Li, L2, ..., Ln to
approximate the integral path L, where L1 eonnects{PoEooho)with{Pi—Eoi;+1)-Li connects points (Pi-1,

Eo,i-1, ni-1) with (Pi, Eoi, ni);-and-the-initialpeint-of Livi-is-the- terminal point-of Li-and. Then ARp, AR, , and

ARn were evaluated as the sum of the integrals along each of the line segmentsARr;ARe—aREARy_aFE

M%WWW@MW which was-were calculated using
Eq. (6).

2.4 The-total-differential, decomposition and complementary methods

To evaluate the LI method, | compared it with the decomposition method, the total differential
method, and the complementary method. The total differential method approximated AR AR-as ddR-(Fig:

1E):
oR oR oR

AR ~dR =—AP + — AEo+—An = ApAP + Ae.AEo+ AnAN @)
oP OEo on

where 1r =0R/0P, Ae.=0R/0Eq, and An=0R/on , representing the sensitivity coefficient of R with respect
to P, Eo, and n, respectively. Within the total differential method, ARr = 1pAP , ARec = Ae.AEo0 , and
ARn = AnAn . | used the forward approximation, i.e., substituting the observed mean annual values of the
reference period into Eq. (2), to estimate Ar , Aes, and An, as_is standard-die in most studies (Roderick and
Farquhar, 2011; Yang and Yang, 2011; Sun et al., 2014).
The decomposition method (Wang and Hejazi, 2011) calculated AAiRnpA-Rmas follows:
ARn=Rz2-R, =(P2—-E2)-(P2-E,)=E,-E: (8)

where Rz, P2, and E2 represents the mean annual runoff, precipitation and evapotranspiration of the
evaluation period, respectively; are-R, and E, represents the mean annual runoff and evapotranspiration,
respectively, given the climate conditions of the evaluation period and the catchment conditions of the
reference period. Both Ezand E, were calculated by Eq. (1), but using n values of the evaluation period

and the reference period respectively.
The complementary method (Zhou et al., 2016) uses a linear combination of the complementary
relationship for runoff to determine ARy , ARe:, and AR ARrARer2RE-ARN:
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AR=a (@) AP +(ﬁj AEo+ PZA(@J + Eo, ZA(E)
oP), 0o ), oP OEo 9)
+(1-a) [(ﬁ) AP +(ﬁj AEo+ PlA(@] + EmA(ﬁﬂ
oP ), 0o ), oP OEo
where the subscript 1 and 2 denotes the reference and the evaluation periods, respectively. a is a weighting
factor and varies from 0 to 1. As suggested by Zhou et al. (2016), | set a = 0.5. Equation (9) thus gave an

estimation of ARy, ARe,, and ARy ARwARer-2R8ARras follows: ELCEEES )
b= R) (R 10a [ BARIBEER )
AR ’O'SAP[(aP]f(ap]j (102) (RABEER ]
ARED:O.SAEoKﬁJ +(ﬁ] } (10b)
0Eo ), \0OEo),
ARn = O.SA[a—R](P1+ Pz)+0.5A(a—R)(Eo‘1+ Eo.2) (10c)
oP OEo
2.5 Data

| collected data—of-runoff and climate data ef-from 21 selected catchments frem-evaluated in
previous studies (Table 1). The change-point years gave-given in these studies was-were directly used to
determine the reference and evaluation periods for the LI method. As mentioned above, the LI method
further divides the evaluation period into a number of subperiods. For the sake of comparison, the-last
final subperiod of the evaluation period was used as the evaluation period for the decomposition, the total
differential and the complementary methods (It can be equally considered that all of the four methods
used the-tast_final subperiod as the evaluation period, but the L1 method cares about the intermediate
period between the reference and the evaluation periods and the other methodss do not). Nine of the 21
catchments had a reference period comprising only one subperiod (Table 1), and the others had two to
seven enessubperiods.

The 21 selected catchments were-lecated-inhave diverse climates and landscapes_with—Ameng
them; 14 are-from Australia and 7-seven from China (Table 1). The catchments sparned-spans from
tropical to subtropical and temperate areas and from humid to semi-humid and semi-arid regions, with
the mean annual rainfall varying from 506 to 1014 10-*m m#m and potential evaporation from 768 to 1169
10°mmm. The index-of-dryness_index ranges between 0.86 and 1.91. The catchment areas vary by five
orders of magnitude from 1.95 to 121,972 with a median 606 10°km?. The key data includes annual runoff,
precipitation, and potential evaporation. The record length varied between 15 and 75 with a median of 35
years. Among the 21 catchments, the changes from the reference to the evaluation period ranged between
-271 and 79 10°m mm yr for precipitation, and between -35 and 41 10°m mm-yr? for potential
evaporation (Table 2). The coeval change in the parameter n of the MCY equation ranged between -0.2
to 2.53. All ef-the catchments experienced changes beth-in climate ehange-and catchment propertiestand
cover—change over the observation periods. The mean annual streamflow reduced for all of
themcatchments, by-ranging from 0.43 to 229 with a median 38 10-°m mm-yr. For all catchments, the
change in catchment properties mainly refer to the vegetation cover or land use change. More details of
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data and the catchments can be found in Zhang et al. (2011), Sun et al. (2014), Zhang et al. (2010), Zheng
et al. (2009), Jiang et al. (2015), and Gao et al. (2016).

