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about the number of model parameters. | fully agree with his assessment that the
manuscript requires a revision to address these issues.
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1. move the detailed model description and tables of parameter values to an appendix and
only focus on the essential model components and linkages in the main text. This will
make the manuscript more readable to the readers.

Response: Done. The detailed dependent relationships are moved to the Appendix A. The
table of parameter values is moved into the nomenclature.

2. reduce the number of model parameters. If you set some parameters to 1, throw them
out of the documentation because you do not need them (unless you demonstrate and
discuss their importance, but I did not see this in the manuscript).

Response: Done. The parameters, A whose values are set to 1.0, are removed from the
manuscript.
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decreased or increased by 10%, respectively, to assess the effect on the system quasi-
steady state and the results are listed in Table 5 and Table 6. k. has significant effects on
the vegetation cover of the lower reach (VcL) and slight effects on the other quasi-steady
states. In the ecological sub-system, economic sub-system and social sub-system, the state
variables are governed by logistic type equation, whose characteristics have been
investigated by many scholars (Levins and Culver, 1971; Tilman, 1994; Tsoularis and
Wallace, 2002). Because the interactions between the sub-systems will affect the
colonization rate and mortality rate, the colonization rate only changes in the range from
0 to gvuo and mortality rate change in the range from myy; to myyy, taking the vegetation
cover of the upper reach as an example. The evolution process and quasi-steady states
are determined by the colonization rate, mortality rate and carrying capacity (i.e. the
maximum of the variable, such as Vcmu). The parameters of the vegetation cover of the
upper reach(Vcy) are decreased or increased by 10% to assess the effects on the quasi-
steady states of the system and the results are shown in Table 5 and Table 6. Vcuy and
gvuo have marked effect on the quasi-steady states of Vcy and Ve, because the change of
the Vcy induces the change of the outflow from the upper reach. The gquasi-steady states
are not sensitive to the other parameters. The results are consistent with the performance
of the parameters in the modeling calibration. These two types of parameters, i.e. growth
rate (such as gvuo) and maximum of the variable (such as Vcmu), have important effect of
the quasi-steady states. The parameters of the other state variables have similar
performance and will be quantitatively analyzed in the future work.

4. the results associated with Fig. 12 and 13 should be moved to the results section. For
these scenarios, it would also be important to find out how robust the simulations are and
which parameters are the most important to affect the result.

Response: Done. The analysis of the quasi-steady states of the baseline model and
revised model are moved to the results section. Some of the parameters are analyzed. The
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mortality rate and carrying capacity (i.e. the maximum of the variable, such as Vemu).
The colonization rate (go) and carrying capacity (the maximum of the variable) are the
most important to affect the result. It is discussed in the section of ““Sensitivity analysis”.

I think that these points need to be addressed and will, obviously, require some work.
However, | believe that these revisions will improve the manuscript and make the
insights more accessible to the reader. I look forward to seeing the revised version of the
manuscript.
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The list of the main changes in the revised manuscript
1. The detailed dependent relationships are moved to the Appendix A.

2. The table of parameter values is moved into the nomenclature.

3. The parameters, 4, whose values are set to 1.0, are removed from the manuscript.

4. The analysis of the quasi-steady states of the baseline model and revised model are
moved to the results section. (Section 4.3)

5. The sensitivity of the parameters in the model is discussed in Section 4.4.

6. Highlight the motivation of the study in the Introduction. Co-evolution of the
hydrological and associated systems (including society, economy and ecology) needs to
be recognized and incorporated within a suitable modeling approach, in order to predict
their reaction to future human or environmental changes (Montanari et al., 2013), which
is the aim of this study.

7. Highlight the insights of the study in the Conclusions.

All of the main changes are shown as the following.
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Abstract

The complex interactions and feedbacks between humans and water are very essential issues
but are poorly understood in the newly proposed discipline of socio-hydrology (Sivapalan et
al., 2012). An exploratory model with the appropriate level of simplification can be valuable
to improve our understanding of the co-evolution and self-organization of socio-hydrological
systems driven by interactions and feedbacks operating at different scales. In this study, a
simple coupled modeling framework for socio-hydrology co-evolution is developed for the
Tarim River Basin in Western China, and is used to illustrate the explanatory power of such a
model. The study area is the mainstream of the Tarim River, which is divided into two
modeling units. The socio-hydrological system is composed of four parts, i.e., social
sub-system, economic sub-system, ecological sub-system, and hydrological sub-system. In
each modeling unit, four coupled ordinary differential equations are used to simulate the
dynamics of the social sub-system represented by human population, the economic
sub-system represented by irrigated crop area, the ecological sub-system represented by
natural vegetation cover and the hydrological sub-system represented by water storagestream
djgeba@e. The coupling and feedback processes of the four dominant sub-systems (and
correspondingly four state variables) are integrated into several internal system
characteristics interactively and jointly determined by themselves and by other coupled
systems. For example, the stream-dischargewater storage is coupled to the irrigated crop area
by the colonization rate and mortality rate of the irrigated crop area in the upper reach and the
irfigated area is reversely coupled to water storagestream-diseharge through irrigation water

cansumption. In a similar way, the water storagestream—discharge and natural vegetation
cover are coupled together. The irrigated crop area is coupled to human population by the

colonization rate and mortality rate of the population. The inflow of the lower reach is
determined by the outflow from the upper reach. The natural vegetation cover in the lower
reach is coupled to the outflow from the upper reach and governed by regional water
resources management policy. The co-evolution of the Tarim socio-hydrological system is
then analyzed within this modeling framework to gain insights into the overall system
dynamics and its sensitivity to the external drivers and internal system variables. In the
modeling framework, the state of each subsystem is holistically described by one state
variable and the framework is flexible enough to comprise more processes and constitutive
relationships if they are needed to illustrate the interaction and feedback mechanisms of the
human-water system.

Keywords: socio-hydrology, evolution, socio-hydrological evolution processes, Tarim River
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1. Introduction

In the emergent Anthropocene, the competition for water between humans and the
environment leads to the complex interactions between hydrologic and social systems. They

plays a fundamental role in the past co-evolutionary behavior ofhew the twe—coupled

human-nature system_s—human/sectaland—hatural—have—co-evelved—in—the—past-and_its
possible future trajectories—ef-their—eo-evolution. Furthermore, the situation of interactions
Fhe—tnteractons—between—the-hydrologicand-social-subsystems—areis always changing_as
sqcial and natural conditions change,;—generating. It generates new connections and, in
particular, more significant feedbacks-whichfeedbacks that need to be understood, assessed,

odeled and predicted (Montanari et al., 2013). Secie-hydrology-is-a-new-trans-disciphnary

m
hygman-water-systems—{(Sivapalan—et-al—2012)—Nevertheless Hrin traditional hydrologyfaet,
th

ese-the impertant-feedback mechanisms between the hydrological and social processes are

often ignored—in—traditional—hydrelogy. For example, water consumption activities and
landscape changes driven by humans are usually prescribed as external forcing in hydrologic

models (Sivapalan et al., 2012) under the assumption of stationarity (Milly et al., 2008; Peel
and Bloschl, 2011). In reality, especially in the long-term, human actions in respect of water
turn out to be internal processes of the coupled socio-hydrologic system that are not static,
but are dynamic and constantly evolving. In traditional research on water resources
management, on the other hand, they remain static and externally prescribed. For instance, in
the science of integrated water resources management (IWRM) the future state(s) of the
coupled system are predicted by a “scenario-based” approach that does not account for the
co-evolutionary dynamics of the coupled human-water system (Sivapalan et al., 2012).
Consequently, possible future trajectories of the human-water system could not be fully
explored or predicted. Therefore socio-hydrology is proposed as a new trans-disciplinary

field aimed at understanding and predicting the dynamics and co-evolution of coupled

hiuman-water systems (Sivapalan et al., 2012). Based on the successful development of

hydrological model in the traditional hydrology with the motivation to identify the limitation

of our understanding of the hydrological processes, the research method of numerical

