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Abstract. The paper extends the Representative Elemend Overview
tary Watershed (REW) theory for cold regions through ex-
plicit treatment of energy balance equations to include as-The current generation of physically-based hydrological
sociated processes and process descriptions. A new defininodels, such as SHE (Abbott et al., 1986a, b), MIKE SHE
tion of REW is presented which subdivides the REW into six (Refsgaard and Storm, 1995), IDHM (Beven et al., 1987;
surface sub-regions and two subsurface sub-regions. Veget&-alver and Wood, 1995), and GBHM (D. Yang et al., 2000,
tion, snow, soil ice, and glacier ice are included in the system2002a, b), is based on the point scale equations derived from
so that such phenomena as evaporation/transpiration, meltNewtonian mechanics, as first set out by Freeze and Harlan
ing, freezing, and thawing can be modeled in a physically(1969). These physically-based models have distinctive ad-
reasonable way. The sub-stream-network is separated frorviantages over the so-called conceptual models that are based
other sub-regions so that the sub-REW-scale runoff routingonly on the mass balance principle. The hydrological liter-
function can be modeled explicitly. The final system of 24 ature is replete with reviews and discussions of the advan-
ordinary differential equations (ODESs) can meet the require-tages and limitations of physically-based distributed models
ments of most hydrological modeling applications, and the(Beven, 1989, 1993, 1996, 2002; Grayson et al., 1992; Smith
formulation procedure is re-arranged so that further inclusioret al., 1994; Woolhiser, 1996; Refsgaard et al., 1996; Singh
of sub-regions and substances could be done more easilgnd Woolhiser, 2002). The most important limitation is per-
The number of unknowns is more than the number of equahaps the mismatch between the scale at which the governing
tions, which leads to the indeterminate system. Complemenequations are applicable and the scale at which models are
tary equations are provided based on geometric relationshipapplied, and the associated difficulties due to the nonlinear-
and constitutive relationships that represent geomorphologiity of equations and the heterogeneity of landscape proper-
cal and hydrological characteristics of a watershed. Reggianiies. There are two complementary approaches to resolve
et al. (1999, 2000, 2001) and Lee et al. (2005b) have prethe above problems. One is to devise new balance equa-
viously proposed sets of closure relationships for unknowntions applicable directly at the spatial scale of a watershed,
mass and momentum exchange fluxes. Tian (2006) has aghe scale at which most hydrological forecasts and predic-
plied Lee’s procedures and formulas and Monte Carlo sim-tions are required. The other is to devise effective param-
ulation method, and has come up with a determinate systeraters to account for the heterogeneity. The latter approach
based on the equations, though precluding energy balancean be coupled either with the current small-scale governing
ones, proposed in this paper. The additional geometric anéquations or with the new equations developed at the scale
constitutive relationships required to close the new set of bal-of watersheds, as mentioned above. A number of approaches
ance equations will be pursued in a subsequent paper. towards such parametrization have been proposed so far to
be coupled with mostly conceptual models (Viney and Siva-
palan, 2004; Robinson and Sivapalan, 1995; Duffy, 1996;
Ewen, 1997). No concerted effort has been made, however,
to develop the scale adaptable equations.

The Representative Elementary Watershed (REW) ap-
Correspondence tdz. Tian proach, originally outlined by Reggiani et al. (1998, 1999), is
(tianfg@tsinghua.edu.cn) an ambitious attempt to invoke mass, momentum, and energy
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620 F. Tian et al.: REW approach including energy related processes

Table 1. Sub-regions and materials of a REW after Reggiani et nal formulation (Reggiani et al., 1999). As for melting from
al. (1998). snowpack and glaciers, it is often a crucial component of the

hydrological cycle, especially in cold regions which cover
nearly half of global land area (Z. Yang et al., 2000; Fass-

No. sub-region materials contained :
' . nacht, 2000) at least in some parts of the year. For example,

1 saturated zone water, soil matrix in the western United States, approximately 75 percent of
2 unsaturated zone water, gas, soil matrix  the total water budget comes from snowmelt (McManamon
3 saturated overland flow zone water et al., 1993; Williams and Tarboton, 1999), and the north-

western inland arid area of China relies heavily on melting
4 concentrated overland flow zone  water . .

snow and glaciers for its annual water supply (Z. Yang et al.,
5

main channel reach water 2000). Besides, due to the wide extent of frozen soil on the
land surface (Z. Yang et al., 2000; Fassnacht, 2000), the re-
lease and uptake of energy through phase transition in the
processes of freezing and thawing, and the resulting change
balances and entropy constraints directly at the watershedf soil hydraulic and thermal properties, soil freezing and
scale (Beven, 2002). The REW approach treats a waterthawing have significant influences on local and global water
shed as a continuous, open thermodynamic system with disand energy cycle (Hu et al., 2006). These important pro-
crete sub-watersheds called Representative Elementary Waesses occurring in the immense cold regions which are in-
tersheds (REWs), where the REW is deemed as the smallesénsively coupled with energy supply and transfer processes,
elementary unit for hydrological modeling. The REW is fur- however, cannot be modeled in Reggiani et al.'s (1998) orig-
ther divided into several functional sub-regions (in Reggianiinal formulation at all. In order to serve as an alternative
et al.’s formulation, there are five sub-regions, as discusse®lueprint for hydrological modeling, therefore, the REW ap-
below in Sect. 2). REWs and sub-regions are sub-continua oproach should be generalized to model these energy related
the whole watershed hydrological system. The general conprocesses occurring on various land surfaces in a physically
servation laws for mass, momentum, energy, and entropy argeasonable way.
then applied to the entire system and to its sub-continua. The The purpose of this paper, then, is therefore to re-derive
resulting ordinary differential equations (ODEs), after aver-the REW scale balance equations by following Reggiani et
aging over characteristic time and sub-region volume, caral.’s (1998) procedure, but explicitly considering these en-
then be applied directly at the REW scale. Many researchergrgy related processes. We begin with a review of Reggiani
have developed initial closure relationships required by theet al.'s (1998) REW definition and their REW scale balance
REW approach and the resulting numerical models (Regequations. We then present our new definition based on an
giani and Sivapalan, 2000; Reggiani et al., 2001; Reggianexpanded application of the concept of the REW. After intro-
and Rientjes, 2005; Lee et al., 2005a, b, 2006; Zhang andlucing the symbols and notations related to the introduced
Savenije, 2005). The application of these closure schemesariables, we use these to describe the geometric, kinetic, and
to hypothetical, experimental, and natural watersheds showthermodynamic properties of hierarchical continua. We then
that the REW approach can indeed simulate and predict ware-configure the general form of the balance equations for
tershed hydrological response soundly and reasonably. mass, momentum, energy, and entropy at the REW scale by
In spite of the rapid advances in theory and application,applying the averaging method pioneered by Hassanizadeh
the REW approach, however, cannot presently take full andand Gray (1979a, b, 1980). To confine the problem to un-
comprehensive account of evaporation/transpiration occurderstandable and manageable levels, a series of simplifying
ring on various land surfaces, and hydrological processes reassumptions are then presented. Finally, a new set of ODEs
lated with cold regions such as melting, freezing, and thaw-is proposed. In order to facilitate the adoption of the new
ing, because of the restrictive definition of REW structure. equations in hydrological modeling practice, the relevant ge-
In fact, the combined processes of evaporation and transpiemetric relationships need to be presented and improved.
ration, which constitute total evaporation or sometimes arelikewise, the constitutive relationships for the new exchange
called evapotranspiration, are major components of the hyterms for mass, momentum, and energy also need to be de-
drological cycle (Ward and Robinson, 1990). It accountsvised, and revised. While acknowledging that these are es-
for the disposal of over 90 percent of precipitation in arid sential, their actual derivation will not be presented here; in-
regions, about 50-75 percent in humid regions and 60 perstead, they will be presented in a subsequent paper.
cent globally, and occurs on open water surfaces, bare soil
surfaces, vegetation surfaces, and leaf stomas. It is also the
dominant variable in the land surface energy balance equa-
tion. Evapotranspiration, therefore, must be an elementary
component of hydrological models which cannot be repre-
sented in a physically reasonable way in Reggiani’s origi-
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Fig. 1. (a) Catchment discretization into 3 REW un(ts) Sub-regions making up the spatial domain of a REW (after Reggiani et al., 1998

and Lee et al., 2005b).

2 Review of the REW definition and REW scale balance
equations by Reggiani et al. (1998, 1999)

From a hydrological perspective, a watershed and its hier-

1)

archical sub-watersheds present self-similar characteristics.
We consider a sub-watershed as a fundamental component

of hydrological modeling termed the Representative Elemen-
tary Watershed (REW). Reggiani et al. (1998) divide a wa-
tershed into REWs, and then further divide each REW into

five sub-regions (see Fig. 1): saturated zone (s-zone), unsat-

urated zone (u-zone), saturated overland flow zone (0-zone)
concentrated overland flow zone (c-zone), and main channel
reach (r-zone). Table 1 shows all the sub-regions in a REW

and their respective substances.

Based on the division of a catchment into elementary units
(REWS) and sub-regions (zones), Reggiani et al. (1998) de-
rived global balance laws for mass, momentum, energy, and
entropy at the spatial scale of REW, which can represent

@

various hydrological flow processes. However, being a first (3)
attempt, various energy related processes cannot be repre-
sented although the energy balance equations are indeed in-

cluded in Reggiani et al.’s (1998) original formulation due to

the limitations of their REW definitions:

www.hydrol-earth-syst-sci.net/10/619/2006/

Vegetation layer is excluded in the definition, and there-
fore, transpiration cannot be modeled physically. In
Reggiani et al.’s (1998) formulation, transpiration is
combined with evaporation and is deemed as a phase
transition from liquid to vapor which occurs within the
u-zone, i.e., the soil (Reggiani and Sivapalan, 2000;
Reggiani and Rientjes, 2005; Lee et al., 2005b, 2006),
which differs from the actual vaporization process oc-
curring across leaf stomas.

Phases such as soil matrix, gas, and water are included
in the definition, but phases such as snow, soil ice, and
glacier ice are excluded. Hydrological phenomena such
as accumulation and depletion of snow pack and glacier,
and freezing and thawing of the soil ice are, therefore,
excluded from consideration.

The fact that the land surface is divided into two dif-
ferent overland flow zones and the main channel reach
does help to represent various flow processes conve-
niently (Reggiani et al., 1998), but still cannot represent
evaporation/transpiration occurring from various kinds
of land cover such as water, vegetation, bare soil, snow,
and glacier.

Hydrol. Earth Syst. Sci., 10,68102006



622 F. Tian et al.: REW approach including energy related processes

with the water table as the interface, which is similar to Reg-
giani et al.’s work. For the surface layer, hillslopes and the
channel network can be deemed as two fundamental com-

Table 2. Structure of redefined REW (sub-regions).