3 Results

3.1 Comparisons with existing methods

emmeable 3 Ilsts ahtetthe resultant values of ARp IARsu dAR ﬁRr‘ﬁRm—,aﬂd—Aar— eﬁrom the

BABOEHR

LI method_and —tegetherwith-the three other methods. Please see the supplemental information section

BABOEHR

for detailed calculation steps.
Fig—2Fig. 4(a) compares the resultant AR. -ARy_0f the LI method and the decomposition method.

Although they are quite similar, the discrepancies between them-these values can be up to >20 10°m mm
yr. The decomposition method assumes that climate change occurs first and then human interferences
cause a sudden change in catchment properties (Fig. £()2). Such a fictitious path is identical to the broken
line_of AB+BC in Fig—{e)Fig. 3, provided that x represents climate factors and y catchment properties.
As aresult, the decomposition method can be considered as a special case of the LI method when adopting
the broken-tine-AB+BC broken line in Fig—1{€}Fig. 3 as the integral path, as was demonstrated clearly in
Fig—2Fig. 4(b).

The total differentiae method is predicated on an approximate equation, i.e. Eq. (7). The LI method
reveals that the precise form of the equation is AR = ApAP + AeAEo+ AnAn (ie—Eq—(D2)-in-Appendix D),
where Z», e and A (Table 4) denote the path-averaged sensitivity of R to P, Eo, and n, respectively. All

points along the path have the same weight in determining s, e anda. To determine them, the total
differential and the complementary methods utilizes only the initial state-or/and the—complementary
methed-utiizes-the-initial-and-the terminal states. Neglecting the intermediate states-between-the-initial
and-the-terminal-statesenes would result in an imprecise partition, as was illustrated in Fig. 1 using a

BABOEHR
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univariate function, and even pessrbly—eesults—wa reverse trend estlmatlon (see ARED‘ARFfOr Catchment [ﬁﬁmaﬁe&
Superior to the total differential method, the sum of AR, ARe: d Rn AReARer—2RE-ART always [iﬁfrﬁﬁgaﬁeﬁ
equaled to AR-aR-for the LI method. Examination of the subperlods Tevealed that oR/on was more [ BABEEX
temporally variable than oR/oP and 0R/0Eo (discussed below). For this reason,—aRr_AR showed (ARBEEXK
considerable discrepancies between the two methods, but AR- ARw-as well as ARe.ARer matched well [ BRBEEX
closely between the two methods (Fig—3Fig. 5). (HRBEEX
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As with the LI method, the complementary method produced_ARe, ARes, and AR« -ARrARer2R€

BABEER

ARnthat exactly add-summed. up t0.AR -AR-. Although its resultan ARe., and AR values ARr ARy

and-AaRmwere all in accordance goed-agreement-with the LI method?ig.JLFig. 6), the LI method often |

yielded values beyond the bounds given by the complementary method (Fig-5Fig. 7); this is because the
maX|mum or mlnlmum sensmvmes do not necessarllv occur at the initial and-or terminal states.-are-not

3.2 Fhe-sSpatio-temporal variability of the path-averaged sensitivities

e, e and /n imphiesimply the average runoff change induced by a unit change in P, Eo and n,
respectively (Appendix D). Their spatio-temporal variability is relevant to the prediction of the runoff

change. To evaluate their temporal variabilities, | calculated A, Aes and 4» for each subperiod of the
evaluation period and assessed their deviation from those for the whole evaluation period. As shown in

Fig-6Fig. 8, the deviation was rather limited for e (averaged 8.6%) and Ao (averaged 13%), but was
considerable for 4. (averaged 41%). Hence, it seems quite safe to predict the future climate effects on

runoff using the earlier 2 and Ae,-values, -but care must be taken when using earlier Jn t0 predict future
catchment effect-en-runoff.

Different from the temporal variability, A», A, and 4 all varied greatly,-by up to several times
or even ten folds; between the studied catchments (Table 4). H-wasfound-that-there-were-goodStrong

correlations were observed between A» and P, between Ae, and P, and between /» and n (Fig—7Fig. 9).

Fig—8Fig. 10 shows that Eq. (2) reproduced Ap, e and /n very well taking the long-term means of P,
Eo, and nas inputs, a fact that the dependent variable approached its average if setting-the independent

varlables were set to be their averages. :FhELThIS flndmg is of relevance to the spatial prediction of /Ip,