miodeling is introduced into the socio-hydrology. In this paper, a socio-hydrological modeling

framework is set up to explore the limitation of our knowledge of the complex interactions

between hydrologic and social systems, and investigate potential ability of the simple

miodeling framework to predict the possible future trajectories of the human-water system.
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e e e
However, Fthe explicit and detailed description of the interactions between hydrology

and society is realy—rather difficult because society itself is a rather—complex nonlinear

dynamic system. At the current state of development of socio-hydrology, the interactions and
associated feedback mechanisms between hydrological and social processes remain largely
unexplored and poorly understood (Di Baldassarre et al., 2013a). In a river basin context, we
are not yet in a position where the description of social processes in a coupled
socio-hydrologic model can match the level of detail in traditional hydrologic models such as,
fgr example, SWAT (222Arnold et al., 1998) and THREW (Tian et al., 2006, 2008;—Fan;
2006:-Meu-et-al2008). However, there is considerable value in the development and use of
simpler, coupled models to improve our understanding of such complex systems. The

simplification will be aimed at capturing the most important eeupling—inter-dependent

relationships, and leaves out much of the perhaps unnecessary detail. This is a practice
widely adopted in many other inter-disciplinary fields. For example in ecohydrology, Levins
and Culver (1971) introduced the logistic function to describe the vegetation dynamics,

which borrowed adaptingfrom —similar—approaches—used—to-deseribe—population dynamies

mpodels (Tsoularis and Wallace, 2002). Baudena et al. (2007) introduced the role of soil

mpoisture into the colonization and extinction rates of vegetation also in the form of a logistic
function: in this way soil moisture dynamics is coupled to vegetation dynamics. Lin et al.
(2013) developed a simplified but still comprehensive ecohydrological model with pulsed
atmospheric forcing to analyze their non-trivial dynamic behaviors both qualitatively and
numerically, and confirmed the existence of multiple stationary states. In the case of the

Sccialsﬁtemscience, ne 3'-_nn nve '-3 na alfalds ala aTala alaValate aYaiiViV/aValaMlalNTaal-Ta
populations and natu many

researchers have intensively studied the interactions and feedbacks between human society

and natural resources by using simple constitutive relations. For example, Brander and

Taylor (1998) presented a model of renewable resource and population dynamics in the form
of a predator-prey model, with humans as the predator and resources as the prey. They
applied this model to the historical situation in Easter Island to show that plausible parameter
values generate a “feast and famine” pattern of cyclical adjustment in population and
resource stocks that may have occurred there. D'Alessandro (2007) studied the long-term
d)l'namic interactions between the exploitation of natural resources and population growth by
the Schaefer harvesting production function and found a multiplicity of steady states, which
made it possible to consider the effects of technological advances, and cultural and climate
changes on the resilience of the existing development pathways. Good and Reuveny (2009)
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coupled an ecological-economic model of human-resource interaction with endogenous
population growth to economic growth theory. Good and Reuveny (2009) used this model to
study the abrupt collapse of the Sumerian, Maya, Rapanui and Anasazi peoples and attributed
the breakdown to anthropogenic environmental degradation: however, in this case resource
use was not explicitly incorporated in their model.

In a socio-hydrologic context, water is the key limited resource that is at the center of
¥h|eLsystem dynamics. An important part in the understanding of socio-hydrologic processes is
to know which way the water is flowing and why this is so (Sivapalan et al., 2012). Kallis
(2010) studied the co-evolution of water resource development in Athens, Greece, and found
that water supply appears as the response to an insatiable demand, exogenous to the water
system, and that water supply and demand in fact co-evolve, new supply generating higher
demands, and in turn, higher demands favoring supply expansion over other alternatives.
While socio-hydrology is a new scientific discipline, one of its three areas of enquiry, process
socio-hydrology, is aimed at gaining more detailed insights into causal constitutive
relationships relating to human-water system exchanges (Sivapalan et al., 2012). There have
been several pioneering studies that have shown considerable potential in this direction (Di
BFIdassarre et al., 2013a; Di Baldassarre et al., 2013b; van Emmerik et al., 2014). For
example, Di Baldassarre et al. (2013b) developed a simple dynamic model to represent the

interactions and feedback loops between hydrological and social processes in the case of
flooding, and found that a simple conceptual model is able to reproduce reciprocal effects
between floods and people and the generation of emergent patterns from the coupled system
dynamics._van Emmerik et al.(2014) presented a parsimonious, stylized, quasi-distributed

caupled socio-hydrologic system model, that simulates the two-way coupling between human

and hydrological systems, to mimic and explain dominant features of the pendulum swing in

the Murrumbidgee River basin.

To show the coupled co-evolution of a socio-hydrological system over a long time frame,
Fhethe Tarim River Basin in Western China is an excellent example te-show-the-coupled
eg-evolution-of-a-socio-hydrological-system-over-along-timeframe-(Liu et al., 2014). The

during the same period +s-was 2630.0 mm at Tieganlike, located in the lower
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(Zhou et al., 2012). In the Tarim River Basin, humans are heavily engaged in agricultural

pjoduction (other industries will be ignored here because almost no other major industry
ists in the Tarim River Basin apart from agriculturefer—a-start)-whieh), which is highly

dependent on the use of water from the Tarim River. In the long history of the Tarim Basin,

e

human populations and their agricultural activities depended exclusively on the water from
the Tarim River, and constantly moved with the river as it migrated periodically in response
to climatic variations (Liu et al., 2014). In the last 60 years, due to the dramatic increase of
irrigated agriculture, the lower reach of the Tarim River has nearly dried up (Deng, 2009),
causing the riverine ecosystem to degrade. In order to restore the ecology of the lower reach
of the Tarim River, the water allocation policy of river basin management for the Tarim Basin
was revised and increasingly more water has been released into the lower reach since 2000
(Chen et al., 2010; Liu et al., 2012b). The adjustment of the water allocation policy can be
seen as a response of the social system back to the ecohydrological system and represents a
negative feedback in response to the ecologic degradation of the lower reach. In this way, for
example, vegetation cover of the lower reach is coupled to the streamflow from the upper
reach, thus closing the socio-hydrological feedback loop. At the river basin scale, and on long
time scales, the streamflow, vegetation cover, human population and the irrigated crop area
could be exchanged between the upper and lower reaches, which are the key co-evolutionary
processes associated with the socio-hydrologic system. Co-evolution of hydrological and
associated systems (including society, economics and ecology) needs to be recognized and
incorporated within a suitable modeling approach, in order to predict their reaction to future
human or environmental changes (Montanari et al., 2013). This paper is aimed at developing
such a simple coupled model of the co-evolution of the coupled socio-hydrologic system for
the Tarim River Basin. The coupled model is then employed to explore the co-evolution of
the coupled social, economic, ecological and hydrological sub-systems with the use of
chosen constitutive relationships, which are then calibrated with the use of historic data.

The remainder of the paper is organized as follows. In the rext-sectionSect. 2-en-“study
atea—and-data”, details of the study area and the data used in the modeling are presented,
which is followed by the details and justification of the modeling framework adopted for the
Tarim River Basin_in Sect. 3. Results of model calibration and validation are presented next;
alpng with the results-ef-sensitivity analysis_in Sect. 4. The paper concludes with a-discussion
eftthe main results and recommendations for future research.
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2. Study area and data
2.1. Study area

Tarim River Basin (TRB) is located in Western China and experiences a hyper-arid climate
with annual precipitation of 50-100 mm only. It is the largest inland basin of China with an
area of 1,100,000 km? most of which is covered by the Taklimakan desert. There are four
tributaries of the Tarim River, namely Aksu River, Yarkand River, Hotan River, and Kongqi
River. The four tributaries serve as main source of water for the mainstream Tarim River,
which originates from the point of union of Aksu, Yarkand and Hotan Rivers (near Aral city
in western Xinjiang) and empties into a terminal lake (Taitema Lake). The overview of Tarim
River Basin and its river system are shown in Figure 1. For more details about TRB,
including especially the historical development of the coupled socio-hydrological system
within the TRB, please refer to Chen et al. (2010) and-the-paperby Liu et al. (2013).