No. layer sub-region abbreviation A
Y g ponents of a watershed. Therefore, the surface layer is di-
1 subsurface unsaturated zone u vided into two sections—hillslope and stream network, just as
2 subsurface saturated zone s Reggiani et al. had done. To account for the sub-REW-scale
. runoff routing function explicitly, the sub-stream-network,
3 surface main channegach zone r S . . L . -
which is embedded into the c-zone in Reggiani et al.’s defini-
4 surface subtseam network zone t tion, coexists with the main channel reach in the stream net-
5 surface bared zone b work section in our new definition, and lakes, reservoirs, rills,
6 surface vegetation covered zone v and gullies are ?ncorpora_tted i_nto_ _the_ sub-stream-network in
order to maintain scale invariability in the REW structure.
7 surface Bow covered zone n . . . .
_ Hillslopes, which are the primary regions for runoff genera-
8 surface glacier covered zone g tion as well as water dissipation, must be treated with by its

flow nature and evaporation/transpiration nature simultane-
ously. Therefore, the original hillslope division scheme con-
I , N taining o-zone and c-zone, which is intended to account for
Furthermore, Reggiani et al.’s definition of REW also ex- 410y flow processes, is inadequate for hydrological mod-
hibits the following limitations: eling physically. In our new definition, the hillslope is di-
(4) The way that the sub-REW-scale network of channels,vided into various kinds of land covers which presently in-
rills and gullies is included in the c-zone is somewhat clude bare soil zone, vegetated zone, snow covered zone, and
ambiguous. The sub-REW-scale network of channels glacier covered zone.
rills, gullies, as well as lakes, reservoirs, etc., namely, Intotal, we defined two sub-regions in the subsurface layer
sub-stream-network, is water body, and its role in hy- and six sub-regions in the surface layer of a REW (see Ta-
drological processes is distinct from that of the land ble 2 and Fig. 2). By choosing a proper spatial scale accord-
surface. The sub-stream-network can serve as not onlyng to data availability and simulation objective, a watershed
runoff generation areas but also as runoff routing path-can be divided into discrete REWs with unique soil types and
ways, and the latter function is by no means less impor-hydrogeological conditions, vegetation categories, and snow
tant than the former one, especially in a REW with large and glacier cover characteristics, in a similar way that the
area. We cannot represent the sub-REW-scale runofSWAT model defines Hydrological Response Units (Arnold
routing function physically if the sub-stream-network is et al., 1998; Srinivasan et al., 1998). On the spatial side,
embedded in other sub-regions. the six surface sub-regions constitute a complete cover of the
land surface in the horizontal direction. In the vertical direc-
ion, we assume the four sub-regions of bare soil, vegetated,

apolications. therefore. enerav balance equations are consi now covered, and glacier covered zones lie above the unsat-
pp S , ENergy ce &g . rated zone. The other two surface sub-regions, i.e., the main
ered as identical equations and omitted due to the isother-

channel reach and sub-stream-network may lie above either

mal assumptlon' (Rggglanl etal,, 1999), which especially P'3he saturated or unsaturated zone relative to their relationship
cludes the application of the REW approach and associate
dels (Reggiani and Rienties, 2005; Lee et al., 2006) inC ¢ Water table.
g:;? d?e-s '(onsggclaaenr:eigl' 'nlert]hjgsF,{EW tﬁeo(rae tg r:.’resent)e::— For consideration of soil freezing and thawing, the ice
gions. 12Ing ~ory P phase is included in the subsurface sub-regions in addition
ergy related processes, through an explicit inclusion of vege;

tation. snow. soil i nd alacier into the REW definition. i to soil matrix, liquid water, and gas. For consideration of
ation, snow, soll Ice, and glacierinto the etinttion, 15 evaporation and transpiration, the vapor phase is included in
the subject matter of this paper.

all the surface sub-regions. For subsurface sub-regions, the
unsaturated zone has also a vapor phase which coexists with
3 Redefinition of Representative Elementary Water- air in the soll pores. We define the mixture of water vapor and
shed air, therefore, as the gaseous phase for the unsaturated zone
(and snow covered zone, as detailed below). For details about
Owing to the limitations of the original REW definition dis- the materials associated with every sub-region, see Table
cussed above, a new definition is proposed focusing on thand for a summary of all the different materials involved in
re-configuration of REW'’s surface layers. Available data for the REW, see Tablé.
modeling water movement beneath the land surface in detail We consider evaporation and transpiration to occur from
is scarce in most of the natural watersheds. The subsurfactne surface sub-regions only. In spite of the gaseous phase in
layer, therefore, is separated from the surface layer and simthe unsaturated zone, no evaporation is considered to occur
ply divided into a saturated zone and an unsaturated zona the subsurface layer since the vaporization of water within

In summary, the REW approach in its present form canno
take fully into account energy related processes. In its curren
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glacier covered zone

vegetated zone

D-stream-

main channel reach

Fig. 2. Sub-regions of the redefined REW.

4
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-~ unsaturated zone

-4— saturated zone
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the soil is small compared with evaporation/transpiration 0C-r,p\ 3 Materials contained in each sub-region.

curring from various land surfaces (Jacobs et al., 1999).
Whereas the vapor phase is included in each surface sub-
region, it cannot be stored. The vapor phase disperses into
the atmosphere immediately after its formation due to the
phase transition from liquid water or ice. The snow covered
zone is an exception to this rule. It includes snow, liquid wa-
ter, and gas, and in this way it is similar to the porous media.
The snow covered zone can contain liquid water to a certain
degree as saturation content in the soil, and correspondingly
can contain a limited gaseous phase.

Surface runoff can be generated on each surface sub-
region when the intensity of rainfall exceeds the infiltration
capacity of the sub-region. In our new definition, infiltration
excess flow (Hortonian overland flow, also known as concen-
trated overland flow in Reggiani et al.’s formulation) is no
longer separated from saturation excess flow (saturated over-
land flow) because their underlying unified mechanism (Rui,
2004). In fact, different types of runoff generation can occur
only on the interface formed by media with different infil-
tration capacities, and the infiltration capacity of the upper
medium must be higher than that of the lower medium. On
such interfaces, runoff will be actually generated when the
intensity of water supply to the interface (which cannot ex-
ceed the infiltration capacity of the upper medium) exceeds
the infiltration capacity of the lower medium. Land surface,
for example, is one of such interfaces, of which the upper
medium is the atmosphere with infinite penetration capacity

www.hydrol-earth-syst-sci.net/10/619/2006/

No. sub-region materials abbreviation
1 u-zone soimatrix m
2 u-zone  liquid water |
3 u-zone @s a
4 u-zone ice i
5 s-zone soimatrix m
6 s-zone  liquid water |
7 s-zone  ice i
8 r-zone liquid water |
9 r-zone vaor p
10 t-zone  liquid water |
11 t-zone vaor p
12 b-zone soimatrix m
13 b-zone  liquid water |
14 b-zone vRor p
15 v-zone  vegetation \Y
16 v-zone  liquid water |
17 v-zone vaor p
18 n-zone sow n
19 n-zone liquid water |
20 n-zone as a
21 g-zone ice i
22 g-zone  liquid water |
23 g-zone vpor p
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624 F. Tian et al.: REW approach including energy related processes

strated in Appendix B. Certainly, new sub-regions will intro-
duce new exchange terms of mass, momentum, and energy.
These will require the specification of additional geometric

Table 4. All materials involved in REW.

No. materials abbreviation i 3 . ;

. . and constitutive relationships for the closure and determinacy
1 soil matrix m of the balance equations.
g 'ég‘s“d water e'( The sub-regions or zones are further described below.
g’ i\fgor '? Saturated zone (s-zone) Similar to Reggiani et al.'s
6 now n definition, the saturated zone is delimited by the water table
7 vegetation v on the top and by a limit depth reaching into the groundwater

reservoir or by the presence of an impermeable stratum at
the bottom. Laterally the saturated and unsaturated zones
are delimited by the mantle surfaces from the neighboring

¢ f dihe diumis th turated soil wh REWSs or by the external watershed boundary.
or water, and the lower medium IS the unsaturated SOl WNen - o 1 o4arials contained within the saturated zone are the

infiltration excess flow occurs or the saturated soil when sat-

i f Theref ff i soil matrix, liquid water, and ice. The soil matrix and ice
uration €xcess flow occurs. Theretore, runoft generation can, ., e geleton for water movement and phase transition
be modeled physically without the separation of infiltration

. between liquid water and ice may result from natural energy
excess flow and saturation excess flow.

oo ) forocesses.
Similarly, subsurface flow can be generated when the soi

is heterogeneous in the unsaturated zone. For example, {finsaturated zone (u-zone) The physical boundary of
the unsaturated zone is composed of two soil layers and thg,e nsaturated zone is defined by Reggiani et al. (1998) in
infiltration capacity of the top layer is greater than that of yetajl. The materials contained within the unsaturated zone
the lower layer, subsurface flow can be generated on the inye the soil matrix, liquid water, gas, and ice. Mass exchange
terface between the top and the lower layer. In Reggiankermg include infiltration from the land surface, recharge into
et al.'s definition, and even in our new definition of REW, o capillary rise from the saturated zone, thawing or freezing,
such heterogeneity is excluded explicitly in order to avoid g [ateral inflow/outflow through the mantle surfaces.
over—complexity, and the subsurface flow anq associated pre- The |ocation and area/volume of u-zone/s-zone depend on
ferred flow (Lei et al., 1999) are embedded in the mass ©Xthe water table fluctuation, geomorphology, and hydrogeo-
change terms between the unsaturated zone and the neigfygical characteristics. We can estimate the dynamic spatial
boring REW or the external world, and taken into account by extent (area/volume) of the unsaturated zone with the help of
the corresponding constitutive relationships, as demonstrategigita| elevation model (DEM) and Geographic Information
by Lee et al. (2005b). System (GIS) software, provided that the location of the
The water storage in the bare soil zone represents dedynamic water table could be specified or estimated. Such
pression storage; the water storage in the vegetated zongeometric relationships are pursued independently by both
represents canopy interception and also depression storagreggiani and Rientjes (2005), and Lee et al. (2005b) in dif-
whereas water cannot be stored in the glacier covered zongerent ways, and can also be adopted in our new definitions.
In each case, the liquid water gathered from rainfall in the
surface sub-regions, or transferred from ice in the glaciemain channel reach (r-zone) The main channel reach
covered zone, or transferred from snow in the snow coveregeceives water from the sub-stream-network and transfers it
zone, flows into the sub-stream-network, and then into theowards the watershed outlet. It also exchanges water with
main channel reach. the saturated zone or unsaturated zone. Of all the surface
The six defined types of surface sub-regions can meet mostub-regions, this is the only zone which can exchange water,
of the requirements for watershed scale hydrological modelmomentum with the neighboring REWs or the external
ing. There is no doubt, however, that some special surfacevorld. The water course of the main channel reach can be
sub-regions will be needed in special situations. For examdetermined either by field observation or by DEM analysis.
ple, reservoir and urbanized zones may be needed in ordérhe materials contained within the main channel reach are
to incorporate human activities. Also, the composite zone ofwater and vapor.
two or more basic types of land cover defined above, such
as the composition of snow and vegetation, or the particu-Sub-stream-network zone (t-zone) The sub-stream-
lar separation of different vegetation types may be needecdhetwork zone is the areal volume occupied by lakes,
for detailed simulation. Following the procedure proposedreservoirs, and the sub-REW-scale network of channels,
in later sections, fortunately, new sub-regions can easily beills, gullies, and ephemeral streams. It gathers water from
added to the existing REW system without violating the gen-the hillslopes and transfers it into the main channel reach.
eral form of the balance equations derived below, as demonks storage capacity and flow velocity are of importance for
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sub-REW-scale runoff routing. The substances containedegion. In terms of thermodynamics, the watershed system is
within sub-stream-network are water and vapor. composed of three hierarchical subsystems.