Runoff data and, in turn, the parameter n in the MCY equation; are often unavailable. It is thus

desirable to make predictions of A», Aec and /a in the absence of the parameter n. | developed three
strategies as follows: 1) using Eqg. (2) and assuming n = 2 as n is typically in a small range from 1.5 to 2.6
(Roderick and Farquhar, 2011); 2) using-_P and Eo to establish regression models; establish-regression

medels:-3) using the aridity index to establish regressionsestablish-regressions as -the index appeared to
be more strongly correlated with both Ar and Ae, than P and Eo (Fig—#Fig. 9). As shown in Fig-SFig. 11,
the three strategies have-show similar performance although the second one seems to perform better. All

of the strategies gave acceptable predictions of Jr and Ae.; but ratherpoor results for i, as-, as it was
primarily controlled by n (-Fig—7Fig. 9). Thus, H-was-thus-needed-to-seel-more sophisticated approaches
are needed to predict the future catchment effect on runoff in the absence of runoff observations.
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4 Discussion

sease&m&y:The LI method hlghllghts the role of the evolutlonary path in determmlng the resultant
partition. Yet, it seems that no studies have taken-inte—aceountaccounted for the path issue while
evaluating the relative influences of drivers. Compared-with-the-existing-methods—+tThe limit of the LI
method is high data requirement for obtaining the evolutionary path. When the data are unavailable, the
complementary method can be considered as an alternative. FirsttThe complementary complementary
method efferresulisis free of residuals; i-additiormoreover, it employs both data of the reference and
the evaluation periods-te-determine-the-sensitivities, thereby generally yielding sensitivitiesvalues closer
to the path-averaged sensitivities-results than the total differentiae method.

While using the Budyko models, a reasonable time scale is relevant to meet the assumption that
changes in catchment water storage are small relative to the magnitude of fluxes of P, R and E (Donohue

getal., 2007; Roderick and Farquhar, 2011). A seven-year time scale was used in the present study, as Fhe

presentstudy-selected-sevenyears-as-most studies have suggested that a time period of 5-10 years (Zhang
et al., 2001; Zhang et al., 2016; Wu et al., 2017a; Wu et al., 2017b; Li et al., 2017) or even one year
(Roderick and Farquhar, 2011; Sivapalan et al., 2011; Carmona et al., 2014; Ning et al., 2017)_is
reasonable. Nevertheless, some studies arguedsserted that the time period should be longer than ten years

(Lietal., 2016; Dey and Mishra, 2017). If this is the case, the high temporal variation of . shown in Fig-
6Fig. 8 might be caused by water storage changes, rather than actual changes in the catchment properties.
Fhe—This uncertainty should be addressed. Using the Gravity Recovery and Climate
Experiment (GRACE) satellite gravimetry, Zhao et al.(2011) detected the water storage variations for
three largest river basins of China, namely, the Yellow, Yangtze, and Zhujiang. The Yellow River mostly
drains an arid and semiarid region (P, 450m#m 10°m; R, 70 10 mmm; E, 380 10 mmm), and the Yangtze
(P, 110_10° mm; R, 550 10°mmm; E, 550mm550 10°m) and the Zhujiang river basins (P, 1400 10°
Smeam; R, 780 10°m mm; E, 620 10mmwm) are humid. The amplitude of the water storage variations
between years were 7, 37.2 and 65 10°m mwm-for the three rivers respectively, at one magnitude order
smaller than the fluxes of P, R and E. Although the observations cannot be directly extrapolated to other
regions, the possibility seems remote that the use of a 7-year aggregated time strongly violates the
assumption of the steady state condition.

The mutual independence between the drivers is crucial for a valid partition. In the present study,

although annual P and Eo exhibited significant correlation for most catchments (p<0.05), the aggregated«
P, Eo and n over a 7-year period showed minimal correlation (mostly p>0.1). The interdependence
between the drivers can considerably confound the resultant partitions of the LI method and other existing
methods.

The LI method re-defines the widely-used concept of sensitivity at a point as the path-averaged
sensitivity. Mathematically, the LI method is unrelated to a functional form and applies to communities

other than just hydrology. For example, identifying the carbon emission budgets (an allowable amount of
anthropogenic CO2 emission consistent with a limiting warming target), is crucial for global efforts to
mitigate climate change. The LI method suggested that the emission budgets depends on both the emission
magnitude and pathway (timing of emissions), which is in line with a recent study by Gasser et al. (2018).
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Hence, an optimal pathway would bring—abeutfacilitate an elevated carbon budget unless the carbon-
climate system behaves in a linear fashion.

This study presented the LI method using time-series data, but it applies equally to the case of
spatial series of data. Given a model that relates fluvial or aeolian sediment load to the influencing factors
(e.g. rainfall and topography), for example, the LI method can be used to separate their contributions to
the sediment-load change along a river or in the along-wind direction.

5 Conclusions

Based on the line integral, | feund-created a mathematically precise selution-method to partition the«
synergistic effects of a-rumber-ef-several factors that cumulatively drive a system to change from a state