In this study, we focus the-our modeling efforts on the mainstream part of the Tarim
Rjver, i.e., from Aral to Taitema Lake which_—forcomputationalreasons—is divided into 2
modeling units, i.e., the upper reach, from Aral (40°31'41"N, 81°16'12"E ) to Yingbazha
(41°10'28"N, 84°13'45"E), and the “middle and lower” reach (although shortened as the
lower reach hereafter in the paper), from Yingbazha to Taitema Lake. See Figure 2 for more

details about the discretization of the mainstream of the Tarim River into these two units.

2.2. Data

In this study the modeling period is from 1951 to 2010. Daily precipitation and pan
evaporation data from Aral and Tikanlik (40°38'N, 87°42'E) are-were derived-obtained from
trje data—set of SURF_CLI_ CHN_MUL_DAY V3.0 of the China Meteorological Data
Sharing Service System. Streamflow data at Aral and Yingbazha hydrological stations were
cc}llected from the local hydrological ageneybureau. Data on irrigated area and human
population size, which are supported by the mainstream of the Tarim River, have come from
several statistics yearbooks, including the Xinjiang Statistical Yearbook, Xinjiang Production
&lConstruction Group Statistical Yearbook, anre-the-Tarim Petroleum Annual, and Xinjiang
Fifty Years (1955-2005).

The NDVI (Normalized Difference \Vegetation Index) time series data of typical (or
representative) points near the main channel of the Tarim River are employed as the reference
values to the simulated regional vegetation cover. The NDVI data are extracted from MODIS

-7-
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products, "MODIS/Terra Vegetation Indices 16-Day L3 Global 250m SIN Grid V005"
(MOD13Q1), with quality control. The vegetation typical point in the upper reach (VPU) is

lo

cated at (40°57'40" N, 82°25'0" E) near Aral as shown in Figure 2. The vegetation typical

point (VPL) in the middle and lower reach is at (41°1'10" N, 86°14'0" E) near Qiala.

3.

3.

Modeling framework for socio-hydrology co-evolution

1. General description of the socio-hydrological system

The socio-hydrological system associated with the Tarim River Basin is a complex network

of multiple inter-connected processes, and in order to undertake the modeling with

th

e-state-of-the-art understanding of the system, we assume that:
(1) due-to-the Hmited-waterresources-of Farim-River—theThe land use types eentain-are
composed of irrigated crop fields, naturally vegetated landien and bare desert;
(2) Tthe water requirement of natural vegetation grewth-in the lower reach is mainly

satisfiedfed bymainhy-comesfrom the streamflow released from the upper reach;
(3) theThe released discharge from the upper reach is determined by inflow into the

(2

upper reach, degradation of natural vegetation status-in the lower reach, and the regional

water resources management policy.

y , astA; re—and—consequenthy—other
onomic #rdustries-sectors (e.q., industrial sector) are neglected in the—present-modeling
fortour economic system.

[he state variables of each unit are described as follows: -

) water-Water storage (W), in m>. W represents allocatable assigrable water resources of the.
odeling unit. \
) vegetation—\Vegetation cover (V¢), dimensionless, in [0, 1]. V¢ represents the natural

\:
th

getation cover, which is determined by the available ecelogical-water, and it is defined as
e ratio of the area covered by natural vegetation to the area of the modeling unit.

\
\

Table 1Table-1. Each modeling unit includes a hydrological system, an ecological system, - | ##=40:,
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(#) Hrrigated-Irrigated crop area ratio (R)), dimensionless, in [0, 1]. R, is defined as the ratio of
irrigated crop area to area of the modeling unit.
(4) Human population (N), in units of 10* persons.

In each modeling unit, four ordinary differential equations are used to describe the
d)llnamics of. the hydrological sub-system represented by water storagestream—discharge,
ecological sub-system represented by natural vegetation cover, economic sub-system
re|presented by irrigated crop area, and social sub-system represented by human population.
The area of modeling unit is noted as A. The subscript U of the symbol represents the upper
reach, and the subscript L of the symbol represents the lower reach.

3.2. Water balance of the hydrological sub-system
At the annual scale, we represent the dominant hydrological processy of the system in terms

of the water balance equation. The water balance equation for the upper reach is given by:

dw,
dt

= PUAU - EtU AUVCU - ECUAURIU - EbuAu(l_ch - RIU) +QinU _QoutU @

where, P is the annual precipitation, E; is the annual evapotranspirationevaperation from

natural vegetation-area, E. is the annual evapotranspirationevaperation from irrigated crop

atea, and Ep is the annual evaporation from the bare desert, all expressed in mm/yr. We
agsume that Fthe precipitation falling on the bare desert is assumed—to—be—completely
evaporated, i.e.,—

E, =kE,
Ec = kc Ep (2)
E,=P

where E, is the annual potential evaporation, also in mm/yr, k; and k. are the empirical
cgefficients to calculate the actual evaporation from natural vegetation and crop, respectively.

Qinu is the inflow to the upper reach, in m* yr, which is taken as the observed discharge at
Aral. Quuu is the outflow from the upper reach, in m% yr, and is determined by Qi.u, Wy, Ver
and other variables. In principle, Qquw could be calculated as
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Qo =% (Q,,) +a,W,)+0,(V,,) 3)

inflow_(Q, ), g2 will increase with W, i.e., assignable-allocatable water resource, and gs will

increase with vegetation cover of the lower reach, accounting for the wegetation

government environment protection policy-ef-riverbasinmanagement. As we do

not have the specific constitutive relationships for all three terms (i.e., g1, g2, and qz), Qoutu IS

calculated using the following simplified procedure, which could be refined in a future study.

If there is sufficient inflow from the headwaters, the streamflow will be released to the
lower reach after the water requirement for agriculture and natural vegetation are satisfied.
Otherwise, the outflow will be equal to the minimum outflow, i.e., kgQinu, in line with the
water allocation policy adopted in this region, and therefore the water requirement for
agriculture and natural vegetation will not be fully satisfied. Qo IS then given by:

QoutU = maX{PuAu - EtUAUVCU - ECUAURIU - EbUAU(l_VCU - RIU) +QinU’ kQQinU} 4

After the Qouu IS determined, natural vegetation water requirement may not be fully met and
th|e annual evapotranspirationevaperatien of the natural vegetation, i.e. Ey, is given by:

E,= max{ PoA —EuARy — EbuAu(l_ch _ RIU)+QinU _QoutU , Pu} (5)
ANVey

Finally, the annual evapotranspirationevaperation of the irrigated crop area, Ecy, is

E - PA ~ B AV — B Ay @=Vey —Riy) +Qiny — Qo
" ARy

(6)

In a similar way as above, the water balance equation of the lower reach is given by:

dw,
dt

=RA-E,AV, -E, AR - EbLAL(l_VCL - Rn_) +QinL ()

-10 -
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where, the definitions of the variables are similar to those in the upper reach in Equation
ng—la and Qinc Is equal to outflow from upper reach.

