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Abstract. The Representative Elementary Watershed (REW)1 Introduction
approach proposed by Reggiani et al. (1998, 1999) rep-

resents an attempt to develop a scale adaptable modeling, e jiction of hydrological responses at the catchment scale
framework for the hydrological research community. Tian in a changing environment, such as due to natural and hu-

et al. (2006) extended the original REW theory for cold 1,5 inquced climate and landscape changes, is a grand chal-
regions _through explicit trgatment of energy balance equay nge in the hydrological sciences, and is of crucial impor-
tions to incorporate assoc!ated cold régions processes, Su?Ence for sustainable water management and hazard mitiga-
as snow and glacier melting/accumulation, and soil freezyjo, The current generation of physically based, distributed
mg{thawmg. However, constitutive relationships for the cold |, drological models for the upscaling of point-scale balance
regions processes needed to co_mple_te these new balan‘ééuations, as set out by Freeze and Harlan (1969), have the
equations have been left unspecified in this derivation. Indrawback that there is no a priori perception about how the

this paper we prop_o;e ahset of clccj)s(l;r;e schemis for cold "micro-scale processes interact with each other and therefore
gions processes within the extended framework. An energy.,nnat account for the self-organized features that emerge

balancg method is pr'oposed to close the balance eqlﬂaﬁo%ﬁ the macro-scale, i.e. catchment scale, as a result of these
of melting/accumulation processes as well as the W'dely'interactions (McDonnell et al., 2007). One of the most ob-

used anhd conciptual_ldfegreg-day rget:od_, whereabs thz cI%ious emergent features frequently recognized in the litera-
s#re schemes for soll freezing and t av:;mlg arr]e ase OCE.Are is preferential flow which results from the interactions of
the maximum unfrozen-water content model. The proposed hqrface flow, soil and biota, and cannot be easily handled

closure schemes are coupled to the previously derived balygin traditional micro-scale process descriptions. Models

ance equations and implemented within the Thermodynamig -1, as SHE (Abbott et al., 1986), THIHMS-SW (Ni et al.
Watershed Hydrological Model (THModel, Tian, 2006) and 2008), among many others, are often criticized for their ex-

then applied to the headwaters of the Urumqi River in West-..o sjve complexity, parameter identifiability and thus uncer-

erT dCh_ina. Thle resulr:s of rt]he 5—yea(rj clalibrqtic(;n adnd_ 3'y|eartainty in comparison with limited data availability and exces-
validation analyses show that THModel can indeed simulat ive computational demands.

runoff processes in this glacier and snow-dominated catch- )
ment reasonably well, which shows the prospects of the 1he Representative Elementary Watershed (REW) ap-

REW approach and the developed closure schemes for colfoach first proposed by Reggiani et al. (1998) provides a
regions processes. general framework to incorporate all possible emergent be-

haviors of the hydrological system parameterized directly at

the catchment scale. It invokes mass, momentum, and en-
ergy conservation equations and entropy constraints directly
at the scale of the so called Representative Elementary Wa-