(BN g BT 25 T

to the other. The method is relevant for quantltatlve assessments of the relative roles of the factors on the
change in the system state.independent-v able- | then-applied
the LI method to partition the effects enwee#of climatic and catchment condltlons on runoff within the
Budyko framework. The method reveals that in addition to the change magnitude, the change pathways
of climatic and catchment conditions also exert-control en-their impacts on runoff. Instead of using the
runoff sensitivity at a point, the LI method uses the path-averaged sensitivity, thereby ensuring a
mathematically precise partition. | further examined the spatio-temporal variability of the path-averaged
sensitivity. Time-wise, the runoff sensitivity to climate is stable te-climate-but that to catchment properties
is- highly variable-te-catchment properties, suggesting that it-isrehiable-to-predicting future climate effects
using earlier observations is reliable -but care must be taken when predicting the-future catchment effects.
Space-wise (between catchments) the runoff sensitivity both to climatic and catchment conditions was
highly variable-both-to-climatic-and-catchment-conditions, but it can be wel-accurately depicted by the
long-term means of the climatic and catchment conditions. As a mathematically accurate scheme, the LI
method has the potential to be a generic attribution approach in the the-environmental sciences.
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Appendix A: Mathematical proof Derivation-ofequationof - Az = L fo(X, y)dx + J’L fy,(x, y)dy (BETH#R: F45: Times New Roman

{ﬁﬁ?ﬁiﬁ: ZF{K: Times New Roman

We define that the curve L in Fig—{e}Fig. 3 is given by a parametric equation: x = x(t), y = y(t),
t e[to,tn], then Az =2zn—zo= f[x(tn), y(tn)]— f[X(to), y(to)]. Substituting the parametric equations, we
getobtain:

The right-hand side of the equationzj'L fu(X, y)dx+J'L f,(x, y)dy (BRBEER

= [ 61x(), yOIox® + [ H1x), @)y ()

= f {0X(), yOIX (1) + HIX(t), y(OIy'()} dt (AD)

Let g(t) = f[x(t), y(t)], and after using the chain rule to differentiate g with respect to t, we obtain:
/ ag dx ag dy
Im=7 4 oyt [x(1), yOIX' (1) + BIx(), yOIy'(t) (A2)

ltshowsThusthat g'(t) is just the integrand in Eq. (A1), and Eq. (A1) can then be rewritten as:

The right-hand side of the equation —I g'(t)dt —[g(‘[)]‘0 =g(tn) - g(to)
= f[x(tn), y(tn)] - f[X(to), y(to)] = The left-hand side of the equation

Appendix B: The sum of IL f(x, y)dx and Jl fy(x, y)dy is path--independent

Theorem: Given an open simply-connected region G (j.e., no holes in G) and two functions P(x, y) [&Eﬁﬁiﬁ: IR R

and Q(x, y) that have continuous first-order derivatives, if and only if 0P /9y =0Q/ox throughout G,

then J'L P(X, y)dx + _[LQ(x, y)dy is path independent, i.e., it depends solely on the starting and ending point (RETHR: P 8
of L. ’

We have of/dy =02/ oxdy and ofy/ ox =0%z/dyox . As 6%z 1 oxdy =%z 6yox , we can state that
ofc/ 0y =0fy /1 0x , meeting the above condition and proving that jL fu(X, y)dx+jL fy(x,y)dy is path
independent. The statement was further exemplified using a fictitious example in Appendix C.

Appendix C: A fictitious example to show how the LI method works

#&assumedrthaHRunoff (R, 10°m mm-yr?) at a site is assumed to increases from 120 to 195 10°
Sm mm yrt with AR = 75 10°m mm-yr; meanwhile, precipitation (P, 10° m yr-mm-y+™) varies from
600 to 650 10°m mm yrt (AP =75 10°m yrimmyr®) and the runoff coefficient (Cr, dimensionless)
varies from 0.2 to 0.3 (ACr=0.1). The goal is to partition AR into the effects of the precipitation (ARr )
and runoff coefficient (AR ), provided that P and Cr are independent. We have a function R = PCr and
its partial derivatives oR/oP=Crand 6R/dCr=P. Given a path L along which P and Cr change and using
Eq. (3), the LI method evaluates AR andARc: as:

ARcx = j &R / 6CrdCr = j PdCr and ARe = j AR/ 6PdP = j CrdP  (C1)
L L L L
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The result differs depending on L but the sum of ARe and ARc: uniformly equalsAR . This
dynamic iskwit-be demonstrated using Fig—{€}Fig. 3, in which we considered that the x-axis
represents Crand the y-axis P. Point A denotes the initial state (Cr = 0.2, P = 600) and point C the
terminal state (Cr = 0.3, P = 650). | calculated ARr and ARc: along three fictitious paths as follows:

1) L=AC. Line segment AC has equation P = 500Cr + 500,0.2<Cr<0.3. Let’s take Cr as the
parameter and write the equation in the parametric form as P = 500Cr + 500, Cr = Cr,0.2<Cr<0.3. By
substituting the equation into Eq. (C1), we have:

ARc:= [ _PdCr = [ (500Cs +500)dCr = 62.5
AC 0.2

ARe=[ _CedP=[ _Crd(500Ck+500)=500] CedCa=125
AC AC 0.2

2) L=AB+BC. To evaluate on the broken line, we can evaluate separately on AB and BC and then sum
them up. The equation for AB is P = 600,0.2<Cr<0.3, and-while for BC is Cr= 0.3, 600< P <6506
BC. Notes that a constant Cror P implies that ddCr = 0 or ddP = 0. Eq. (C1) then becomes:

AR=[  PdCa=| PdCe+[ PdCe= j;; 600dCr +0 = 60

AB+BC

650
ARp =j CrdP :j CrdP + j CrdP =0+ j 0.3dP =15
AB+BC AB BC 600

3) L=AD+DC. The equation for AD is Cr= 0.2, 600<P <650 and is P = 650, 0.2<Cr<0.3 for DC.
ARr and ARcs are evaluated as:

0.3
ARCR:j PdCr = j PdCr + J’ PdCr =0+ j 650dCr = 65
AD+DC AD DC 0.2

650
ARp :j CrdP :j CrdP + j CrdP :j 0.2dP+0=10
AD+DC AD DC 600

As we-expected, the sum of ARr and ARcr persistently equals AR although ARe and ARcr varies
with L.