QinL = QoutU (8)

If| the water in the lower reach is sufficient, all of the assighable-allocatable water will be
evaporated on the bare desert after irrigated agriculture and natural vegetation are satisfied.
Otherwise, only the precipitation on the bare soil evaporates. Ey, is thus calculated as

Eb — maX{PLAL — EtLALVCL - ECLALRIL +QinL P } ©)
L ’ L

AL (1_VCL - Rn_)

If the inflow cannot fully meet the water requirement, natural vegetation water requirement
will not be fully satisfied and the minimum is the local precipitation. The annual
e\l}apotranspirationevape%a%ien of the natural vegetation, i.e., Ey, is given by:

E, = max{ PA-E AR -E A=V -R)+Qu , PL} (10)
AVl

Finally, the annual evapotranspirationevaperatien of the irrigated crop area, Ec, is given by:

E — RA-EAVe —EAQ-Ve —R)+Qu
N ARy

(11)

3.3. Natural vegetation dynamics of ecological sub-system

The dynamics of natural vegetation cover is described by Levins' model (Levins and Culver,
1971; Tilman, 1994), which is a logistic type equation (Baudena et al., 2007). The vegetation
dynamical equation has atready-been applied and validated in the Tarim River in {Liu et al._(;
2i12a,_b);—lzibl—et—alf29}2—b). The dynamical equation of vegetation cover of the upper reach
IS given by:

dVe,
dt

= JvuVeu Vemw —Veu) —MyVeu (12)

where, gy represents the colonization rate and my represents the mortality rate. Vewm
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355 represents the maximum of Vc. It could be determined by planning or by the following
356 equation:

357
available environmental water / water requirement per unit area
358 Veuy = g P (13)
A
359

360 The colonization and mortality rates of natural vegetation depend on the environmental water
361 supply. The dependent relationships are shown in Figure 3, which are described by the
362 following equations.

gy, = 9vuo
vu —
1+exp ( lewsuc ~ fewsu )
(14)
Myy, =My,
myy +Myy,

1+ EXp ( fewsu ~ Fewsuc )

363 where, gvu, Mvut, Mvuzs AggAmvgand rewsuc are the empirical parameters. rews is-can be

364 cansidered as environmental water supply ratio, i.e., the ratio of available environmental

365 water to environmental water requirement, and dimensionless, in [0, 1]. rewsuc is the critical
366 value of rewsu, where rewsy is defined as:

_ EuAVe T

EWSU — (15)
Weru

367 where, T is 1 yr and is equal to the time step of environmental water requirement, Wegy is

368 environmental water requirement.

369 Similarly, the dynamical equations of vegetation eeveragecover of the lower reach are™ |
370
dv,
dtCL = 0w Ve (VCML _VCL) —my, Ve, (16)
available environmental water / water requirement per unit area
Vewr = 17)
A
- 9vio
IVL
1+exp ( Tewsie ~ Fewst )
£8)

— My, =My m
EMo
1+exp ( lewst — Tewstc )

m
VL
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371 The dependent relationships of gy and my, are presented in Appendix A. The meanings of- -

e ‘\\

372 aII the symbols used above are reported in the separate Nomenclature presented at the end of\ %%i‘iﬁﬁ

373 the paper. T

R

374 WA
AR

375 3.4. Dynamic equations of economic sub-system and social sub-system

376 TLe evolution of the irrigated crop area is eaused-balanced by wasteland cultivation and
377 farmland abandonment. So the evolution process of the irrigated crop area can also be
378 described by the logistic type equation, whose form is similar to the vegetation dynamical
379 equation (Levins and Culver, 1971; Tilman, 1994). Good and Reuveny (2006, 2009) also
380 used the similar equation to describe the resource stock in the ecological-economic model of
381 human-resource interaction. Originally, the logistic type equation is introduced to simulate

382 thie growth of biological systems. Subsequently there have been a lot of applications of the

383 logistic model outside the field of bBiology also. As summarized by Tsoularis and Wallace

384 (2002), the logistic type equation has been used to describe the market penetration of many

385 neéw products and technologies, world energy usage and source substitution, an evolutionary

386 process of the industrial revolution. For this case, the evolution of the irrigated crop area is

387 diliven by wasteland cultivation and farmland abandonment, which is-correspondirgs to the

388 cglonization and mortality. We assume that this evolution —and-can be roughly described by

389 thie logistic type equation. The dynamical equation of irrigated crop area ratio of the upper

390 reach is
391

dR
| d;u = Oru9rauJrsu RIU (RIMU - RIU) — Mgy Moy Mesy RIU (1820)

392
393 where, gru, Grou and grau represent the eelenization—cultivation rate of new irrigated field.

394 MgRu, Mrou and Mgay represent the deselation-abondonment rate of current irrigated field.
395 Rimu represents the maximum of Ryy. It could be determined by planning or by

available irrigation water / water requirement per unit area

Ay

396 Ry = (1921)

397
398 The terms gru and mgy represent the impact of available water to the area of irrigated field.
399 The terms grou_and mgoy_represent the impact of natural vegetation cover of the upper reach

400 to the area of irrigated field through the environment protection policy. The terms grsy_and
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401
402
403
404
405
406

407

408
409

410
411
412
413

414

415
416
417
418
419

Rau_represent the impact of natural vegetation cover of the lower reach to the irrigated field

2

2 =%

P HF H

2 2

ea of the upper reach through the environment protection policy. The dependent

lationships are similar as shown in Figure 3, which are also deseribed—listed in the
ppendix A.
.
o= 9ruo “
1+exp(fwuc —fwy )
9 -
_ Mgy, = Meys m \
U T TTRUL \
1+ eXp(rwu - rWuc) %
Ieleu gRU-ga_mR-U-lu_mR-UQ 7i;gRU' 7L a Id l Wu—[-S—HCF[g-a-H-e-H Tddl i

m —m
Ru2 — TRUL

1+exp (ch _chc) e

Z2U
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__ Meayp = Mgays m
BU HIR3UT
1+exp (Ve —Veie)

420 Where-grausr MRauLMRsU2—AgmsyAmrau cLc-are-pararmeters—

421 Similarly, the dynamical equations of irrigated crop area ratio of the lower reach are «~ | £
422
dR,
dt = gRLgRZLRIL(RIML - RIL) - mRLrnRZL RIL (@26)
available irrigation water / water requirement per unit area
R = (2127)
A
a — 9ruo
JRL
1+exp(fue — )
28)
m  — Mg, = Mpiy m
RL RLI
1+exp( . —fwe)
E.AR,T
r — _—cL L
- 29
WIRL
a - OraLo
JRZL
1+exp (VCLCL —Va )
30)
m Meorz = Mraig "
RZL RZLT

1+exp (VCL —Veiel )

423 Apain, Fthe dependent relationships of gri, Mgri, Oro, and mgy _are described in the

424 Appendix A, and t—Fhe meanings of symbols are presented in the Nomenclature section later
425 in the paper.
426
427 In the socio-economic system, the dynamic evolution of the population is traditionally
428 simulated by the logistic type equation (Tsoularis and Wallace, 2002). Both of the growth
429 term and mortality term are dependent on the environment and agriculture. The dynamical
430 equation of the population of upper reach is
431

dN,,

dt

:gNUgNZUNU(NMU_NU)_mNUmNZUNU (223%)

432
433 where, gnu and gnou represent the colonization and migration rate of the human population.
434 myu and mygy represent the mortality and emigration rate. Ny represents the maximum of N.
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435 It could be assigned depending on the planning arrangements.
436
437 The terms gnuy_and myy_represent the impact of the environment, i.e. Vcy_to the -

438 population of the upper reach. The terms gnpu_and mppy_represent the impact of the

439 agriculture, i.e. Ryy_to the population of the upper reach. The dependent relationships efthe

440 popuation—en—the—enpvironment—e—Vcu,—are similar as shown in Figure 3, which are
441 described in the Appendix A.by-the-foHowingequations—

442
g B,
o= NUO 7 063 i
1+eXp( CUCNU VCU) . i{éi S;E%J/K
o= NU2 NU1 M ,ﬁ?éﬂiég%jbﬂﬂ:
1+exp (ch —Veuenu ) %fg, ;392’51)”\'?;6
~0.59 Ji
5TFBAM
443 where-gnuorinus PNuz—Agg A 2R Youonu-aFe-parameters: L
444
445
446

On2uo

1+exp ( Riuenu — R )

(33)
m._ — Myzuz — Myous m
NZU NZ2UI
1+exp ( Riu = Rienu )
447 wWhere-gnauor inzuar ineu—AgroAmag 2R Riucny-aFe-parameters—
448 Similarly, the dynamical equations of the population of the lower reach are, .
449
dN,
dt = On One N (N =N —my M, Ny (2334)
a - Inwo
JINL
1+exp (VCLCNL _VCL )
35}
m__ — My, = My m
TTNL T UNLT
1+exp (VCL _VCLCNL )
Gz Inaws 36}

1+exp ( Riiene =R )
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Mo, — Myois

1+exp ( R —Rien )

m +M
TNZL TTTNZLT

The descriptions for the dependent relations and sybmbos are refered to the Appendix A
and Nomenclature. Fhe-dependentrelationships-of-gn - in o anemno are-deseribed

3.5. Feedback loops in the socio-hydrological system

The socio-hydrological processes are coupled by dependent relationships and feedbacks
generated in the socio-hydrological system. There are 4 main feedback loops in the
socio-hydrological system of Tarim River as shown in Figure 4.