Correspondence to: F. Tian tersheds (REWs), which are by themselves macro-scale dis-
BY (tianfg@tsinghua.edu.cn) crete units. By coupling appropriate closure relationships
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to these balance equations to make the system of governingl. (1999, 2005) by explicitly considering spatial heterogene-
equations determinate (Reggiani et al., 1999), the REW apity of soil properties. Tian (2006) obtained similar results by
proach has the potential to represent the net effects of theoupling the Monte Carlo simulation approach and the 1-D
spatial and temporal heterogeneity of micro-scale processeRichards’ equation. On the basis of the closure relations de-
(Leeetal., 2007), including the effects of self-organizing fea-veloped through up-scaling of the CATFLOW model, Lee et
tures that emerge at the macro-scale without any conceptuall. (2005) developed the CREW model and applied it to the
jump or inconsistency. For these reasons we argue, as dd/eiherbach watershed in Germany and Susannah Brook wa-
Reggiani and Schellekens (2003) and Reggiani and Rientjetershed in Australia.
(2005), that the REW approach can serve as an alternative Despite all this progress, the original REW approach can-
blueprint compared to the classical Freeze and Harlan (19690t fully account for energy related processes, especially in
blueprint, providing a key building block to a general mod- cold regions which exhibit a complex hydrological regime.
eling framework when combined with the alternative down- In fact, cold regions cover nearly half of the global land area
ward approach to modeling (Sivapalan et al., 2003). (Yang et al., 2000), at least during the cold season, and influ-
However, the set of balance equations arising from theence the mass and energy exchanges between landscape and
REW approach, on their own, are indeterminate, i.e. theyatmosphere to a large extent, and the water that melts from
have more unknowns than equations. In other words, thehe glaciers and snowpacks accounts for a significant com-
states of the system and the flux exchanges cannot be d@onent of daily water supply in cold regions (McManamon
termined just through the use of the conservation principleset al., 1993; Williams and Tarboton, 1999). Hydrological
which are quite common in continuum mechanics. Theyprocesses in cold regions are strongly influenced by energy
have to be supplemented by additional equations, includingstorage and transfer processes, which, so far, cannot be repre-
geometric and constitutive relationships, to make the final sesented within the Reggiani et al. (1998, 1999) original formu-
of balance equations determinate. This issue is usually callethtion of the REW approach. By re-defining the structure and
the closure problem (Zhang et al., 2005) which lies at thecomposition of the REW, Tian et al. (2006) have extended the
heart of the REW approach, as pointed out by Beven (2002REW approach for cold regions. In their revised formulation,
2006). In the original work of Reggiani et al. (1998), each each REW is partitioned into six surface sub-regions and
REW is divided into five sub-regions (zones), i.e. an unsatutwo subsurface sub-regions. Vegetation, snow, soil ice, and
rated zone (u-zone), a saturated zone (s-zone), a concentratgthcier ice are added to the existing system that included wa-
overland flow zone (c-zone), a saturated overland flow zonder, gas, and soil matrix. As aresult, energy related processes,
(o-zone), and the main channel reach (r-zone). Remaining.e. evaporation/transpiration, snowpack and glacier accumu-
within this system definition, several researchers have profation/depletion, and soil freezing/thawing, can be modeled
posed different closure schemes and have applied them tm a physically reasonable way. The Thermodynamic Hydro-
hypothetical and real watersheds. Reggiani et al. (1999) delogical Model (THModel) has been developed by adopting
veloped a set of constitutive relationships through exploita-Lee et al.’s (2007) closure scheme within this new extended
tion of the second law of thermodynamics, and subsequenth REW formulation and applied to the semi-arid experimental
demonstrated the applicability of the REW approach and thevatershed (Chabagou River basin) in China with good results
corresponding closure schemes in hypothetical (Reggiani efTian, 2006; Tian et al., 2008). However, up till now the clo-
al., 2000, 2001) and real watersheds (Reggiani and Rientjesure schemes incorporated in the model completely exclude
2005). Based on Reggiani et al.’s (1999) closure schemethe energy balance equations and constitutive relationships
Zhang et al. (2005) introduced an interception componentappropriate for cold regions processes have not been devel-
and developed a multi-layer soil column definition for the oped within the REW framework. This paper will serve as a
REW formulation and applied the resulting REWASH model companion paper to Tian et al. (2006) and aims to develop
to Geer River basin, and improved the representation foparsimonious parameterizations for the snow/glacier melt-
subsurface storm flow by incorporating the macropore do-ing and accumulation, soil freezing and thawing by taking
main and applied to Alzette River basin (Zhang et al., 2006).full advantage of energy balance equations, and to demon-
Lee et al. (2007) and Tian (2006) surveyed the variety ofstrate the capability of a generalized REW-based cold regions
methods in use for developing the constitutive relationshipsmodel for long-term streamflow modeling in high mountain-
and classified them into two primary types, namely, the ex-ous cold regions.
perimental method and the statistical method. Of these, The remainder of this paper is organized as follows. In
the former is based on direct regression analysis of laboraSect. 2 we give a brief review of special REW balance equa-
tory and/or field experimental results, and the latter is basedions for cold regions as well as the numerical aspect of
on the upscaling of micro-scale process understanding tahe THModel. Following this, in Sect. 3, we will propose
the macro-scale, similar to statistical mechanics. With theappropriate constitutive relationships for the glacier zone,
help of the fully physically based, distributed hydrological snow covered zone, and soil ice within the unsaturated zone,
model, CATFLOW (Zehe et al., 2001), Lee et al. (2007) pro- which will make the coupled balance equations fully deter-
posed a closure scheme that was different from Reggiani etinate. This will be followed up, in Sect. 4, by a case study
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Fig. 1. Definition of REW after Tian et al. (2006).