Appendix D: Mathematical proof of the path-averaged sensitivity Derivation—of

= AP E 0

If we-partition-the interval [xo, xn] in Fig—{e)Fig. 3 is partitioned into N distinct bins of the same
width Axi =Ax/N. Eq. (3a) can then be rewritten as:

N-1 N-1
a PIRACHD) Dok
— —h VS S H . i=0 _ H i=0 _
AZi= J.L fx(x, y)dx = Ili'g; (., y) Axi = lim N A . = Axlim T AxAAX
N
. 2 fx(xi, yi)
where ﬂleing':lT, denoting the average of fx(x, y) along the curve L. Likewise, we have

AZy = AyAy, where Ay denotes the average of fy(x, y) along the curve L. As a result-we-have:
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AZ = 2dX+ AyAY (D1)
The result can readily be extended to a function of three variables. Applying the mathematic
derivation determined above to the MCY Equation-equation results in a precise form of Eq. (7):

AR = ARp + ARes+ ARy = ApAP + AeAE0+ AN, (D2)
where ARe=ArAP, AReo=AeAEo, ARn=2:An, and A», Aeo and A denote the arithmetic mean of 6R/eP,
oR/Eo, and oR/én along a path of climate and catchment changes, respectively. Because Ap = ARe/ AP,

Aeo=ARes/ AEo, and An=AR:/ AN, Ap, Aes and in also implies-imply the runoff change due to a unit
change in P, Eo and n, respectively.

Appendix E: Path-averaged sensitivity in one-dimensional cases

Given a one-dimensional function z=f(x) and its derivative f'(x).We assumed that f’(x)averages.

A Y —

o
o z f'(x)
Axover the range (X,X+AX)  ie. Ax= “ngi:lT' According to the mean value theorem for integrals,

A A A A

BB TR : 24K (BIA) Times New Roman, (F13Z) Times

New Roman

BETHR: K Times New Roman, {if}

RETHER: 2 58

WK g BT 2.95 2

BABEER

\

A :J.:w f'(x)dx/ Ax . In terms of the Newton-Leibniz formula, LMX frO)dx=f (x+Ax)— f(X)=Az.

Thus, we obtain: _ Ax=Az/AX,

A A 4

BETHR: P (P RIK, /N, FHRRE: BE

BABOEHR

BABOEHR
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Table 1. Summary of the long-term hydrometeorological characteristics of the selected catchments?

Catchment Area R P E n Al Reference | Evaluation | The-Last final
No. (10ckm?) 0 Period Period Subperiod
1 391 218 | 1014 | 935 | 3.5 | 0.92 | 1933-1955 | 1956-2008 | 1998-2008
2 16.64 |32.9| 634 | 1087 | 3.16 | 1.71 | 1979-1984 | 1985-2008 | 1999-2008
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3 559 183 | 787 | 780 | 2.68 | 0.99 | 1960-1978 | 1979-2000 | 1993-2000
4 606 73 | 729 | 998 | 3.07 | 1.37 | 1971-1995 | 1996-2009 | 2003-2009
5 760 77.9 | 689 | 997 | 2.66 | 1.45 | 1970-1995 | 1996-2009 | 2003-2009
6 502 57.2| 730 | 988 | 3.59 | 1.35 | 1974-1995 | 1996-2008 | 1996-2008
7 673 431 | 1013 | 953 | 1.34 | 0.94 | 1947-1955 | 1956-2008 | 1998-2008
8 390 139 | 840 | 1021 | 2.61 | 1.22 | 1966-1980 | 1981-2005 | 1995-2005
9 1130 | 20.7 | 633 | 1077 | 3.79 | 1.7 | 1972-1982 | 1983-2007 | 1997-2007
10 3.2 375 | 631 | 954 | 3.49 | 1.51 | 1989-1991 | 1992-2009 | 1999-2009
11 1.95 111 | 767 | 901 | 3.06 | 1.18 | 1990-1992 | 1993-2005 | 1993-2005
12 89 272 | 963 | 826 | 2.82 | 0.86 | 1958-1965 | 1966-1999 | 1987-1999
13 243 38.5 | 735 | 1010 | 4.27 | 1.37 | 1989-1995 | 1996-2007 | 1996-2007
14 56.35 | 65.8 | 744 | 1007 | 3.35 | 1.35 | 1989-1995 | 1996-2008 | 1996-2008
15 14484 | 385 | 893 | 1022 | 1.11 | 1.14 | 1970-1989 | 1990-2000 | 1990-2000
16 38625 | 461 | 985 | 1087 | 1.03 | 1.1 | 1970-1989 | 1990-2000 | 1990-2000
17 59115 | 388 | 897 | 1161 | 1.02 | 1.29 | 1970-1989 | 1990-2000 | 1990-2000
18 95217 | 371 | 881 | 1169 | 1.03 | 1.33 | 1970-1989 | 1990-2000 | 1990-2000
19 121,972 | 171 | 507 | 768 | 1.17 | 1.52 | 1960-1990 | 1991-2000 | 1991-2000
20 106,500 | 60.5 | 535 | 905 | 2.25 | 1.69 | 1960-1970 | 1971-2009 | 1999-2009
21 5891 |34.4 | 506 | 964 | 2.54 | 1.91 | 1952-1996 | 1997-2011 | 2004-2011