The first feedback loop is Wy-Vcu-Riu-Wy. This is a negative feedback. If the inflow to
th}e upper reach increases the allocatableassignable water resources (Wy) will increase and
then there will be more water to foster natural vegetation (Vcy). With the increase of Vey, the
irrigated crop area will expand and the irrigation water consumption will increase
cqrrespondingly. As a result, the allocatableassigrable water resources (Wy) will decrease
and the allocatableassignable water resource (Wy) receives a negative feedback. The second
feedback loop is W -Vc -Ri -W,. This is a negative feedback. The processes underlying the
negative feedback, W _-V¢ -R,.-W, in the lower reach is the same as that in the upper reach.

The third loop is Ve -Wy-W-Veo. This is a negative feedback. If the natural vegetation
in the lower reach (Vci) decreases, the partition of the water resources in upper reach (Wy)
will change to increase outflow of the upper reach (Qoutw), which depends on water resources
management and vegetation protection policies. So the inflow of lower reach will increase
and there will be more water to allocate in the lower reach (W, ). With more water supplied to
natural vegetation, the natural vegetation in the lower reach (Vc.) will recover and thus
receives a negative feedback. In the current model, this feedback is not in effect. Its role will
be analyzed later in the discussion section.

The fourth loop is Ry -Wy-W_-VcL-Riu. This is a negative feedback. If the irrigated crop
area in the upper reach (R,y) increases, more water (Wy) will be used by irrigation in the
u;i)per reach and less water will be released to the lower reach. So the allocatableassigrable
water resources (W) will decrease and there will be less water for the natural vegetation in
the lower reach (Vc). It may lead to decrease of the natural vegetation (V¢ ) and then the
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irrigated crop area in the upper reach (R,y) may decrease because of environment protection
policy. In the equations, grsu Will decrease and mgsy will increase with the decrease of V¢.
As aresult, Ryy receives a negative feedback. The dependent relationship of the irrigated field
area of upper reach (Ryu) to the natural vegetation coverage of lower reach (VcL) is the key
chain of the feedback loop.

4, Socio-hydrologic evolution processes within Tarim River Basin

The modeling framework for socio-hydrologic co-evolution is applied to the mainstream of
Tarim River at an annual time step from 1951 to 2010.

41. Parameters of the model

T‘we parameters of the model are listed in the NomenclatureFable2. The estimation of the
parameter values is important for model application. A total of 66 parameters arise from the
constitutive relationships presented in the model description above, almost all of which are
presently unmeasurable directly, at least with the present state-of-the-art understanding of the
associated socio-hydrological processes. Based on reference to the parameter values in
Baudena et al. (2007) and Liu et al. (2012b), some of the parameter values are
semi-quantitatively estimated by fitting the observed co-evolution process. The other
parameters are estimated based on the status of the Tarim River. The values of the parameters
aIJF presented in—-Fable-2 the Nomenclature.

4.2. Initial values of the systems states

The initial values of the system states are obtained from the literature, which are listed in
to be zero. The initial population of the upper reach is 17X 10" persons, which refers to the
actual population in 1951. The initial population of the lower reach is 21X 10* persons. The
vegetation cover and irrigated crop area ratio are assigned reasonable initial values referring
to what is known about the evolution processes.

4.#. Simulation+results-Dynamics of the socio-hydrological system

The simulation results of discharge, vegetation cover, ratio of irrigated area and population of
two modeling units are shown in Figures 5, 6, 7, 8, 9, 10 and 11, respectively. Although the
water balance equation is at the annual scale, the simulated outflow of upper reach is close to
the observed outflow, as shown in Figure 5. For comparison, the observed inflow of the
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upper reach is also shown in Figure 5 and the simulated outflow shows almost the same trend
as the inflow. The average annual runoff of the inflow at Aral from 1957 to 2008 is 4.536 X
10° m® and the average annual runoff of the outflow at Yingbazha is 2.760 < 10° m®, which is
60.8% of the inflow. The simulated annual mean runoff of the outflow is 2.312x10° m®,
which is 51.0% of the inflow, and is 16.2% less than the observed value.

The evolution dynamics of evelution-ef-vegetation cover are shown in Figures 6 and 7.
Due to the scarcity of the long-term areal vegetation cover, point vegetation cover data from
2000 to 2010 are employed as reference. As shown in Figures 6 and 7, the simulated
vegetation cover decreases from 1951 to 2010 and holds at the similar level with the
vegetation cover of the vegetation typical point of the upper reach and lower reach,
relspectively. The vegetation cover evolution should be validated in future based on the-more
historical data.

Irrigated crop area is one of the critical variables of the socio-economic system in the
Tarim River Basin. The catchment area of the main stream of Tarim River is 4.6 X 10* km?
and the mainstream is the typical inland river, where no runoff can be generated and all water
comes from the headwaters (Sun et al., 2003). In the calculation of the irrigated crop area
ratio, the area of the modeling unit represents the area within 10 km of both of the riversides
along the river channel. Most of the farmland is located within this area. The simulated
values of irrigated crop area ratio are shown in Figures 8 and 9. From 1951 to 2010, the
simulated irrigated crop area ratio (R,) increases all the time and is similar to the observed R,
from 1989 to 2010. The average absolute value of relative error of the simulated R, in the
upper reach is 5.2% and is 12.3% in lower reach. The R, of the upper reach is much higher
than the R, of lower reach because there is more water in the upper reach than in the lower
reach in Tarim River, which is an inland river basin. In contrast, there is more runoff in the
lower reach than that in the upper reach, usually in the exorheic rivers.

The human population is another important variable in the socio-economic system,
especially in this agriculture-dominant river basin. The simulated population is shown in
Figures 10 and 11. In both of the two modeling units, the simulated population numbers are
very close to the observed values. Although, the simulated population of the lower reach is
higher than the observed after 1990, the dynamical equation describes the evolution of the
population quite well. The average absolute value of relative error of the simulated
population in the upper reach is 3.9% and is 2.7% in the lower reach. Based on the outcomes

-19-



551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585

of the co-evolution model, it appears that the system has not yet reached a steady state. The
inflow of the upper reach and the policy of the river basin management, i.e. water allocation
scheme, will influence the future trajectories of the system states.

Although the evolution of the socio-hydrological system is driven by the interactions of
humans and water as governed by the Taiji-Tire Model (Liu et al., 2014), the productive and
restorative actions of the humans (Emmerik et al., 2014), invoked either actively or passively,
and intentionally or unconsciously, are at the core of these interactions. In fact, the observed
co-evolution is the consequence of the balancing of the water’s economic value and water’s
ecological value by humans. At different stages of the socio-hydrological system, the
dominant driving forces may be different. During the 1951-2010 period the dominant driving
force was indeed the productive force, i.e., expanding agricultural production within the
Tarim River Basin. The realization of the productive force is the water allocation scheme
established as part of the river basin management. From 1951 to 2010, agricultural
production increased significantly and contributed to the growth of agricultural productivity.
During this period, irrigation water was unconstrained and water that otherwise would have
served the ecological system was instead exploited and assigned for agricultural irrigation.
The ecological water ratio, i.e. the ratio of ecological water to the total water consumption,
d(*creased from 67.0% (1951-1990) to 35.1% (1991-2010). Consequently, fractional
vegetation cover decreased, as shown in Figures 6 and 7.