The location and area of lakes, reservoirs, or other large
water bodies can be determined by field or remote observa{(1) REW level: every discrete REW is treated as a sub-
tion, and that of the sub-REW-scale network of channels etc. ~ System of the entire watershed system, which is called

can be determined by field observation or DEM analysis, =~ REW level subsystem. There atediscrete REW level

Sub-region level: every sub-region in a REW is treated
as a subsystem of the REW level thermodynamic sys-
tem, which is called sub-region level subsystem. There
are eight sub-region level subsystems in one REW level
system,;

Vegetated zone (v-zone) The vegetated zone is the (2)
volume occupied by vegetation which intercepts precipita-
tion, extracts water from the unsaturated zone through the
roots, and evaporates it into the atmosphere in the form of
transpiration. The intercepted water will also be evaporated
into the atmosphere, eventually. The water storage in this 3)
zone represents canopy interception storage and depressio%
storage. The horizontal projected area of this zone changes
with the calendar and the cultivation season which could
be measured by remote observation or modeled by various
crop models (Cong, 2003). The materials contained in the
vegetated zone are vegetation, water, and vapor.

Phase level: every type of substance in a sub-region is
treated as a subsystem of a sub-region level thermody-
namic system, which is called phase-level subsystem.
The number of phase level subsystems included in a
sub-region level system can be seen in T&pknd there

are in all 23 phase level subsystems in one REW level
system.

Snow covered zone (n-zone) The snow covered zone€  \we can thus regard the watershed, the REWs, the sub-
is the volume of snow pack which plays an important role reions, and the phases as hierarchical continua from a con-
in hydrology and in the energy cycle in cold regions. The 40,5 mechanics perspective. Before applying conserva-
location of the snow covered zone can easily be determinediy, |as for subsystems or the continua as defined above,
by field or remote observation. Its area and depth are keyye wil| describe in turn the geometric, kinetic, and thermo-
factors for hydrol_oglcal modellng in cold regions. However, dynamic properties at the REW level, sub-region level, and
they cannot easily be recognized and much literature Ca'bhase level, following on from Reggiani et al. (1998), but

be found about their measurement and modeling (Mauret, o ,4sed here in a more systematic and consistent manner.
et al., 2003; Chen et al., 1996; Cao and Liu, 2005), which

is helpful towards the development of the correspondings 1  Geometric description of the REW level continuum

constitutive relationships. The materials contained in the

snow covered zone are snow, water, and gas. The number of discrete REWSs in a watershed is denoted by
. . M. Thek REW is marked byB (K), K € {ele=1.M},

Glacier covered zone (g-zone) The glacier covered \yhereB indicates the body of a continuum. The number of

zone is the volume occupied by glacier ice whose location isREWs neighboringd (K) is denoted byV. The space oc-

always fixed. The materials contained in this zone are icecupied by all the materials contained witBn(K ) is denoted

liquid water, and vapor. by V (K) whereV (K) is a prismatic volume (for details the
_ _ _ reader should refer to Reggiani et al., 1998).
Bare soil zone (b-zone) The bare soil zone is the vol-  Tne surface of the prism is recorded $i6K) which in-

ume occupied neither by vegetation, nor by snow, nor bycjydes the following components:

glacier, nor by sub-stream-network, nor by main channel

reach. The water storage of this zone represents the depreqd) Side surfaces: the side surface BfK) can be di-

sion storage. The horizontal projected area varies with the  vided into a series of segments, of which the seg-

area of other surface sub-regions. The substances contained ment formed by the interfaces betwedéh(K) and

in this zone are bare soil, liquid water, and vapor. B (L) (L=1..Ng) is denoted bys'L (K), the segment
formed by the interfaces betwedh(K) and the exter-
nal world is denoted by§-£X7 (K).

4 Geometric, kinetic, and thermodynamic properties of

hierarchical continua (2) Top surface: the top surface & (K) formed by the

interface between the atmosphere and the land surface

In the REW approach, the entire watershed system is consti-  coveringB (K) is an irregular curved surface which is

tuted by a finite numbeM of discrete REWs. Each REW is denoted bys'” (K). The projection of5:” (K) onto the

then divided into two subsurface sub-regions and six surface  horizontal plane is denoted By (K), and the contour

sub-regions. Several materials are included within each sub-  of $'7 (K) is denoted byC (K).
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(3) Bottom surface: the bottom surface Bf(K), denoted 4.3 Definition of the time-averaged REW-scale quantities

by $'8 (K), is the impermeable strata or a hypothetical
p|ane at a gi\/en depth reaching into the groundwaterTO formulate the balance equations at the macro scale of both

reservoir or the combination of the two. time and space, the geometric, kinetic, and thermodynamic
quantities should be averaged, as Reggiani et al. (1998) orig-
4.2 Geometric description of the sub-region level contin-inal defined. For consistency we rewrite these definitions be-
uum low.
In the following sections, the identifier of individual REW,
The sub-region level continua divided from (K) and K, is omitted in the interest of brevity unless confusion arises
the phase level continua included in a sub-region arein which case itis included.

denoted by B/ (K) and By (K), respectively, where Definition 1 The fraction of time-averaged horizontal pro-

jelele=u,s,r.t,b,v,n, g}, ac{l|t=m,l,a, p,i,n, v} jected area oB/ in X, j#r

(see Tabled). The volumes occupied bp’ (K), Bl (K) . 1 AL

are denoted by/ (K), VJ (K), respectively.B* (K) (the o’/ = AT / S/ (vydz, j #r, 3
t—At

saturated zone) an8" (K) (the unsaturated zone) occupy a
3-D space, whileB” (K) (the main channel reach) is linear, where 2\t is the time interval X is the horizontal projected
while the other zones are planar. area ofB (K), =/ is the horizontal projected area Bf .

B/ (K) exchanges mass, momentum, and energy with en

) > ; _ ) Definition 2 The time-averaged thickness Bf , j#r
vironment through its interfac&’ (K), which can be divided

. . i . 1 t+At
into the following components: Vi = ' / / Avdr.j 1 )
) 2Atw) X — At Vi
(1) Interface betweeB’ (K) and the external world, which o . ) .
is denoted bys/EXT (K). Definition 3 The time-averaged volume fraction B, rela-

tivetoV/, j#r
(2) Interface betweenB/ (K) and B (L) (L=1..Ng), ; 1 t+At ;
ichi L g = — pdvdr, j 5
which is denoted bys/~ (K). &4 PN S ];At fvjl/ T,jFET (%)

(3) Interface betweerB/ (K) and the atmosphere on the Whereyaj is the phase distribution function @enphase inj
top, which is denoted by/7 (K) . sub-region, see Definition 10 below for detail.

(4) Interface betweeB/ (K) and the impermeable strata or Definition 4 The time-averaged density 8%, j # r
groundwater reservoir at the bottom, which is denoted—j 1 t+At _/ .
by 78 (K) . pa:#/ /_péyadVdr,J #r (6
2Ateyy/ wl B Ji—Ar JVI

(5) Interface betweenB’ (K) and B' (K) (i # j), the  wherep, is the density ofr phase at the differential volume

other sub-regions within the same REW, which is de- ;v in v/ space.

noted byS’! (K), (i#)).

Definition 5 The time-averaged physical quantigy pos-

In our derivation, we uselS to denote the differen- sessed byB; relative to the mass aBy, j # r
tial area vector of the surface. For the surfaces dis-__ 1 t+ At '
cussed above, the corresponding differential area vector symy; = _—/ / pélﬁgyl{dVdr,j # r(7)
bols, dS/5XT (K), dS'* (K), dS'T (K), dS'? (K), and 2AtpLelyiwi s Ji—ar IV
d§’' (K), are defined. These differential vectors point to the pefinition & The time-averaged length of the main channel
side indicated by the second superscript from the side indiyeach relative tc
cated by the first superscript along the normal direction of

t—At
the differential area, and the following equations hold £ = 1 / I'dr ®)
2AtE Jitae
St=8v .. 1 where!” is the instantaneous length of the main channel
i _ i (JFL 1) , _
dS’ = —dS§ reach. It is constant in most cases, &fids, therefore, con-

' stant too.
We also define the area vector for interfag€” using the

wildcard P as Definition 7 The time-averaged cross section area of the

main channel reach

i 1 . .. t+At
S/P=/‘P dS/? P=EXT.L,T.B.i,L=L.Ny.i#j. (2) ,r__1 / / Ve )
S/ ZA[ErE t—At r
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Definition 8 The time-averaged density B@ whereva is the velocity of the contmuunBo,, w({lP is the

. 1+A1 velocity of the interfaces” .

Pa = 2Atm"EI Y /t—m / ParadVde, (10) Definition 12 The phase transition rate betweephase and
B phase

wherep], is the density ofx phase at the differential volume

dV in V] space. : 1 t+At ' . ) ,
Jio_ Ii(w’, —v/).-v/dA 1
Definition @ The time-averaged physical quantify pos- a6 = 2Ary / [S;iﬁ Pa (waﬂ v"‘) vadAdr  (16)

sessed b}Ba relative to the mass @4, J#r

t+At
U = —/ / pLYlyrdVdr . (11) 5 General form of the conservation laws and their aver-
« ZAI,() mrEVE ¢ aging

4.4 Geometric description of the phase level continuum 5.1 General form of the conservation laws

We introduce the definition of the phase distribution function
in order to define physical quantities for the phase level con-
tinuum conveniently.