3R, P, and Eo represents_the mean annual runoff, precipitation and potential evaporation, all in 10-m mm
yrt. n (dimensionless) is the parameter representing catchment properties in the MCY equation. Al is the
dimensionless aridity index (Al = Eo/P). Data of Catchments 1-14 were derived from Zhang et al. (2010).
Data of Catchments 15-18 were from Sun et al. (2014). Data of Catchments 19-21 were from Zheng et
al. (2009), Jiang et al. (2015), and Gao et al. (2016), respectively. | used the change points given in the
literatures to divide the observation period into the reference and elevation periods. The LI method further
divides the evaluation period into a number of subperiods. The column “The—tast final Subperiod”
denotes the-last_final enesubperiod, which—whieh-_was used as the evaluation period for the total
differential method, the decomposition method and the complementary method. The bold and italic rows
denote that the column “Evaluation Period” is the same as the column “The-kast final Subperiod”.
PCatchments 1-14 are in Australia and the others are in China. 1: Adjungbilly CK; 2: Batalling Ck; 3:
Bombala River; 4: Crawford River; 5: Darlot Ck; 6: Eumeralla River; 7: Goobarragandra CK; 8: Jingellic
CK; 9: Mosquito CK; 10: Pine Ck; 11: Red Hill; 12: Traralgon Ck; 13: Upper Denmark River; 14: Yate
Flat Ck; 15: Yangxian station, Hang River; 16: Ankang station, Hang River; 17: Baihe station, Hang
River; 18: Danjiangkou station, Hang River; 19: Headwaters of the Yellow River Basin; 20: Wei River;
21: Yan River.
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656  Table 2. Comparisons of R (mm yr?), P (mm yr?), Eo (mm yr?), and n (dimensionless) between the
657  reference and the evaluation periods?

Catc'\:gr.lent Ry R> Py P Eor En ni | no | AR | AP | AEo | An
1 223 | 216 | 959 | 1038 | 950 | 928 | 2.7 |41 | -72 | 792 | -21 |14
2 406 | 31 655 | 629 | 1087|1087 | 3 |32 | -9.7 | -27 0 102
3 249 | 127 | 847 | 736 | 780 | 780 | 23|32 |-122 | -112 | 0.4 | 0.9
4 90.6 [ 415 | 753 | 685 | 1002 | 989 | 2.9 |37 | -49 | -67 | -13 |08
5 949 | 46.3 | 718 | 633 | 1000 | 992 25| 3 | 49 | -85 -9 105
6 70.8 | 343 | 756 | 687 | 989 | 987 [ 34|41 -36 | -69 -2 |06
7 575 | 406 | 1123 | 995 | 931 | 957 |11 )14 ]-169 | -128 | 25 | 0.3
8 139 | 139 | 871 | 821 | 1043|1008 |2.7 25| -04 | -50 | -35 | O
9 24.1 1192 | 659 | 621 | 1100 | 1067 [ 3.7 38| 49| -37 | -33 | 0.1
10 116 | 24.3 | 588 | 638 | 927 | 958 | 1.7 |42 | -92 | 504 | 31 |25
11 297 | 68 | 986 | 716 | 884 | 905 | 23|36 |-229|-271 | 22 |13
12 301 | 265 | 992 | 956 | 820 | 828 [ 27|28 -36 | -36 | 74 | 0.1

13 485|326 | 752 | 725 | 991 | 1021 |42 |44 | -16 | -28 | 30 | 0.2
14 90.4 | 52.6 | 753 | 739 | 991 [ 1015|2937 | -38 | -14 | 24 |08
15 435 | 295 | 948 | 795 | 1008 | 1047 11|12 |-139 | -153 | 38 | 0.1

16 520 | 353 | 1035 | 894 | 1074 | 1109 | 1 |1.2|-167 | -141 | 35 | 0.2
17 441 | 291 | 939 | 820 | 1149 11182 | 1 |[1.2|-151 | -119 | 33 | 0.2
18 412 | 296 | 913 | 821 | 1163 |1179 | 1 |11 |-116| -92 | 15 | 0.2
19 180 | 144 | 512 | 491 | 774 | 751 |11|13] -36 | -21 | -23 | 0.2