The degradation of the ecological system since 1990 contributed to a re-evaluation of
the original water allocation scheme within the Tarim River Basin. A research project, by
Xi’an University of Technology and Tarim River Basin Management Bureau, and funded by
the Ministry of Water Resources of the People's Republic of China, studied a more rational
water resources allocation scheme for the Tarim River Basin. The results of a scenario
analysis suggested that, the ratio of ecological water to the total water consumption could
retch 50.2%-r-2020-when-therunoff-frequency-at-Aral-Hs-50% if the recurrence interval of
th
implementation of the new water resources allocation scheme, the dominant driving force’

may have been switched to the environmental restorative force. But in the current model, the

nggative feedback, "Vci =Wy-W,=Vc ", is not in effect. The model should be revised 16

\\

agtivate the restorative force to analyze the long-term evolution dynamics.
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51— Discussion

In order to study the evolution of the socio-hydrological system, precipitatl‘dri,"/'
evapotranspirationevaperation and inflow are repeated another 4 times after 1951-2010 to
obtain a series of 300-years. In the current modeling framework, denoted as the baseline

model, a quasi-steady state of the system is reached in the 300-years simulation. The

dynamics of the resulting co-evolution are shown in Figure 12. After 2100, vegetation cover,

irrigated crop area ratio and population almost approach quasi-steady states. The average

values of system variables in the last 60 years, i.e. from 2191 to 2250, are shown in Table--
31@?%—4. It shows that 34.6% of the inflow is released into the lower reach. The average

vegetation cover of the upper reach is 0.220 and is 0.005 in the lower reach (much smaller

than that in the upper reach). The average irrigated crop area ratio of the upper reach is 0.299

and is 0.115 in the lower reach. The average population number of the upper reach is 109.7 X

10* persens-and is 50.5% 10* persens-in the lower reach. All of the above 6 variables are

muuch smaller than the maximum values shown in the NomenclatureFable-2.

In the baseline model, the outflow of the upper reach (Qouw) is not connected to the
natural vegetation of the lower reach. In fact, the outflow of upper reach has been now
regulated through changes to the river basin management policy after 2000 in order to restore
the natural vegetation of the lower reach, i.e., the negative feedback “Vc -Wy-W -V ” is

n#)w in effect. So the parameter ko in Equation (4){4) could be calculatedas

| kQ = ch exp(_kanCL) + kqb (&31)

w}’lere, Kga: Kgp @and kqc are parameters, as shown in Fable-2. When V¢, is 0, kg is 0.50. When
Ve is 0.3, kg is 0.3. When V¢ is more than 0.3, kq is still 0.3. So the outflow of upper reach

Qo) in Equation (&yis

| QoutU = (ch exp(_kanCL) + kqb)QinU (2_538)

The resulting model is denoted here as the revised model. The dynamics of co-evolution

shown in Figure 13. It shows that the natural vegetation of the lower reach is obviously

in|1proved. The average values of system variables in the last 60 years are compared in Table-- iﬁ?‘:ﬁﬁ,}q
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617 girable—él. In contrast, the vegetation cover, irrigated crop area ratio and the population in
618 upper reach in the last 60 years modeled by the revised model are smaller than those in the
619 baseline model and the vegetation cover, irrigated crop area ratio and population in the lower
620 reach in the 60 years modeled by the revised model are larger than those in the baseline
621 model.

622

623 This behavior is attributed to the equation for Qquu, i.e., Equation (38), which is the
624 driver for water release from the upstream to the downstream. In Equation (38), as the
625 vegetation cover in the lower reach decreases, more water will be released to the lower reach
626 from the upper reach. The environmental feedback forcing the system to release more water
627 to the downstream, i.e., the third feedback loop of V¢ -Wy-W_-Vcy, is thus activated in the
628 revised model, in this way the restorative force is invoked to restore the vegetation in the
629 lower reach. With water flowing into the lower reach, vegetation cover, irrigated crop area
630 and population also effectively “flow” into the lower reach. The runoff flowing into the lower
631 reach increases by 36.7% and the variable which changes most is the vegetation cover in the
632 lower reach, which increases from 0.005 to 0.017, i.e., an increase of 240.0%, as shown in
63 Tfble SFable-4. The state to which the vegetation cover could be restored is determined by
634 the water resources allocation, i.e., in other words the relative preference by humans between
635 the economic value and ecological value. It is exhibited as the relative priority given to water
636 resource allocation between the upper and the lower reaches, and between different sectors
637 within one reach. Although vegetation in the revised model is on the increase, the ecological
638 water ratio is 9.3% in the revised model and is 16.3% in the baseline model, over the last 60
639 years. These values are far smaller than the 50.2%, which is the ecological water ratio in the
640 new water resources allocation scheme. Therefore, water use priority (expressing the value of

641 S Icietv for water) is another driver, which drives the water to be channeled into ecological
642 water consumption. This driver would need to be explicitly considered in the modeling of
643 socio-hydrological systems in the future.

644

645 National water policy also has an important effect on regional land use and ecological
646 co-evolution. After the implementation of the national policies of “returning farmland to
647 forest” and “returning pasture to grassland”, vegetation cover increased from 31% in 2000 to
648 53% in 2012 (Reported by Ministry of Land and Resources of the People's Republic of China,
649 http://www.mlr.gov.cn/xwdt/chxw/201312/t20131210 1295585.htm). In addition, the Water
650 and Ecology Civilization Establishment was formed in 2013, with water allocation scheme to

651 be optimized by the Ministry of Water Resources of the People's Republic of China. In this
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652 way water would be reallocated between the upper and lower reaches, and between different
653 sectors within each reach, in such a way that the restorative force would be dominant.

654

655 In both the baseline model and the revised model, the states of the socio-hydrological
656 system reach quasi-steady states after 2100. The rates at which these quasi-steady states are
657 re|ached are rather fast compared to eemmen-the intuition, which could be ascribed to the
658 absence of technology improvement in the co-evolution model. As irrigation technology
659 advances, irrigation coefficient (k;) will decrease and irrigation water requirement will
660 decrease. As a result, the quasi-steady state may be attained much later. The importance of
661 technology advance was highlighted by Good and Reuveny (2009) who, however, assumed
662 that technology is static in their work. Alvarez and Bilancini (2011) and Bilancini and
663 D'Alessandro (2012) included the development of technology in their social system model.
664 Based on the results presented here, it is clear that the advance of the technology should be

665 incorporated in future efforts at the modeling of socio-hydrological systems.
666
667 4.4. Sensitivity analysis < TR
Al
668 I’E'ﬁ gﬁ
e .. + iR
669 In order to assess the effect of the initial values and boundary conditions to system 1{ ;{ﬁ%
A LJ”:L +
670 quasi-steady state, anahyze-the sensitivity of system behaviors to initial values and boundary é‘J‘E%%: ”
671 caonditions, i.e. the precipitation, potential evaporation and inflow of the upper reach, is igf&t:gﬁ
AL E: 1
672 analyzed in the baseline model, which is re-run under different combinations of initial and [
673 boundary conditions. Fhe—rigation—coefficient(k.)is—an—important-parameter—for-system
iﬁ%:
674 behavier—and—it-is-alse—included—in-the-sensitivityanalysis—The results are listed in Table--
675 4Fable-5, where the initial values, precipitation, potential evaporation, and inflow of the
676 upper reach and-k.-are decreased or increased by 10%, respectively. The results show that all

677 the tested conditions can alter system quasi-steady state except for the initial values. In our
678 tested ranges, the system presents unique quasi-steady states without regard to initial values.
679 The relative change rate of quasi-steady states compared with the baseline results are shown
680 in Table 5Fable-6, which indicates that the changes of the precipitation have a slight effect- - ﬁﬁgli_tl
681 and the relative change is in the range of -1%~1%. Otherwise, the potential evaporation, and
682 inflow of the upper reach ane-k.-have significant effects especially on the vegetation cover of
683 the lower reach (Vci). Furthermore, our test results show that initial/boundary conditions
684 have only a slight impact on the population of the upper and the lower reaches, and the
685 relative change is in the range of -1%~1%. Generally, the boundary conditions including