In the REW approach, the derivations of the balance equa-
tions are based on the global conservation laws written in
term of a generic thermodynamic propetty The averaging
Definition 10 The phase distribution function @f phase = method developed by Hassanizadeh et al. (1979a, b, 1980,
substance iry zone showing the distribution @f phase in  1986a, b) and pioneered by Reggiani et al. (1998, 1999) is
spaceV/ then applied.

j Suppose a control volumeé* and its boundary surface is
1 dve Ve (12) A*=9V*. At a specific time, the substances containetf in
0, dV ¢ Vy form a continuumB. For a conserved physical quantity,
the Euler description of its global generic conservation law

vl dv) =

The physical quantities defined n space can be alterna-
tively defined inV/ space by means of phase distribution

. . . . . . 8

function. ThIS is al§o true for the physical quantity defined _/ pwdV + / o¥ (v —w) - dA
over the interfaceS,. Therefore, through the use of the 97 Jy+ A*

phase distribution functlon we can omit the definitions of

7] and S, and focus on the phase interfaces bethén
and B’ (B#£a) within one sub-region, which is denoted by

—/ i«dA—/ (pf +G)dV =0, (17)
* V*

wherep is the mass density of the continuudi/ is the dif-
aﬁ, B#a. Similarly, the symboJiSJ is used forindicating  ferential volumedA is the differential area of the interface,
the differential area vector of mterfac% B+a. It points d A is the differential area vector of the interface whose value

to 8 phase fromu phase along the normal direction of the iSdA, direction is the normal direction pointing outwards

differential area, and the following equations denote if: the velocity of a continuumy is the velocity of a continuum
. . 4 interface,y is the specific physical quantifywith massj is
Sap = Sha S}, = dSﬂa . B#a . (13)  the diffusion flux, f is the source or sink term per unit mass,

G is the source or sink term per unit volume. The quanti-
tiesi, f andG have to be chosen depending on the type of
physical quantityp that is considered (see Taliéor detail).

We also define the area vector of interfaﬂig, B#a as

Sg,ﬁ = /_/ dsgﬂ,ﬂ £ o (14)
Sup 5.2 General form of the time averaged conservation laws

4.5 REW-scale mass exchange terms through interfaces on the spatial scale of REW

Mass exchange terms through interfaces are the most impo/Applying Eq. (17) to a phase level continuui yields
tant variables in a hydrological system. The definitions of

time-averaged values of various REW-scale mass exchange- ,oawéd 1%
terms relative tox, according to Reggiani et al. (1998), is tJvd

given here for later use. L=1.Ng,i#j
’ oy p ;
Definition 11 The net flux ofe phase througts’/? + Z /.P PaVa (”t]x — wy ) YadA
P=EXT,L.T,B,i”%’
14At p ;
] JY). J
e ghe [ ) o [ i)
= EXT,L, T, B, i, L=1..Ng,i#j, (15) ’3#“
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Table 5. Summary of the properties in the conservation equation5'2'3 General form of heat balance equation

after Reggiani et al., 1998). . . .
( 99 ) In Appendix A we present the conservation equation for me-

chanical energy and internal energy which is similar with

Quantity 4 ! f G Reggiani et al. (1998). We also derive the heat balance equa-
Mass 1 0 0 0 tion, with the additional terms due to velocity and internal
Linear Momentum v t g 0 energy fluctuation being ignored. The following heat balance
Energy E+1/2% tviq htgv O equation is used in hydrological modeling:
Entropy n J b L dg_f
(S/Xy" o’ Cé) — = hapaelyl o’
Note: Where,t is the microscopic stress tensgr,is the gravity L=1.Ng.itj

acceleration vectorE is the microscopic internal ener er unit iP i

mass,q is the micrfscopic heat flux \E)ectdf, is the suppg)l);/ F:())f in- + Z Q + Z Qéﬁ C

ternal energy from outside world,is the microscopic entropy per

unit mass,j is the non-convective flux of entropy,is the entropy  where on the |.h.s. the term represents the derivation of heat

supply from the external world, is the entropy production within - storage ofx phase inj zone due to the variation of the tem-

the continuum. perature, on the r.h.s. the first term accounts for heat gener-
ation rate ofo phase inj zone, the second term represents

P=EXT,L,T,B,i Ba

L=1.Ng,i#j ' heat transfer rate fronj zone to its environment, and the
- Z / i-yldA— Z / i-dA third term accounts for the heat transfer rate fr@phase to
. ; :

P=EXT.L,T,B,i’S'" B#a Sup the remaining phases withij zone, ¢/, is the specific heat
_ J — capacity at a constant volume @ haseﬁc{ is the tempera-
N\plf+G)dvV =0 (18) p 1pn p

J

ture ofa phase averaged ov&y, &}, is heat generation rate
All the variables are defined based on the differential volumeper unit mass iV , éP is the rate of heat transferred from
of the continuum or differential area of the interface. In other P zone toj zone, anoQéﬂ is the rate of heat transferred from
words, they are all the microscopic quantities which exhibit 8 phase tax phase withinj zone.
a mismatch with the macroscopic quantities required for wa-
tershed hydrological modeling. An averaging procedure in5.2.4 General form of entropy balance equation
both time and space is necessary for obtaining balance equa-
tions directly at the spatial scale of the REW. This procedure —
has been pursued in detail in the Appendix A. In this section (" ; ; dnyy VNN
only the final results are presented. All the equations take thel ** %@ @ ) Tg; = PaPaday™@
general form against a phase level continuum.

+ Léséyja)j

5.2.1 General form of mass conservation equation L=1.Nk.,i#] - ,
D DR A A ¢7)
— L=1.Ng,i#]j : P=EXT,L,T,B,i B#a
Jedvind ) — jP J
— | pagly’ o’ | = el” + e (29) o
dt ( o ) P:EXTZ:L’T’BJ- “ }_‘;}1 of where on the I.h.s. the term accounts for the derivation of en-

tropy storage, on the r.h.s. the first term represents the supply
5.2.2 General form of momentum conservation equation rate of entropy from the external world, the second term is the

internal entropy production rate within the subsystem, and

the remaining terms are the various exchange terms across

(péegyfwf) a <v;§> various interfaces.
dt
L=1..Ng,i#j . e .
BN i i 6 Simplification of the equation sets
=gupsely’o’ + Y TP+ Y Tl (20) P g
P=EXT,L.T,B,i B#a

In previous sections, we have obtained the general form of
where the term on the L.h.s. is the inertial term, the first termthe time-averaged conservatlo_n equations for mass, momen-
on the r.h.s. is the weight of water. The remaining terms ontum’, energy, and entropy agqlnst a phase-lt_avel continuum.
the r.h.s. represent the various forces acting on the varioud! this section, we make a series of assumptions to keep the
) . . problem clearer and manageable, while meeting the require-
interfaces; is the velocity vector of the phase averaged  ents of hydrological modeling at the watershed scale. Then
over thej sub-region, ang?, is the averaged gravity vector. the interfaces across which the physical quantities such as
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mass, momentum, energy, and entropy exchange are deﬁn%‘gble 6. Summary of the interfaces for each sub-region.
according to the assumptions. Finally, the general form of

the averaged conservation laws is applied to each phase IeveiNO
continuum and their final balance equations obtained.

Sub-region Interfaces

1 s-zone SSB SXEXT SSL gsu_gsr - gst S;
: , §5, 8%, §5, §5 S5
6.1 Assumptions for hydrological modeling in the REW 5 u-zone sus GUEXT qul qub quv qug qun S
approach
PP 3 b-zone sbT  gbr gbu, Slbp
Assumption 1: Evaporation occurs from the surface 4  V-zone sUT, v s sy,
sub-regions only. 5  n-zone snT gnr gnu, St
_ _ _ _ 6 g-zone 58T ssr ssu sp
Assumption 2: Vapor storage capacity and its velocity T EXT er vt oors o
can be ignored in all sub-continua. 7 rzone ST STEAN ST ST S8,
8  tzone ST, stb, stv, s, S18 ST SIS, S

Assumption 3: Ice is static and rigid.

Assumption 4: Soil matrix is static, rigid, and inertial.
6.2 Interfaces in REW approach

Assumption 5: All substances within the same sub- o .
region possess the same temperature, and all Surfad@terfaces del|m|t|ng the Watershed, REWS, Sub'reg|0ns and
sub-regions besides snow covered and glacier covere@hases determine the exchange terms arising in the balance

zones possess the same temperature, which is denot&gluations. According to the above assumptions, interfaces
by @surf in the REW approach are summarized in Tabl€&or details

about the symbols the reader should refer to the previous sec-
tions, especially Sect. 4, or the Nomenclature.

Assumption 6: Heat transfer occurs along the vertical

direction only. 6.3 Balance equations for saturated zone

In above assumptions, Assumption 2, Assumption 3, andSubstitution of mass, momentum, and energy exchange
Assumption 4 are similar with the original ones (Reggiani terms occurring within the saturated zone in Eq9)(

et al., 1999), while Reggiani et al.’s (1999) assumption of Eq. 20), and Eqg. 21) with the help of the above assump-
an isothermal system is abandoned. This enables the equéons leads to various conservation equations as follows:
tions developed here to simulate the energy related processes.

Owing to the above assumptions, we can omit the following6.3.1 Balance equation of mass for water phase
equations and mass exchange terms in the final results:

(1) Balance equations of mass, momentum, and energy fori (—Y s.s S)

. . 1 €
gaseous substances, including gas and vapor; dt prery e
Nk
. _ SEXT s L s B ) st y y
(2) Balance equations of mass, momentum, and energy for =€ + Y _el" + e + el + €' +ef" +ef;  (23)
soil matrix; L=1

where the L.h.s. term accounts for the rate of change of wa-
ter storage, the terms on the r.h.s. are various water exchange
rate terms with the external world of the watershed, neigh-
(4) Phase transition terms between gaseous phase and thgring REWs, groundwater reservoir, u-zone, t-zone, r-zone,
remaining phases within u-zone; and ice phase, respectively.
From a hydrological perspective, the first two terms on the
(5) Mass exchange terms between sub-regions are non-zeiich s of Eq. 23) represent the groundwater flow? accounts
for the water phase only. for the water exchange rate with deep groundwater, and it is
zero when the bottom is impermeablg” represents water
To be added, t‘he exception for the last rule is the mass exrecharge term from u-zone into s-zone when it is positive,
change termeg,T, between; sub-region and atmosphere. and capillary rise term from s-zone into u-zone when it is
However, the atmosphere is not a sub-region of the hydronegative.e;; accounts for ice thawing term when it is posi-
logical system but represents its external environment. tive, and water freezing term when it is negative.

(3) Balance equation of momentum for soil ice;
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6.3.2 Balance equation of mass for ice 6.3.5 Balance equation of heat for ice
d TS 8,8, .S K K
ar (Pi gy ) =€ =€ (24) d_
! sfyswscfaeis — Ailie})
6.3.3 Balance equation of momentum for water _ sB B s )3 st SF s
q — Kiv Qv + Kivu Qm + Kithvt + Kl_vr er , (28)

where, similar to Eq.Z7), A; is the ratio of freezing heat
s s 45— g5 absorbed by icex?® is the ratio of heat exchange term
PrEY W —V — &P &YW . i .
d (across interface between s-zone and groundwater reservoir)
absorbed by ice, and’™, «;’, k" is the ratio of correspond-

Nk
_pSEXT SL_ msB | qsu_ st | msr | s : _ i .
=T8T 4 Y Ty AT A T+ T + T + T, 4T}, (25) ing heat exchange term absorbed by ice.
=1

N . 6.3.6 Balance equation of heat for soil matrix
where the terms on the L.h.s. are the inertial term and weight
of water, respectively. The r.h.s. terms represent various
forces: the total pressure forces acting on the mantle seg- d__
ments in common with the external watershed boundary an@i},)’swscfﬁa@;; — kmlir€},
neighboring REWSs, the forces exchanged with the ground- B s .
watger rese?voir, the forces transmittedgto u-zone ac?oss the — i 07 1y O™ 165, O + 17 O (29)
water table, to t-zone across the seepage face, to r-zone i i , ,
across the seepage face, and the resultant forces exchang®€ré is the ratio of freezing heat absorbed by the soil
with the soil matrix and the ice on the water-soil matrix and Matrix, the meaning of other symbols is similar to those of
water-ice interfaces, respectively. Eg. @7 and Eq. 28).