involving the application of the new THModel to a headwater interest of consistency we will here list the special balance
catchment of the Urumgi River Basin located in northwest of equations for cold regions including those for g-zone, n-zone,
China, and a discussion of the results of model applicationand u-zone, and make some minor revisions in them for later
This will be followed, in Sect. 5, by a summary of the main use (see Table 1). In frozen areas the saturated zone is con-
results and conclusions. sidered to be beneath the frozen soil layer and mass exchange
rate between the s-zone and other sub-regions is rather slow
(Lin, 1980). As a first attempt, the balance equations for
2 PBrief review of THModel s-zone are, therefore, ignored in this paper. For u-zone, as
shown in Table 1 (Eq. 7), the exchange terms between the

In the THModel (Tian et al., 2006, 2008), the REW is divided U-Zone and its environment and among different phases are
into a surface layer and a subsurface layer (see Fig. 1). SiRighly complex. To confine the problem to a manageable
sub-regions (or zones) are defined in the surface layer, i.e. ivel, we assume that (a) the depth and area ratio of u-zone
bare soil zone (b-zone), a vegetated zone (v-zone), a sno@'® constant in the frozen areas, (b) water exchange with
covered zone (n-zone), a glacier covered zone (g-zone), geighboring REWSs or the external world is negligible, (c)
sub-stream-network (t-zone), and the main channel reach (\vater exchange with the g-zone is negligible, and (d) water
zone), while two sub-regions are defined in the sub-surfac&xchange with s-zone is negligible. Also, we provide here
layer, i.e. an unsaturated zone (u-zone) and a saturated zo & alternative simpler way to account for the saturation ex-
(s-zone). The ice phase is introduced into both the u-zoné&ess runoff by introducing the mass exchange term from the
and s-zone to allow soil freezing and thawing to be modeled U-Zone to the t-zongr;") instead of changing the area of the
The mass, momentum, energy balance equations for eadi?On€ @s done in Tian et al. (2008). Given the above as-
zone are derived in a systematic and extensible way by Tiaifumptions, we obtain the simplified mass balance equation
et al. (2006). All the balance equations are coupled togethefor U-zone after adding Egs. (7) and (8) in Table 1, which is

and solved simultaneously for either temperate or cold re-Shown as Eq. (9) in Table 1. For details about the balance

gions. The constitutive relationships for temperate regionsequa’[io,ns and the established closure relationships plgase re-
processes within THModel framework have been worked out€" 10 Tian et al. (2006, 2008), and about the symbols in the
and tested at Chabagou watershed (Tian et al., 2008) by folf?llowing equations please refer to the Nomenclature.

lowing Lee et al. (2007). In this paper we will develop the  The numerical part of THModel is implemented with the
constitutive relationships for cold regions processes and couhelp of a widely-used ODE solver, CVODE (Cohen and
ple the existing balance equations and constitutive relationHindmarsh, 1996), within which the iterative scheme for
ships to get a solvable mathematical system. Although thesolving a set of ODEs is based on the Backward Differentia-
balance equations for all the zones are already there, in theon Formulas (BDE) coupled with Newtonian Iteration for
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Fig. 2. A general depiction of mass and energy exchange terms among sub-regions in cold regions.
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Fig. 3. Mass and energy exchange terms of snow covered zone.

nonlinear equations and the preconditioned GMRES algo+elevant energy processes, which are primarily thermal pro-
rithm for linear equations.