686 potential evaporation and upper reach inflow play an important role in the system
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sub-systems will affect the colonization rate and mortality rate, the colonization rate only | F#=
chlanges in the range from 0 to gyuo and mortality rate change in the range from myus to myuz: -
taking the vegetation cover of the upper reach as an example. The evolution process and
quasi-steady states are determined by the colonization rate, mortality rate and carryin‘q;\\: iﬁ;ﬁﬁ%@
cdpacity (i.e. the maximum of the variable, such as Vevy). The parameters of the veqetation\\\\\w
cqver of the upper reach(Vcy) are decreased or increased by 10% to assess the effects on the
quasi-steady states of the system and the results are shown in Table 5 and Table 6. Vemu ar\\ﬂfi \
Avuo_have marked effect on the quasi-steady states of Vcy and Ve because the change of ;he
V¢u induces the change of the outflow from the upper reach. The guasi-steady states is Q\b\t\ | ;:;g@
sgnsitive to the other parameters. The parameters of the other state variables have simil‘gf\\\ Fh
parformance and will be quantitatively analyzed in the future work. iﬁ:ﬁ%@
6t5.Conclusions | R

Pq

asin;For socio-hydrological systems, their hydrological process, ecological process and

cioeconomic process are coupled together by-via water consumption activities and water
ocation policiesy—withinthe—river-basin. Fhe-A socio-hydrologic co-evolution model;—=a

mple-coupled-modeling-framework; is developed in this study to illustrate the explanatory
wer of such modelsfertheTarim-RiverBasin-in-\Western-China, and is appliedused in the

T3

arim_River Basin in Western China-te—Hustrate-the-explanatorypewer—of-such-medels to

€

roduce the past trajectories of the human-water system and to predict the possible future

tr

hjectories. The socio-hydrological system in the modeling frame work consists of

h

drological sub-system, ecological sub-system, economic sub-system and social sub-system,

w

hich are represented by water storage, vegetation cover, irrigated crop area ratio and human
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population. The interaction between the sub-systems are actualized via the dependent

reflationships of the internal variables on the state variables.

ey
ed
rel
Pe
B
pd

e & 2P

Forced by the annual precipitation, pan evaporation and streamflow of the headwater,

thie socio-hydrologic co-evolution model reproduces the past trajectories of the human-water

system in the Tarim River Basin. The simulated evolution processes of the socio-hydrological

eyolution model are consistent with observed behaviors, such as the outflow of the upper

reach, vegetation cover, irrigated crop area ratio and human population.

The long-term simulation results suggest that the socio-hydrological system of the Tarim
River Basin has so far not reached a steady state, and in the “current” dependent constitutive
relationships, i.e., river basin management policy, the system will evolve to a state with very
low vegetation cover in the lower reach. In order to incorporate ecological protection of the
lower reach in the water allocation policy of regional watershed management, a new
dependent relationship of the outflow of upper reach is developed in the revised model and
the outflow of the upper reach (Qouw) Will increase while the natural vegetation cover of
lower reach deceases. In contrast, the steady state in the revised model will have higher
vegetation cover than that in the baseline model, and the irrigated crop area and population in

tht lower reach will increase, too. Fhe-dependentrelationships-between-the-variables-should

The co-evolution of the socio-hydrological system is the consequence of the balancing

-25-

A S
< MBRER



757 of the productive force and the restorative force, which are the balance of the water’s
758 economic value and water’s ecological value by humans, in substance. At different stages of
759 the socio-hydrological system, the dominant driving forces may be different. Before the
760 establishment of the water resources management system of the river basin, human’s
761 pvieference of the water’s value is its uneonsecioushy-and-usuathy-is-the-economic value. With
762 the river basin management, the preference is intentionally and determined by the managers
763 of the river basin. The preference of the value is explicitly represented by the water use
764 priority in the water resources allocation. In the socio-hydrologic co-evolution model, the
765 water use priority between the upper and the lower reaches is described by the water
766 allocation order and constitutive relationships of the outflow in the upper reach. The water
767 use priority between different sectors within one reach is described by the water allocation
768 order.

769 To achieve the aim to predict the possible future trajectories of socio-hydrological

770 system based on the socio-hydrologic co-evolution model, the model should be improved in

771 two ways. The first is to identify the feedbacks between the subsystems and especially the

772 dominant feedbacks in the socio-hydrologic system, which forces the co-evolution. The

773 sgcond is to describe the dependent relationships between the variables quantitatively using a

774 prioper mathematic formula so as to activate the feedbacks in the model. The improvement of

775 such models depends on the understanding of the socio-hydrologic processes, analysis of the

776 historical co-evolution and comparison of pre-existing socio-hydrologic models.
777

778 Abpendix A The dependent relationships of the variables

779 The dependent relationships of gy._and my, in Section 3.3 are described byfgje

780 fallowing equations.

gy, = Ovio
VL=
1+exp ( fewsie — Fewst )

My, =My,

my, = My
1+exp ( lewst ~ fewsic )
E, AV, T
Fews, = — o —— (27)
WERL
781
782 The dependent relationships of gry_and mgy_in Section 3.4 are described by the -

783 fallowing equations.
784
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Gny, = 9ruo
RU
1+ exp(rWUC —Tyy )

(28)

— Mryz =~ Meuys
1+exp(fwy — fwue)

mRU + mRUl

785 where, gruo, Mru1, Mruz and ryuc_are parameters. The term rwy_is irrigation water supply
786 ratio and is dimensionless, in [0, 1]. rwuc_is the critical value of ryy, which is defined as:

E,AR,T
Fo = uARY 29)
WIRU

787 where, W ry IS irrigation water requirement.

788 The dependent relationships grou and mgpy_in Section 3.4 are described by the following -

789 equations.

Orouo

1+exp(Veye —Veu )

Orou =

(30)
Meouz — Mrous

Meaw =77 exp(Vey —Veue )

+ mRZUl

790 where, grouo, Mr2u1, Mrouz and Vcuc_ are parameters.
791

792 The dependent relationships of grsy_and mgay_in Section 3.4 are described by the following

793 equations.

ORrsuo

g =
U L exp(Vee —Ve )

(31)
Mgayy —M
mR3U — R3U2 R3U1 + mR3U1
1+exp (Ve —Vere)
794 where, grsuo, Mr3u1, Mrauz and Ve c are parameters.
795 RE YT
; ; . . . ol R
796 The dependent relationships of gri, Mgi, Grot, @nd Mgy in Section 3.4 are described by @%&WJ:
. . \§\§\\ 2
797 the following equations. (BNt ey
LN 0 10
gRL — gRLO \\\\t\\\ ?‘ﬁ’%f\.ﬁ‘]
1+exp( My — ) W L
| AR
(32) o LT
Mg, —M O [ Ha:
mRL _ RL2 RL1 + mRLl 3 i

1+exp ( fwe — fwic ) \\\ W :
T
g M
b

= =
= &% |
b
=

=27 -



ECL A RI LT

e =— o (33)
WIRL
Ony = Irato
R2L
1+exp (VCLCL —VCL)
(34)
My, , —M
mRZL — R2L2 R2L1 + mR2L1
1+exp (VCL Ve )
798 The meanings of symbols are presented in the Nomenclature section. “
799 The dependent relationships of gny_and myyu_in Section 3.4 are described by the

800 fallowing equations. W

\
\
O

gNUO \

1+ Exp (VCUCNU —Veu )

Inu

(35)

(R
]
_ (HRAN:

m. =
"1 EXp (ch —Veuenu )

801 where, gnuo, Mnu1, Myuz and Veucnu_are parameters.
802

803 The dependent relationships of gnpu_and mypy_in Section 3.4 are described by the

804 fallowing equations.