Owing to the Assumption 3 and Assumption 4, we can The sum of the fract|0_n of hgat exchange terms absorbed
combine ice and the soil matrix together for momentum ex-Dy water, ice, and the soil matrix should be one, i.e.
change. Therefore, the momentum termd'gf andT;; can

sB sB sB
be united into one single terrf; , ;, which is denoted by L T o e 4%

T}, unless otherwise confusion would arise. K" g, =1
K+ =1
Preiy'ar S g e 7 e =1
MAri+i,=1 (30)

Nk
=TT Y T  + T8 + Tj* + T + T} + T}, (26)

= lm The specific heat capacity is an extensive quantity, so the fol-

lowing equation holds

6.3.4 Balance equation of heat for water SR g (31)
J According to Assumption 5,

S8 5.8 N S

gy ey g = Ml GG =05 =0 . (32)

— KISB QsB + Klsu qu + Klst Qst + Klsr er ; (27)

Adding Eqgs. 27), (28), (29) together, and applying EqL0),
where on the L.h.s. the first term represents the rate of changl. and 82), yields the balance equation of heat for the
of heat storage due to variation of the temperature, and th€Ntre s-zone:
second term represents heat of freezing. The terms on the d—

r.h.s. are REW-scale heat exchange terms of water with theSwSCSEQf —lyel, = 0°B + 0% + 0% + Q" (33)
groundwater reservoir, u-zone, t-zone, r-zone, respectively,

c; is the specific heat capacity of water in s-zone at a con-where on the |.h.s. the first term represents the rate of change
stant volume/;; is the latent heat of freezing, is the ratio  of heat storage due to variation of the temperature, and the
of freezing heat absorbed by watef? is the ratio of the heat  second term represents the rate of freezing heat. The terms
exchange term (across interface between s-zone and groundn the r.h.s. are REW-scale heat exchange terms of water
water reservoir) absorbed by water, arjd, ", x;" is the  with the groundwater reservoir, u-zone, t-zone, and r-zone,
ratio of corresponding heat exchange term similarly absorbedespectively,c® is the specific heat capacity of s-zone at a
by water. constant volumeé; is the latent heat of freezing.
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6.4 Balance equations for unsaturated zone Similar to s-zone, we can write down the balance equa-
. tions of heat for water, soil matrix, ice, and gas respectively
6.4.1 Balance equation of mass for water phase and then add them together. In the interest of brevity, only
the final results for u-zone are given.
di (p_l"el“y”a)”> 6.4.4 Balance equation of heat for unsaturated zone
t

NK d _— b
=¢fFXT 4 et tef +ef tef e e tefi, (34) Yo' Ot —lyef; = Q" + 0"+ 0" + 0" + 0", (38)
L=1

where on the I.h.s. the first term represents the rate of change
where the |.h.s. term represents the rate of change of watest heat storage due to variation of the temperature, the second
storage, the terms on the r.h.s. are various water exchang@rm accounts for the rate of freezing heat. The terms on
terms with the external world, neighboring REWS, s-zone,ne r.h.s. are REW-scale heat exchange terms with s-zone,
b-zone, v-zone, n-zone, g-zone, and ice phase, respectivelyh_zone, v-zone, n-zone, and g-zone, respectively.

From a hydrological perspective, the first two terms on the

r.h.s of Eqg. 84) can be considered as subsurface and pre6.5 Balance equations for bare soil zone
ferred flows,e;* equals—e;" according to the jump condi-
tion (Reggiani et al., 1998, 1999/ represents infiltration The bare soil zone includes the soil matrix, liquid water, and
from b-zone during a storm period when positive, and cap-vapor. Owing to Assumption 2, vapor disperses immediately
illary rise during an inter-storm period when negative which after evaporation.
is then evaporated into the atmosphere from b-zone. Simi- i
larly, eV represents infiltration from v-zone during the storm 6.5.1 Balance equation of mass for water phase
period when positive, and uptake by plant roots during the ;

inter-storm period when negative which is then transpired by~ (;Olbthb> =e" +e' +e +e, (39)

vegetationg;" andel”g represent infiltration from snow and

glacier covered zones, respectively. where the |.h.s. term represents the rate of change of depres-
sion storage, the terms on the r.h.s. account for the intensity

6.4.2 Balance equation of mass for ice of rainfall, water exchange rate with u-zone, with t-zone, and
with the vapor phase (i.e. evaporation).

d uou U, U u u i i

4 <,0,- 'y )  p—— (35) From a hydrological perspective, the exchange tefih,

dt between b-zone and t-zone, on the r.h.s. of B§) (epre-

6.4.3 Balance equation of momentum for water sents the runoff generated from b-zone. Itis the residue after

reduction of the rainfall reaching b-zone by infiltration, de-
pression, and evaporation.

_ d— — Nk
piely " v — gipjeyie" = T 3Tt 6.5.2 Balance equation of heat for bare soil zone
L=1
TP+ T+ T+ T+ T+ T}, + T+ Ty (36) ybwbcb%_ewf —lge}, — Ry = Q"7 + Q%" (40)

\cl)vfh\?vzé?e rt;mescgceﬁhe l'?hsé e:r;]a ;heté?rirst'a;leterrergj:tdv‘gﬁ'c?uhs\t/vhere the terms on the |.h.s. are the rate of change of heat
' P Y- o P storage due to variation of temperature, the rate of latent

forces:' the total pressure forces acting on the mantle >®%eat transfer of vaporization, and net radiant intensity, re-
ments in common with the external watershed boundary and

. . . . Spectively. The terms on the r.h.s. represent heat exchange
with the neighboring REWS, the forces transmitted to the S'rate with the atmosphere due to turbulence and with u-zone,
zone across the water table, to b-zone, to v-zone, to n-zon

. . IS the latent heat of vaporization, aRy is the net radian
and to g-zone, and finally, the resultant forces exchanged? =~ . P Ry
. : . . . ntensity.
with the soil matrix, gas, and the ice on the water-soil ma-

trix, water-gas, and water-ice interfaces, respectively. 6.6 Balance equations for vegetated zone
Similarly, the momentum terms df; and T}, can be

united into one single terr#, , which is denoted by, 6.6.1 Balance equation of mass for water phase
unless otherwise confusion arises.

d (— v,V v vT vu vt v
o d— Nk —(plvslya))zel +et te e, (41)
plug;,tyuwuav;z o gfplug;,tyua)u — T;tEXT + § :T;tL dt
L=1 where the |.h.s. term accounts for the rate of change of water

+ T+ T+ TV + Ty + T/ + TV, + T}, (37) storage (i.e. canopy interception and depression storage), the
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terms on the r.h.s. represent the intensity of rainfall, water6.8 Balance equations for glacier covered zone
exchange rate with u-zone, with t-zone, and with the vapor

phase (i.e. transpiration). 6.8.1 Balance equation of mass for water phase
6.6.2 Balance equation of heat for vegetated zone ef +ef' +ef +ef +ef =0 (46)
d where the terms on the I.h.s. account for the intensity of rain-
vole? Sgsurf _poov R oV = ovT u 42 N.S. ' y
P g€l ne Q" +0 (42) fall, water exchange rate with u-zone, with t-zone, with the

where the terms on the l.h.s. are the rate of change of heafaPor phase ("(_E' evaporation), a_nd with the ice phase (i.e.
storage due to temperature variation, the rate of latent he&{peltmg or freezing). Here we omit the water storage capac-
transfer of vaporization, and net radian intensity, respec—'ty of g-zone. , )

tively. The terms on the r.h.s. represent heat exchange with 'O @ hydrological perspective, the exchange terfh,

the atmosphere due to turbulence and with u-zgpes the between g-zone and t-zone, on the r.h.s. of B6) (epre-
latent heat of vaporization, argl, is the intensity of radia- sents t_he runoff generated from g-zone. It_|s the residue after
tion. reduction of the melting water by infiltration and evapora-

tion.

6.7 Balance equations for snow covered zone ) )
6.8.2 Balance equation of mass for ice phase

6.7.1 Balance equation of mass for water phase d

g g 8 g
= (ofytor) = el +ef). (47)

% (pT"s{’y"w”) =T e e + efy + el s (43) _
where the terms on the r.h.s. represent the rates of sublima-

where the I.h.s. term accounts for the rate of change of watetion and freezing, respectively.

storage, the terms on the r.h.s. represent the intensity of rain- ) )

fall, water exchange rate with u-zone, with t-zone, with the 6.8.3 Balance equation of heat for glacier covered zone

vapor phase (i.e. evaporation), and with the snow phase (i.e. d

melting). yéwSes —08—ljgef,—ligef,—lef— Ryw*=0%" +0%" , (48)
From a hydrological perspective, the exchange teffh, dt

between n-zone and t-zone, on the r.h.s. of BE@) fep-  where the terms on the I.h.s. are the rate of change of heat

resents the runoff generated from n-zone. It is usually thestorage due to variation of temperature, the rate of latent heat

residue after reduction of the snowmelt water by infiltration transfer of vaporization, the rate of latent heat transfer of sub-

and evaporation. limation, the rate of latent heat transfer of melting, and net ra-

. dian intensity, respectively. The terms on the r.h.s. represent
6.7.2  Balance equation of mass for snow phase heat exchange rate with the atmosphere due to turbulence and
d with u-zone/j, is the latent heat of vaporizatioh, is the la-
o (openy" ") = e’ +en, + e (44)  tent heat of sublimation;, is the latent heat of melting, and

R, is the net intensity of radiation.

where the |.h.s. term is the rate of change of snow storage,

the terms on the r.h.s. represent the intensity of snowfall6.9 Balance equations for main channel reach
snow exchange rate with the vapor phase (i.e. sublimation)

and with the water phase (i.e. melting). 6.9.1 Balance equation of mass for water phase
6.7.3 Balance equation of heat for snow covered zone d ,_ K
! 2 Pim' &) =T+ B4 Y et e el + ey (49)