20 90.2 | 52.1 | 585 | 520 | 895 | 908 | 21|23 | -38 | -65 | 13 | 0.2
21 377246 | 521 | 462 | 954 | 995 |26 |25 -13 | -59 | 41 | O
658  ®The subscript "1" denotes the reference period and "2" denotes the evaluation period. AX=X.- X1 (Xas a
659  substitute for R, P, Eo, and n).
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77 Table 3. Effects of precipitation (ARe ,A10'3mmm yrl), potential evapotranspiration (ARes ARer, 10°mm (BRETHR: 3k 0

78 yr'), and catchment- changes (ARs-aRw, 10-°mm yr) on the mean annual runoff resulting-determined from (BRBEER

79 the four evaluated methods [iﬁﬁmaﬁﬁ
Decomposition | Total Differential Complementa
Cat;gn:lent LI Method Metphod Method I\I/)[ethod i
: ARP AREn ARn ARn ARP ARED ARn ARP ARED ARn
1 -70.9 | -8.99 | -24.3 -44.6 67 | 4.82 | -62 | -60.7 | 4.34 | -47.3
-6.49 | 095 | -9.74 -9.65 72 | 1.3 | -13 | -6.23| 1.13 | -10.2
3 -89 | 259 | -140 -128 -104 | 26.6 | -483 | -88 | 25.7 | -140
4 -18.1 | 2.09 | -35.4 -36.3 -18 | 237 | -58 | -14.8 | 1.99 | -38.5
5 27.9 | 1.14 | -21.3 -18.6 -34 | 118 | -27 | -28.1| 097 | -20.9
6 -19.9 | 029 | -16.7 -14.9 24 | 036 | 22 |-19.9 | 029 | -16.7
7 211 | -7.19 | -101 -90.9 2236 | -6.9 | -134 | 211 | -6.21 | -102
8 2322 | 123 | -144 -12.6 235 | 12,6 | -15 | -329 | 119 |-133
9 -11.8 | 3.02 | -9.96 -8.45 -13 | 0.85 | -20 | -8.76 | 0.56 | -10.5
10 19.47 | -5.61 | -119 -96.5 0.91 | -10 | -291] 0.56 | -6.53 | -99.1
11 -150 | -7.46 | -71.8 -60.7 -188 | 9.4 | -113 | -144 | -7.04 | -78.3
12 -9.88 | -3.99 | -79.2 -82 -11 | -0.5 | -154 | -10.8 | -0.57 | -81.6
13 -6.98 | -4.36 | -4.54 -4.21 8 | 5.1 |-52| -7 |-438]|-451
14 -4.84 | -4.42 | -28.7 -27.9 56| -5 | -37 | -4.85| -44 | -28.6
15 -104 | -8.56 | -24.8 23 -110 | 9.4 | -27 | -103 | -8.52 | -25.1
16 -99.3 | -7.99 | -58.8 -56 -105 | -83 | -68 | -99 |-7.92 | -59.1
17 -78.8 | -6.26 | -63.9 -61 -84 | 6.5 | -76 | -78.6 | -6.2 | -64.2
18 -60.1 | -2.79 | -53.5 -52 64 | 29 | 62 | -60 |-2.77 | -53.6
19 -11.9 | 3.89 | -27.6 27 -12 | 381 | -31 | -11.9 | 3.85 | -27.5
20 27.5 | -2.46 | -18.5 -17 31 | 44 | 26 | -25.5|-3.47 | -19.5
21 -10.4 | -3.47 | -2.11 3.4 99 | 48 | 4.8 | -8.27 | -3.86 | -3.82
680  ®The bold and italic numbers denote that the evaluation period comprises a single subperiod.
681
682
683
684
685
686
687
688
689
690
691
692
693

21



694

ko5

o6

697
698
699

700

701

702
703
704
705
706
707

Table 4. Comparisons of the path-averaged sensitivities with the point sensitivities of runoff®?
Catchm- e | Aee | Ao | At | Akt | Ant

21| 021]-0.06|-29.2|0.234| -0.09 | -34

2 2p (10%mm-102mm™), - e, (10°m 10°m—mm-—mm™), and 4. (dimensionless) represent the path-
averaged sensitivities of runoff to precipitation, potential evaporation, and catchment properties (see
Appendix D). If the evaluation period eemprises-comprised only one subperiod, A, Ae and Jn was
calculated as: 4r=ARe/ AP, Ae.= AR/ AE,,and An=AR:/An. If the evaluation period eomprises-comprised

N>1 subperiods, the equations becemebecame: zp:Z\ARP.\/Z\AP.\ , AED:—Z‘AREM‘/Z‘AEM‘ , and

Jn= —Z\ARn.\ / Z\An.\ where the subscript i denotes the ith subperiod.