Gy = Onouo
N2U —
1+ exp(RIUCNU -Ry )
(36)
m U2 mN2U1
Myoy = N + Myou1
1+ eXp(Rlu — Riuenu )
805  where, gnzuo, Mnou1, Mizuz @Nd Riucny are parameters. -
806
807 The dependent relationships of gni, M, Gnoi, and myg in Section 3.4 are described by
808 thie following equations.
O = Inio
NL
1+exp (VCLCNL _VCL)
37
m —-m
My = 1 NL\j \N/Ll + My,
+exp( L~ CLCNL)
— gNZLO
OnoL = (3836)

1+exp ( Riiene =R )
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Mo, — Myois

m. =
Sl B eXp(Ru_ - RILCNL)

+ mN2L1

The meanings of symbols are presented in the Nomenclature section.
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919

920
921
922
923

Table 1 Modeling framework for socio-hydrology co-evolution of Tarim River

Modeling unit System State variable Dependent factor Modeling variable Reason to
neglect
Hydrological system  Water storage Water consumption and policy Water storage (W) -
| Ecological system Natural vegetation area Water supply Vegetation coveragecover -
(Vo)
upper reach Economic system Industry product - - Nearly none
| Irrigated crop area Water supply and vegetation eoveragecover Irrigated crop area Ratio (R)) -
Social system Population Irrigated crop area and vegetation Population (N) -
| coveragecover
Hydrological system  Water storage Water consumption and policy Water storage (W) -
| Ecological system Natural vegetation area Water supply Vegetation coveragecover -
(Vo)
middle and lower reach  Economic system Industry product - - Nearly none

Social system

Irrigated crop area
Population

Water supply and vegetation eoveragecover
Irrigated area

€overagecover

crop and vegetation

Irrigated crop area Ratio (R))
Population (N)
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927 T'able 23 Initial values of system state variables

928
929

Variable Unit Value
Wy m® 0.0
Veu - 0.4
Riu - 0.008
Ny 10* persons 17
W, m® 0.0
Ve - 0.35
RiL - 0.008
NL 10* persons 21
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930 T'able 34 Mean values of state variables during last 60 years of system

931 evolution

Relative change
Variable Unit Baseline model ~ Revised model  comparing with
Baseline model

Qinu 10°m®/yr 4.544 4.544 ;
Qoutu 10°m3yr 1.572 2.149 36.7%
QoutU/QinU - 0.346 0.473 -
Veu - 0.220 0.161 -26.8%
Voo - 0.005 0.017 240.0%
Riu - 0.299 0.285 -4.7%
RiL - 0.115 0.137 19.1%
Ny 10* persons 109.7 107.6 -1.9%
NL 10* persons 50.5 51.4 1.8%
932
933
934
935
936
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937 T'able 45 Mean values of state variables during last 60 years of system

938  evolution for sensitivity tests

939
Conditions Q;“;’/ Veul-  Ved- R~ Ru- Nu/ 207 N/ 10°
10°m°/yr persons  persons
0.9 X Initial values ~ 1.572 0220  0.005 0.299 0.115 109.7  50.5
1.1X Initial values 1572 0220 0005 0299 0115 1097 505
0.9XP 1567 0219 0005 0298 0114 1097  50.5
11XP 1578 0222 0005 0299 0115 1098 505
0.9XE, 1648 0243 0013 0305 0122 1106 510
11XE, 1521 0198 0001 0292 0109 1089  50.2
09X Qinu 1369 0198 0002 0292 0108 1089  50.2
11X Qi 1794 0240 0010 0304 0121 1104  50.8
09X k 1609 0237 0008 0303 0121 1103  50.8
11X ke 1543 0203 0002 0293 0109 1091 502 <« - (##X%k
0.9xVemu 1670 0480 0008 0293 0117 1083 507
11xVemu 1502 0262 0.002 0304 0114 1111  50.3
09 1629 0194 0006 0204 0116 1088 506
L.1XGuuo 1529 0244 0.003 0302 0114 1106  50.4
09w 1557 0229 0005 0300 014 1100 505
Ly 1588 0212 0005 0207 0415 1095 505
09muy 1539 0238 0004 0301 0114 1103 504
L, 1605 0204 0005 0296 0415 1092 505
0.9%ewsuc 1563 0225 0.005 0299 0.14 1099  50.5
0.9%ewsuc 1582 0215 0.005 0298 0115 109.6  50.5
940

941 ﬂﬂ%z‘&ﬁﬁ
T)rT
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942 T'able 56 Changing rate of Mean values of state variables during last 60

943 years of system evolution for sensitivity tests

944
Conditions Qo % Veul% Ve/% Rul% Ru/% Nu/% N/ %
0.9 X Initial values ~ 0.00 000 000 000 000 000 0.0
1.1X Initial values  0.00 000 000 000 000 000 0.0
0.9XP 032 -045 000 -033 -087 000 0.0
11XP 0.38 091 000 000 000 009  0.00
0.9XE, 483 1045 16000 201 609 082  0.99
11XE, 324 -10.00 -80.00 -2.34 522 -073 -0.59
09X Qunu 1291  -10.00 -60.00 -2.34 609 -073  -0.59
11X Quu 1412 909 100.00 167 522 064 059
09X k 2.35 773 6000 134 522 055 059
11X k 184  -773  -60.00 -201 522 -055 -0.59
0.9xVemu 620  -1818 6200 211 130 -124  0.35
11xVemu 446 1891  -60.00 174 -122 129  -0.34
0.9%gyuo 362  -11.95 1000 -1.54 043 -0.80 0.1
1.1%gyuo 273 1109 -3800 097 -096 078  -0.22
0.9%xmyy; -0.93 391 800 027 -052 030 -0.05
Loxmyy; 1.02 359 200 -057 -047 -021  0.03
0.9%Myy; -2.07 823  -2400 067 -078 059  -0.15
L.1xMyy; 2.07 718 400 -097 000 -046  0.06
0.9%fewsue 055 236 600 010 052 020 003
0.9%rewsuc 0.62 2.09 000 -040 -026 -011  0.02
945
946
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947 Nomenclature: The subscript U of the symbol represents the upper reach, and the subscript L

948 of the symbol represents the lower reach.
Symbol  Unit Value of Description Equation
the
parameter
Wy m? Water storage L@
Py mm/yr Annual precipitation [(R]4A!
Au km? Area of modeling unit L&
Ew mm/yr Annual evapotranspiration of the natural vegetation &
Ecu mm/yr Annual evapotranspiration of the irrigated crop area &
Enu mm/yr Annual evapotranspiration of the bare desert O
Veu - \Vegetation eoveragecover [(R]4A!
Riu - Irrigated crop area ratio O
Qnu  mlyr Inflow of upper reach [37<
Qoutu m3/yr Outflow of upper reach O
kiu - 0.3 Coefficient Q&
Keu - 0.4 Coefficient 2
Ep mm/yr Annual potential evaporation 22
ko - 0.3 Coefficient (G2
ki - 0.28 Coefficient B
Ker - 0.38 Coefficient B
W, m? Water storage [0]=2
PL mm/yr Annual precipitation B
AL km? Area of modeling unit [0]=2)
En mm/yr Annual evapotranspiration of the natural vegetation N&H
EcL mm/yr Annual evapotranspiration of the irrigated crop area N&H
EnL mm/yr Annual evapotranspiration of the bare desert N&H
Ve - Vegetation ceveragecover [a]&A)
Ri - Irrigated crop area ratio [a]&A)
QinL m3/yr Inflow of lower reach (1=
Vemu - 0.6 Maximum of vegetation eoveragecover (12)&2
gwu 1lyr Colonization rate (12)@2
Myu 1lyr Mortality rate (12)@2
rewsuc - 0.3 Parameter (14)34y
Gvuo lyr 0.8 Parameter (14)@4)
Myu1 Uyr 0.1 Parameter (14)&4)
Myu2 lyr 0.3 Parameter (14)E4)
72“gv—u Parameter 4
A Parameter 4
lewsu - Environmental water supply ratio (15)&5)
WEeru m® Environmental water requirement (15)&5)
T yr Time step, 1 year (15)&5)
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