Yo" diﬁ—llgefg —lngezg—l,,lelnll—Rnw":Q"T+ o™ ,(45) =

t where the I.h.s. term represents the rate of change of water
where the terms on the I.h.s. are the rate of change of hedtorage, the terms on the r.h.s. are the intensity of rainfall,
storage due to temperature variation, the rate of latent heatarious water exchange rate terms with the external world,
transfer of vaporization, the rate of latent heat transfer ofwith neighboring REWSs, with t-zone, with s-zone, and with
sublimation, the rate of heat transfer of melting, and net ra-the vapor phase (i.e. evaporation), respectively.
diant intensity, respectively. The terms on the r.h.s. represent )
heat exchange rate with the atmosphere due to turbulence arf®-2  Balance equation of momentum for water phase
with u-zone,/;, is the latent heat of vaporizatioh,, is the
latent heat of sublimation,; is the latent heat of melting, ,__ d—
andR, is the intensity of radiation. (P[mrér) Zvlr —gpméE
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Nk . .
o rEXT L T - s with the atmosphere due to turbulence and with s-zgge,
=T + LZ_lTl + AT+ T, (50) is the latent heat of vaporization, a} is the intensity of

radiation.
where the terms on the |.h.s. are the inertial term and weight
of water, respectively. The r.h.s. terms represents various
forces: the total pressure forces acting on the channel crosé

sections in common with the external watershed boundaryy . rew theory is a novel watershed hydrological model-
and with the neighboring REWS, the forces transmitted toing approach whose equations are applicable directly to the

the atmosphere, to t-zone, and to s-zone, respectively. spatial scale of REW. The pioneering work by Reggiani et
al. (1998, 1999) provides the unifying framework for the
REW approach and the definition of REW is fundamental
to it. As an initial attempt, Reggiani et al.’s definition pre-
cludes hydrological processes driven by or intimately related
to energy processes, such as evaporation/transpiration, melt-
where the terms on the l.h.s. are the rate of change of heqhg, freezing, and thawing, from being modeled in a phys-
storage due to variation of temperature, the rate of Iaten;ca”y reasonable way. After a revision of Reggiani et al.’s
heat transfer of vaporization, and net radian intensity, respecgefinition of REW, this paper derives the fundamental equa-
tively. The terms on the r.h.s. represent heat exchange ratgyns all over again, by paying particular attention to energy
with the atmosphere due to turbulence and with s-zdge, ye|ated processes, in order to extend the applicability of the
is thellatent heat of vaporization, am is the intensity of  REw approach.
radiation. In our new definition, a REW is separated into six sur-
face sub-regions and two subsurface sub-regions. Vegetation,
snow, soil ice, and glacier ice are added to the existing sys-
tem including water, gas, and soil matrix. As a result, energy
related processes, i.e. evaporation/transpiration occurring
d (=, , P from various kinds of land cover and hydrological phenom-
dr (ply @ ) = e te e e e +e) ey . (52)  ena specially related with the cold region such as accumu-
lation and depletion of snow pack and glacier, and freezing
where the L.h.s. term represents the rate of change of wategng thawing of the soil ice, can be modeled in a physically
Storage, the terms on the r.h.s. are the intensity of rainfa”feasonatﬂe Way_ The Sub_stream_network iS Separated from
VariOUS water eXChange rate terms W|th b'Zone, W|th V'Zoneother Sub_regions (e} that the Sub_REW_sca'e runoff routing
with n-zone, with g-zone, with s-zone, with r-zone, and with fynction can be represented explicitly.
the vapor phase (i.e. evaporation), respectively. The scale adaptable equations which can be applied in the
watershed hydrological modeling are then formulated in a
more systematic and consistent way. We first derive the gen-
eral form of time-averaged conservation laws of mass, mo-
- — = mentum, energy, and entropy at the spatial scale of REW,
(sz @ ) 2 T 8Py which is independent of any zone and any phase. After a
T b tv n 1g ts tr series of assumptions aimed at watershed hydrological mod-
A M B e B Bk (53) eling, the interfgces, which determine the Zxchar?ge terms

where the terms on the L.h.s. are the inertial term and weigh@fSing in the balance equations, are simplified. The general
of water, respectively. The r.h.s. terms represent varioud®r™m Of conservation laws is then applied to derive the bal-

forces: the forces transmitted to the atmosphere, to b-zoneédnce equations for each phase in each zone. There are in total
to v-zone, to n-zone, to g-zone, to s-zone, and to r-zone, re4 balance equations, eight of which are heat balance equa-

spectively. tions including various energy processes such as heat transfer
and phase transition. For a watershed witldiscrete REWS,
6.10.3 Balance equation of heat for sub stream network We get finally a system a¥f x 24 coupled equations.
J Our definition and formulation procedure can be more eas-

1119 a7 ' t _ T ts ily applied when it is desired to include new zones and phases
yee EQ ~higery = Rue’ = 07 4 07 (54) into the approach. This is demonstrated in Appendix B by in-
{Hoducing the reservoir zone in order to represent the effect
Pf hydraulic projects on hydrological processes.

Conclusions

6.9.3 Balance equation of heat for main channel reach

— d —
plrmrsraer _ llge;g _ Rnwr — QrT + Qrs (51)

6.10 Balance equations for sub stream network

6.10.1 Balance equation of mass for water phase

6.10.2 Balance equation of momentum for water phase

where the terms on the |L.h.s. are the rate of change of he
storage due to variation of temperature, the rate of laten
heat transfer of vaporization, and net radian intensity, respec-
tively. The terms on the r.h.s. represent heat exchange rate
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Furthermore, after introducing new assumptions or reducing The system of equations has a redundant number of vari-
existing ones, we can derive the final balance equations foables for which constitutive relationships are necessary. Cur-
other purposes by means of the general form of conservationently, Reggiani and Rientjes (2005) have proposed a set of
laws. For example, we can couple the sediment movementlosure relationships based on the exploitation of the second
into the current equations by ignoring the rigid assumptionlaw, and Lee et al. (2005a, b) proposed their closure rela-
of soil, which is left for future research. tionships based on various upscaling methods. Tian (2006)
The subsurface heterogeneity we use is preliminary, a$'as applied Lee’s procedures and formulas and Monte Carlo
represented by the separation of the saturated zone and tifémulation method, and has come up with a determinate sys-
unsaturated zone, while the layered heterogeneity along sofem based on the equations proposed in this paper, although
profile vertically is excluded. However, the additional equa- these still exclude the energy balance equations. The closure
tions could easily be coupled if we further divide the satu- relationships required by the energy related processes can be
rated zone and the unsaturated zone into several strata, whidH/rsued by such well developed procedures and will be pre-
can be done in a way similar to the introduction of the reser-Sented in a subsequent paper.
voir zone demonstrated in Appendix B. Certainly, this will
require more endeavor on additional geometric and constituA
tional relationships for the closure problem.

Saturation excess flow is no longer separated from infil-Time a\/eraged genera| form of conservation laws
tration excess flow in the new definition. The saturated andor mass, momentum, energy and entropy
the unsaturated portion of the land surface which depends
on the relationship between the water table and surface toin Sect. 5.2, we obtained the general form of conservation
pography, however, can be calculated through topographitaws, i.e. Eg. 18), based on microscopic quantities. Af-
analysis such as demonstrated by Lee et al. (2005b) with théer averaging Eq.1@) in time by integrating each term sep-
help of topographic wetness index of TOPMODEL (Beven arately over the intervak— At, t+At) and dividing by 2\¢
and Kirkby, 1979). we get

ppendix A

temporal derivation o
1 t+At 9 o
— — JyddV ) d
2At Ji—as <8f /;/J PaVa ) i

L=1.Nk.i#j 4 t+A1 o p . 1 t+AL S )
— Jud (v] — w/ ) -yl dAdt —/ / S (vf—w] ) -dAdt
2At Ji—as ~/S.fP PaVa ( “ ¢ Va +;S;x 2At Ji_a S;ﬂ Pabava b

influx

spatial derivation 0§

+
P=EXT,L,T,B,i

L=1Ng.i#j 1 (LA ‘ 1 AL
. ] .
— i y;dAdt — —/ /_t-dAdr
P=EXT,L.T,B,i 2A1 Ji—ai /S“’ ‘ l;[ 2At Ji_ar s,

source or sink term

1 t+

At )
- — J G)dVdt =0 Al
281 ), /V (pif +G)avar (A1)

In the following, after presenting the definition of fluctua- erage value which behaves similarly with turbulent flow. It
tions and associated lemmas, we derive the time averageid impossible and unnecessary to obtain their instantaneous
form of each term in the EqA() in turn. value on the microscopic scale. The temporal and spatial av-
eraging quantities are more important for watershed hydro-
(1) Definition and lemmas about fluctuations of physical  logical modeling. For this purpose, the actual movement is
quantity ¢ decomposed into two components, one is the time averaged
guantity, and the other is the fluctuating quantity or residual.

From the microscopic point of view, the kinetic quantities
of all phases within each sub-region fluctuate around the av-
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This can be expressed in an equation as follows: The second and third terms on the l.h.s. of El) are
.~ the spatial derivative terms of physical quanigy i.e. ex-
w{{ =yl + v, (A2) change rate of the physical quantifythrough the interface

4" (P=EXT,L.T.B.i, L=1.Ng, i#j) andS), (B#a),
wherewa is the instantaneous value of the physical quantity respectively. According to EgAQ), Eq. (A3), and the defini-
b, 1/,0( is the fluctuating value or residual, alﬁd is the time-  tions of REW-scale mass exchange terms through interfaces

averaged value, which is defined in E@) &nd Eq. 11). (see Eq. 15 and Eq. 16)), the exchange rate @f through
About the fluctuation of physical quantigy, we give the (the second term on the |.h.s. of E&fl) can be formu-
following lemmas for later use . Iated as follows:

t+At .

Lemma 1 The time averaged value of the product of two —/ / paW vf — wa) -yl dAdt

instantaneous values can be calculated by the formula ! sIP A
1 t 1

- - —_~ /PE
fil2=fifa+ Jile (A3) el T /

Lemma 2 The fluctuation value of the product of two in- / pivd (v{x - w{f) -vldAde (A6)
stantaneous values can be calculated by the formula siP
= Similarly, the third term on the I.h.s. of EGAL) can be for-
NAfe= fif2+ fif2+ fif2 (Ad)  mulated as:
2) Temporal derivation term of the physical quantit 1AL ;
(2) Temp physical quantity ¢ ZN/ f paW(v’— ).ya,dAdT

o

The first term on the L.h.s. of EqAL) is the temporal

t+A
derivative of the physical quantity. Since the order of = —ylel 3 + i l
time integration and time differentiation may be changed “’5 2A1 Ji—ar
(Whitaker, 1981), the term can be formulated as follows, pi N
which is similar with Reggiani et al. : j AL (v w ) dAdT (A7)
i AL (B f o lﬂ iav\de (4) Convective and non-convective terms of the physical
2At J,_pa, \ Ot « quantity ¢
<1!fa P& ijj2> (A5) Similar with Reggiani et al. (1998), we introduce the con-
vective and non-convective terms in E&1). Substitution
(3) Spatial derivation term of the physical quantity ¢ Eqg. (A5), Eq. (A6), Eq. (A7), and Definition 13-18 intro-
duced by Reggiani et al. (1998) into E41( yields:
temporal derivation term source or sink term
(Vfapa ay I ) <foz :Oa aijj + G({;Sé;ijj>
convective term non-convective term
L=1.Ng,i#j __ L=1.Ng,i#j .
—( > waefP+Zz/fa aﬁ> ( > 14P+Zloiﬁ)=0 (A8)
P=EXT,L,T,B,i B#a P=EXT,L,T,B,i B#a
Definition 13: The non-convective term of physical quantity ¢ through mterfacesf
¢ through interfaces;,”
t+At »
— J JdAd
& =3nx / /s [’ pltd (v >] redaer 1 e -
— j YA,
P=EXT,L,T, B, i, L=1.Ng,i#j (A9)  I= AT / fsfﬂ [l—pélﬂa (v(g—waﬂﬂ -dAdr,
Definition 14: The non-convective term of physical quantity B#a (A10)
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Definition 15: The time-averaged generation ratexobhase
in B/ (K) per unit mass as:

—_ 1 t+At .
e [ [ digiviavar. e
2Atpgegyiwl Y Ji=Ar IV

Definition 16: The time-averaged generation ratexophase
in B"(K) per unit mass as:

- 1 t+At
= " fryrdvdr
7= s o

Definition 17: The time-averaged generation ratexgbhase
in B/ (K) per unit volume as:

(A12)

1 t+At o
Gl = —/ / Glyldvdr, j #r (A13)
2Atelyiwl Y Ji—ar Jvi

F. Tian et al.: REW approach including energy related processes

Definition 18: The time-averaged generation ratexgphase
in B”(K) per unit volume as:

- 1 t+At
Gl = —— Glyldvd
o ZAlmré:r Z /tht /V’ aVa T

(5) General form of time averaged conservation equations

(A14)

General form of mass conservation equation

The general form of mass conservation equationdor
phase withinj sub-region can be derived according to Ta-
ble 5 such thaty=1,i=0, f=0 andG=0 from Eq. @8).

Yoooelr+ Y el (A15)

) I=1..Ny,i#j
p=ext,l,T,B,i B#a

9 /— . . .
E(péeéy’aﬂ

General form of momentum conservation equation
According to the chain rule, EGAB) can be rewritten as

— 9 [~ . . . — . . \ 0 [
vl (plelyion) + (sleio’) - (vd)

L=1.Ng.i#j ___

== apae-:’y-’w-’ +GQS'E/y'/Ll)'/+
P=EXT,L,T,B,i B#a

éeép + Z llléeéﬁ +

L=1.Ng,i#j ) )
P+ 1 (A16)

P=EXT,L.T.B,i Ba

Multiplication of the mass conservation E&15) by theﬂ;

and subsequent subtraction from E&16) gives the general

form of time averaged conservation equations of momentum,
energy, and entropy as follows:

— . - L=1..Ng,i#j
<pé8,§yfw’> o (1//&) = fdpagly’ @’ + Giely o’ + > 1P+ 1 (A17)
P=EXT,L,T,B,i Ba

Therefore, the general form of momentum conservationEg. (A32) (for clarity, non-convective momentum is denoted
equation fore phase withinj sub-region can be derived ac- by the symboll'):

cording to Tablé such thaty=v, i=¢, f=g andG=0 from

— N4 /— . L=1..Ng,i#j . ‘
(pésgy"w-’> — <vé) = glolely o + TP + Z T, (A18)
dt P=EXT,L,T,B,i B#o
where: G=0 from Eq. @A8):
JP_ 1 prkar 5Py ) - S
T =35 Ji-nr Jsir [t PaVe (va We )i| Ya dAdT(Alg) <pé8&yja)j) i <E+1/ 2vé2)
P=EXT,L,T,B,i,L =1.Ny,i#j ot
, +A ~ ) (1ot i N odedvd i
- /t t/- [t—pévé (vi - w’ﬂ)} d Adt (A20) =(hrgl - vl Jpieylo]
2AtY Ji_as S;ﬁ L=1.Ng,i#j . .
General form of energy conservation equation + > 1P+ 1 (A21)
The general form of energy conservation equationofor P=EXT,L,T,B,i B#a
phase withinj sub-region can be derived according to Ta- where

ble 5 such thaty=E+1/2v?, i=t-v+q, f=h+gv and
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e [ eviva (et (/) (i) | i
a ZAfE it Is a a a a a a a

poo 1 e t-vl —pl _Eu(w)g /2 (v" -w! ) .dAdT, B #a
ab  2At3 Ji_p sl S U a” Tap ’

The L.h.s. term in Eq.A21) can be formulated according to Therefore, the l.h.s. term in EgAR21) can be rewritten ac-

Lemmas 1 as: cording to Eq. A22) and Eg. A23) as
— . . N /[ =2
(péeéyfwf) o (E + 1/2véf) — Ny
4 (,oésgtyfw]> o <E + 1/2v(§2)

Seivio )\ EL Y L () AN N YA
= | Patyy @ a E‘I‘E Vo +E Vo (A22) =<pa81{lyja)‘/>£ E+§<va> . (A26)

In the interest of brevity, we introduce the following defini- The first term on the r.h.s. of EqAR1) can be formulated

tion. according to Lemma 1 and EAZ5) as:

Definition 19 The time averaged value of the generalized .

internal energy oB, is defined as: (h{x +gl- vé)p({;aof;ijf

E} = E} +v] /2 (A23) = (hé +gl- vé) paelyl @’ (A27)

Definition 20 The fluctuation value of the generalized inter-

I ' . After introducing of Definition 22, the non-convective term
nal energy ofB;, is defined as:

across the interfacs/” can be formulated according to

—_

; o~ o~ =2 Lemma 2, Eq.A24), Eq. A2), and Eq. A19) as:
Eo —pl—El=E[ -] [2 (A24)
Definition 22 The time averaged value of the generalized 1d’ = T4" - va + QJF (A28)

external energy oBl:
* Definition 22 The generalized energy exchange term

i =hi + gl vl (A25)  across the interfacs/”:
) 1 t+At ~ . ’_j\ 1~2 . . .
olf = AT / . fSiP qg+t-vy—pl Eo y Ev,{l (vgl - wéP> -yddAdr. (A29)
t—At JS.

Similarly, by introducing Definition 23, the non-convective  Definition 23 The generalized energy exchange term

term across the interfac/, can be rewritten as across the interfacg)
Iy =Tig - va+ Qlg (A30)
. 1 t+At ~, . E 1~2 . .
] YA | =/ J ) .
Qup = ALY /I_At fs&iﬁ q+t-Va—py | "ItV (va waﬁ> dAdt (A31)
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-

Substitution of Eq. A26), Eq. (A27), Eq. (A28), and Q,{(ﬂ represents the heat transferred frgrphase tax phase
Eq. (A30) into Eq. (A21) yields the general form of averaged in j zone, and
energy conservation equation.

/j\P 1 t+At j
= -y, dAd A36
— Na Ou 2At2f,,m fsqu YadAdt (A36)
pacly’e) | —Ey+va [2
dt /J\ 1 1+At
= i = -dAd A37
L l.,N](,l;éj Qaﬁ ZAIE '/t\iAt /L;‘éﬂ C] T ( )

= (h{),+gévé> p,{;e({;yja)j+ <T({[P-vé+Q({,P>

P=EXT,L,T,B,i . —p " . iP
For convenienceQ; andQ}, are still denoted by and

Joada 0l :
+ Z (Taﬂ'”“ + Qaﬂ) : (A32) Qéﬁ unless otherwise confusion arises. The final result of

pra heat balance equation is as following:
After dot product of the velocity vectoré; with the momen- S dg_o{ T
. ; elylw/ el ) == = hiplel y/ o’
tum balance Eq.A18) we will get the mechanical energy o @) "4y @
conservation equation, similar with Reggiani et al. (1998): L=1.Ng,i#j

+ oo

— —2
<péséijj> % <v({, /2> P=EXT.L.T.Bi
+Y 0l (A38)

— —— L=Ll.Ng,i#j R vt
=gl - vépéeéy’cu/ + Z (Tl{lp . vé) _ _
P—EXTL.T.B.i General form of entropy conservation equation
L The general form of the entropy conservation equation for
+y (T’ v’) (A33)  « phase withinj sub-region can be derived according to Ta-

B#a ble 5 such thaty=n, i=j, f=b andG=L from Eq. A17)

. . L . for clarity, non-convective entropy is denoted by the symbol
And the internal energy conservation equation is obtalned( ) ¥ Py y y

from Eqg. A32), after subtraction of the mechanical energy

conservation EqA33): — N\ dnl —
(péeéy’wf) W _ Wlplely'o
Jelyiow/ | Z=2% = nl ol el vl — L=L1.Nk.i#] '
<p0l£ay w > d[ apaé‘ay w +L(/)[8({[y]a)j + Z FC{P
L=1.Ng,i#j P=EXT,L,T,B,i
JjP ;
+ > o +3 Fl (A39)
P=EXT,L,T.B,i ot
+ Z Qéﬁ : (A34) where:
B#a
jP 1 Al P (i i P J
. . . . JP__ — i— — .
Furthermore, after ignoring any additional item caused by the/« =55 /z—m /Sjp [] PaTle (va W )} vadAdt
fluctuation of \{elocny and_ mternal energy in E§\34), the P=EXT,L,T,B,i,L=21.Ng,i#j (A40)
balance equation of heat is derived:
— j_ 1 W,
(%)’"ché) d—: = hypaely’ 2 o s, ’ .o
L=1.Ng,i#j B#a (A41)
vy o
P=EXT.L.T.B, Appendix B
+) 0l (A35)
/32#; op The revised and supplementary balance equations af-

ter introducing the reservoir zone into the existing REW
wherec}, represents the specific heat capacityrgshase at system

constant volume averaged ovezone f; represents the tem- ;g paper, a REW with six surface sub-regions and

perature ofx phase averaged ovgrzone, Q({;P represents  two subsurface sub-regions is defined and the corresponding
the heat transferred fromphase inP zone to thatirj zone,  time-averaged balance equations are derived. Such definition
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Table B1. The additional interfaces after introducing the reservoir zone.

No Sub-region Additional interfaces

1 s-zone §$0

2 u-zone suo

3 rzone §ro = gro-u 4 gro-d

4 t-zone sto

5  o-zone soT, 898, o, 507, 5%, S}

will meet the requirements of most watershed hydrologicalr-zone,S™, can be further divided into two sections, i.e. up-
modeling. However, it is necessary to add new sub-regionstream section and downstream section, which are denoted
into the existing REW system in some special situations. Forby S"°-* andSs"*-¢, respectively. These additional interfaces
example, the additional reservoir zone is needed in order t@re summarized in Table B1.

incorporate the regulation function of hydraulic projects. The(3) The revised and newly introduced balance equations
newly defined compositive zone of two or more basic typesThe general form of the conservation laws developed in
of land cover such as snow and vegetation, or different vegSect. 5 holds true in spite of the introduction of the reservoir
etation zones could be needed for detailed simulation. Alsozone. However, the pragmatic form of balance equations for
for consideration of subsurface heterogeneity, one could dithe existing sub-regions listed in Sect. 6.3-6.10 should be re-
vide the unsaturated zone or saturated zone into several layised, and the new balance equations of mass, momentum,
ers and hence introduce more zones. In this Appendix, wend heat should be introduced following the procedure pro-
will take the reservoir for example to demonstrate how to de-posed in Sect. 6. The existing equations should be revised by
rive the revised and supplementary balance equations owingdding the additional exchange terms of mass, momentum,
to the introduction of new zones into the existing REW sys-and heat according to the additional interfaces summarized

tem. in Table B1. The final results are referred in Table B2.
(1) Introducing the reservoir zone into the REW defini- The newly introduced equations for o-zone are listed be-
tion low.