i=1

b Ap, /150 and An represent the point sensitivities of runoff of the total differential method , —Fhe

subseript-frepresentsa-forward-approximation-e-which was calculated by substituting the observed
mean annual values of the reference period |nt0 Eq (2)4e£aleela{ethe—sens|{wmes— Wh+le— the

ao a-apo 1A

22

ent NO.
11]0.68 |-0.55 -17 1 0.621 | -0.39 | -71.8 “
2| 02|-0.08|-27.3|0.227 -0.1 | -30.9
31058 |-0.36|-26.7| 0.68| -0.42 -79
4| 03]-0.16|-30.5| 0.39 -0.2 | -50.1
51033 |-0.14 | -43.1 | 0.394 | -0.19 | -59.4
61029 |-0.16 | -26.5 | 0.352 -0.2 | -34.9
71071 |-0.32 | -223 | 0.781 | -0.33 | -299
81049 |-026|-77.9 | 0478 | -0.27 | -64.9
910.16 | -0.07 | -11.8 | 0.161 | -0.07 | -17.6
10 | 0.27 | -0.12 | -40.9 | 0.45| -0.16 | -99.9
11 [ 0.55 | -0.35 | -56.1 | 0.695 | -0.44 | -83.2
121 0.72 | -0.45 | -57.3 | 0.74| -0.53 | -61.1
131 0.25(-0.15|-19.8| 0.29| -0.17 | -22.5
14034 | -0.18 | -37.2 | 0.393 | -0.21 | -48.6
151 0.68 | -0.22 | -275|0.719 | -0.25| -303
16 | 0.7|-023| -326|0.745 | -0.24 | -378
17 1 0.66 | -0.19 | -320 | 0.708 -0.2 | -378
18 1 0.65 | -0.19 | -315| 0.692 | -0.19 | -363
191 0.58 | -0.17 | -153 | 0.602 | -0.17 | -175
20| 0.32 | -0.12 | -50.1 | 0.402 | -0.16 | -69.6
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Az Az Az #Az v
z=f{x) Az z=f{x) Az z=f{x) A\z=Az,
Az‘
Az,=ds
. | . .
: 4 : /[ : A
x xtAx x x+Ax ¥ x+Ax
(@) (b) (c)
¥ -
b My, o
R change due to catchment M.,
change M, .
Ax,
R R R change due to ¥ L
AR climate change
M,
M,
Past-change period
curve
it B

A AFEM,

A factor affecting R

Fig.-+1. For a non-linear function z= f(x), the total differential method (a) and the complementary method

Climate factors X X X,

(b) fails to accurately estimate the effect ()ﬂ) of x on z when x changes bv‘A_x, but the L1 method (c)

BABEER

does. For a univariate function, the z change is exclusively driven by X, so that Az should be equal to Az.

BABEER

RETHER: i 5p

Azx=Az in (c) but not in (a) and (b). Axin (c) represents the average sensitivity along the curve AC and

Ax=Az/AX_ see Appendix E for details.

23

\ O\

RETHER: i 5p

NELCEET:

BABOER

BABOER

BABOER

(
(
[
(
(
(
(
(

WABEER

o A L




720
721
722
723

724
725
726

727
728
729

732
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D
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Fig. 2.A schematic plot to illustrate the decomposition method. Pont A denotes the initial state (the
reference) and Point C denotes the terminal state (the evaluation period). R2 represents the mean annual

runoff of the evaluation period, and R, _the mean annual runoff given the climate conditions of the

evaluation period and the catchment conditions of the reference period. See Section 2.4 for details.
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Fig. 3. A schematic plot illustrating the LI method.
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Fig—2Fig. 4. Comparisons between the LI method and the decomposition method. (a) Comparison of the
estimated contributions to the runoff changes from the catchment changes ( ‘A_RHARW); (b) the
decomposition method is equivalent to the LI method that assumes a sudden change in catchment
properties following climate change. In this case, the integral path of the LI method is-can be considered
as the broken line AB+BC in Fig—1{c)Fig. 3 (x represents climate factors and y catchment properties, i.e.

n)and AR, = |

AB+BC

0l

R
o]

AB on

Rin+ [,

OR
—dn =
0

n

AR, by decomposition method (mm yr-')

0 +j Rin- J"Z fa(P2, Ecz, n)dn , where the subscript "1"
BC 6” ni

denotes the reference period and "2" denotes the-tast final subperiod of the evaluation period.
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Fig—3Fig. 5. Comparisons of the estimated contribution to runoff from the changes in (a) precipitation
(ARe-4Rw), (b) potential evapotranspiration (ARe.-ARer), and (c) catchment properties (AR«-ARy) between
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Fig—6Fig. 8. Boxplots showing the temporal variability of the path-averaged sensitivities of water yield
to precipitation ( Ar ), potential evapotranspiration ( Ae ), and catchment properties (4n). D (%) was
calculated as the relative difference between the sensitivity of the whole evaluation period and that of a
subperiod. In the calculations, | excluded the catchments that had awhesen evaluation periods were-rot
leng-eneugh-te-compriseing only one fwe-er-mere-subperiods. The Bex-boxes spans the inter-quartile
range (IQR) and the solid lines are medians. The W whiskers represent the data range, excluding statistical
outliers, which extend more than 1.51QR from the box ends.
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Predicted by Eq. (2) with a constant n (n = 23-), (d)-(f) predicted by the regression equations established

LEing P and Eo: 1r=0.0011P-0.0006E0+0.21 (R?=0.7), A& =0.0007P—0.0007E0—0.38 (R?=0.87), and
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only the aridity index, as shown in Fig—7Fig. 9 (d), (h) and (I). MAE was calculated using the same

procedure as fer-in Fig—8Fig. 10.
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