For incorporating the effect of hydraulic projects on hydro- ~Balance equation of mass for water phase:
logical processes, the reservoir zone, shortly named as oy . = oT o5 - on . oru . ord o o
zone, is separated from the sub-stream-network zone in thg;, (Pl yo ) = ¢ e tel e T de) e ey (A42)
REW definition presented in Sect.3. The surface layer of

. . where the |.h.s. term represents the rate of change of water
REW is, then, composed of seven sub-regions. On the spa-

S : : storage, the terms on the r.h.s. are the intensity of rainfall,
tial side, the seven sub-regions constitute a complete cover

of the land surface in the horizontal direction. In the verti- various water exchange rate terms with s-zone, with u-zone,

Co T ; : with upstream main channel reach, with downstream main
cal direction, it can be considered that o-zone lies above the . ; )
saturated zone channel reach, with t-zone, and with the vapor phase (i.e.

. ] _evaporation), respectively.
The reservoir zone receives water from upstream main gglance equation of momentum for water phase:
channel reach and t-zone, and releases water into the down-

stream main channel reach which is regulated according tqj_fyowo_ﬁ_glopfyowo
the different purposes such as flood prevention, water sup- d
ply, power generation, and so on. It also exchanges water =T§’T+T§”+T§’”+T§”‘”+T§’"d+T;” (A43)

with s-zone vertically an lies water for u-zone laterall . . .
s-zone vertically and supplies water for u-zone latera ywhere the terms on the l.h.s. are the inertial term and weight

in the subsurface layer. Similar with t-zone, the substances . :
. I of water, respectively. The r.h.s. terms represent various
contained within 0-zone are water and vapor.

- ) ) ) forces: the forces transmitted to the atmosphere, to s-zone,
(2)_ The additional interfaces after introducing the reser- to u-zone, to upstream main channel, to downstream main
Voir zone

) . , ) channel, and to t-zone, respectively.
Following the assumptions introduced in Sect. 6.1 and the Balance equation of heat for reservoir zone:

function of 0-zone discussed above, the existing interfaces

. . d—

;ummarlzeq in Table 6 shoglid be supplemented by the newlye ;0.0 = 5o _ ligef, — Ry’ = o'T + 0% (A44)
introduced interfaces delimiting o-zone from s-zone, u-zone, dt

t-zone, and r-zone, which are denoted in turn%3¢, $“¢, where the terms on the I.h.s. are the rate of change of heat

Sto. andS™. Moreover, the interface between o-zone andstorage due to variation of temperature, the rate of latent
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Table B2. The revised equations after introducing the reservoir zone.

No Sub-region Physical Revised equation Original
quantity equation
d N ; ; ] ; ;
1 mass < (psalsvav) esEXT+ Z esL-Q—eSB-I-eS”+eﬂ+e?r+e;0+e?i Eq. (23)
s-zone
2 momentum 75fefy'w® L —giptel y o =T EXT 4 z TEEATIB LT TS 4TS 4 THO4TS 4TS, Eq. (25)
3 heat yo'cs 4of —l,/ell_Q5B+Q”+Q”+Q”+Q“’ Eq. (33)
Nk
4 Uozone mass (plusluyuwu) _e;lEXT_,’_ Z e"’L+e”0+e’”+e”b+e””+e“"+eug+e”. Eq. (34)
Tuwou g, d U U u_TuEXT ulL uo us ub uv un ug
5 momentum  pj'e' y' 0" Vi —g pj'ef yH " =T + Z T T OFTE AT AT AT 4T 24T 4T, +T Eqg. (36)
d (= T, rEXT Lt d
6 r-zone Mass T (plrmré ) e)! +ef + Zler eyl et e 0 tep? +e,g Eq. (49)
7 momentum (/T;‘m'sf) Adr g ormr £ =TI EXT 4 ; TrL4 T L Tr g Trs (Trou Trod Eq. (50)
tot t\ _tT | th .t t 18, .t t t
4 t-zone Mass (ply o) ) el +ej eV 4e)" te; +els+elr+clo+elg Eqg. (52)
momentum (p;vfwf) vt gl oy o =T!T 4TI LTIV LTI T TIS LTI 70 Eq. (53)

Note: the balance equations of heat for u-zone, r-zone, and t-zone keep the original form due to the Assumption 6.

heat transfer of vaporization, and net radian intensity, respecis the latent heat of vaporization, am} is the intensity of
tively. The terms on the r.h.s. represent heat exchange ratadiation.
with the atmosphere due to turbulence and with s-zdge,

Nomenclature

Latin symbols

b the entropy supply from the external world

B the body of a continuum

B (K) the K th REW

B/ (K) the body of j sub-region continuum divided fromB (K), j €
{ele=u,s,r,t,b,v,n,g}

B (K) the body of @ phase inj sub-region divided fromB(K), j €
{ele=u,s,r,t,b,v,n,gl,a €{¢|¢ =m,l,a,p,i,n v}

¢l the specific heat capacity gfzone at a constant volume [L2T2071]

cl the specific heat capacity afphase inj zone at a constant volume [L2T 2071

C (K) the contour ofs:T (K)

dS/EXT (K) the differential area vector fa#/£X7 (K) [L?]

ds’t (K) the differential area vector fa/L (K) [L2]

ds’T (K) the differential area vector fat/7 (K) [L2]

dS’B (K)  the differential area vector fa#/ 8 (K) [L?]

ds’ (K) the differential area vector fd/! (K) [L2]

dS’ﬁ (K) the differential area vector f(ﬁiﬂ (K) [L2]

eéP the net flux ofw phase througts/” ML—21-1

aﬂ the phase transition rate betweephase ang phase ML—21-1

E the microscopic internal energy per unit mass [LZT‘Z]

E} the time-averaged value of the generalized internal energy, of [MT2]

Eq the fluctuation value of the generalized internal energg:pf [MT2]

f the source or sink term per unit mass
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fd
g
G
Gl
h
h
i
1.°
1,
J
K
L
lr

mr

Sj:EXT (K)
SIL (K)
SIT (K)
7B (K)

ST (K)

Sy (K)
S/P(K)
t

Tif

v

V (K)
Vi (K)
Vi (K)
w

y./
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the time-averaged generation ratexgbhase inj zone per unit mass
the gravity accelerator vector [LT~?]
the source or sink term per unit volume

the time-averaged generation ratexgbhase inj zone per unit volume
the supply of internal energy from outside world [MT*3]

the time-averaged value of the generalized external energy, of [MT—3]
the diffusion flux

the non-convective term of physical quanigthrough the interfacéép

the non-convective term of physical quanigthrough the interfacé*oi/3

the non-convective flux of entropy

indicate thek th REW

the entropy production within the continuum

the instantaneous length of the main channel reach [L]
the time-averaged cross section area of the main channel reach [LZ]
the number of discrete REWs in a watershed

the number of REWSs neighboring (K)

the microscopic heat flux vector [MT—3]
the generalized energy exchange term across the intefface [MT3]
the generalized energy exchange term across the inte‘fjgce [MT*3]
the heat transferred fromphase inP zone to that inj zone [MT3]
the heat transferred froph phase tax phase inj zone [M T‘3]
the intensity of radiation [MT73]
the surface oB (K) [1.2]

the segment formed by the interfaces betwdkefk) and the external [1.2]
world -
the segment formed by the interfaces betwBgiX ) and B (L) [L?]
the top surface formed by the land surface coveBnd ) L2
the bottom surface a8 (K), can be either the impermeable strata or a h):LZ:

pothetical plane at a given depth reaching into the groundwater reservoir,
or a combination of the two

the interface betweeB’ (K) and the external world [L?]
the interface betweeB’ (K) andB (L) (L = 1..Ng) [L2]
the interface betweeR’ (K) and the atmosphere [1.2]

the interface betweeRB’ (K) and the impermeable strata or the ground=-L2=
water reservoir o
the interface betweeB/ (K) and other sub-regions within the same REW,L?]
B' (K) (i #J)

the phase interface betwedyd (K) andBé (K) [L?]

the area vector of interfac®’” (K) [L?]

the microscopic stress tensor [ML~1T72]
the non-convective momentum through the interf&fz’é 'MLT‘Z]
velocity of the a continuum [LT1]

the space occupied by all the substances containgd k) =L3]

the volume occupied b/ (K) [L3]

the volume occupied b} (K) [L3]
velocity of a continuum interface fLT‘l]

the time-averaged thickness Bf [L]
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Greek symbols

At time interval for equation averaging [T]

e({; the time-averaged volume (B{{( relative tov/

&/ water content of the unsaturated zone

& water content of the saturated zone

¢ physical quantity
yO{ the phase distribution function @nphase inj zone
n the microscopic entropy per unit mass
KJ;P the fraction of heat exchange ter@” absorbed by phase
A the fraction of fusion heat absorbed byhase
gsurf the averaged temperature of the surface sub-regions [©]
0; the temperature af phase inj zone [©]
ol the time-averaged density &f, [ML3]
p,{; the density ofx phase at the differential volumg/ in Vaj space [ML*3]
3 (K) the horizontal projected area Bf(K) (L]
>J (K) the horizontal projected area 8 (K) [L?]
w’ the time-averaged horizontal projected are@® of [L2]
g the time-averaged length of the main channel reach relati¥e to [L*l]
w(f the instantaneous value of physical quangitgossessed by({ relative to

the mass oﬂé
M the time-averaged physical quantiy possessed byeé relative to the
. mass ofBé
wg; the fluctuant value of physical quantiypossessed bglof; relative to the
mass ofBg

Subscripts and superscripts

B superscript indicating the impermeable strata or groundwater reservoir

EXT superscript indicating the external world

i,j superscripts indicating sub-region, can be u (unsaturated zone),

s(saturated zone), r (main channel reach), t (sub-stream-network), b (bare
soil zone), v (vegetated zone), n (snow covered zone), g (glacier covered
zone), o (reservoir zone)

L superscript indicating the neighboring REYM=1..Ng

P superscript indicating the wildcard indicatitgX 7', L, T, B, i, L=1..Ng

T superscript indicating the atmosphere

a, B subscripts indicating the phase, can be m (soil matrix), | (liquid water), a

(gaseous phase), p (vapor), i (ice), n (snow), and v (vegetation)

Note: M is the dimension of masg, is the dimension of lengtH, is the dimension of time, an@
is the dimension of temperature.
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