3 Congtitutive relationships for the energy related pro-

cessesin cold regions

cesses. These contribute to the intimate and complex cou-
pling between water and heat transfer and storage processes.
Generally speaking, both snow and glacier melting pro-
cesses are subject to similar driving forces, i.e. the solar ra-
diation and sensible heat flux. We can close the balance
equations of the g-zone and n-zone by explicitly considering

Special processes in cold regions can be classified into twohe energy transfer processes in a rigorous manner, which is
types. One is the glacier/snow melting and accumulationcalled energy balance method in this paper (see Sect. 3.1 be-
which may contribute to annual or seasonal runoff and hencdow). It is, however, always difficult in practice to apply the
greatly influence the overall water balance, and the otheenergy balance method to model snow melt for long-term,
is soil freezing and thawing which may alter soil proper- large-scale applications owing to the large heterogeneity of
ties and hence can dramatically influence water and energgnow distribution in space and time, the complex structure of
transfers in the unsaturated zone. Both of them are driven bgnowpack and limited data in cold, remote regions. A simpler

Hydrol. Earth Syst. Sci., 12, 565-585, 2008
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Table 1. Balance equations for glacier, snow and unsaturated zone in THModel (Tian et al., 2006).

No. Zone Note Balance equation
. T u t
Liquid phase, mass balance =E£ +ef"+ef +efg+efl.
g-zone Solid phase, mass balance %(pfyé’wg):efTi—efg-i—ef”l
3 Heat balance y8w8c8 mﬁ:ll’g(efg—iefg)—i—l,-;e;?,—i—Rﬁwg—ngT
4 Liquid phase, mass balance %(gsfy”w”):el”T—i-eln”—i-elm—i—e;’g—i—el”n
5 n-zone Solid phase, mass balance %(p,’,’aﬁy”w”):eﬁT—i-eﬁg—ke;‘l
6 Heat balance Yo't %W:l;g (efg+eﬂg)+lilezl+72w”+Q”T+Q””

. . d T NK u
7 Liquid phase, mass balance 4 (pl"e;‘y“w”) =V EXT 1 37 oLy olis foltb ol olin 1 of8 otk
L=1

H d Wl i, U\ U U
u-zone Solid phase, mass balance (pl. gl y'o ) =el=—e;

9 Simplified mass balance pry ot & (elt) =elb etV el el —p;yt ' (el

10 Heat balance "yt EW:Q”b—l—Q””—i-Q“"+Q"’+li1piy”w“% (")

Note: (1) All heat balance equations are for the whole sub-regions; (2) In this paper Wetasgenote the temperature other thiam

Tian et al. (2006) (not to be confused with the vector synibdb denote the momentum term); (3) Heat exchange term between g-zone
and u-zone is omitted for the trivial water exchange term and usually minor area fraction of g-zone, and the accompanying heat fluxes with
runoff from g-zone and n-zone are small and thus omitted.

method using the widely-used degree-day formula is, there{1) Precipitation (fT ande;f”T)
fore, then introduced to provide an alternative approach to
close the n-zone balance equations (see Sect. 3.2 below). Precipitation may fall as either rainfa(l&fT) or snowfall

Mass and energy exchange terms among different sub(efr) which depends on the vertical distribution of tem-
regions are illustrated generally in Fig. 2 and the detailed ongperature in the atmosphere. We adopt here, however, a
for the n-zone is shown in Fig. 3. simple yet popular temperature threshold method, i.e. if air

temperature is above the threshold then precipitation falls as

3.1 Energy balance method for closing glacier and snowrain, otherwise precipitation falls as snow.

melting/accumulation processes __
(2) Areal average net radiation intensitg;()

Mass and energy terms are intimately coupled during glacier o ) ) ) o
and snow melting/accumulation processes, which can be The net radiation varies with extraterrestrial radiation, sun-
clearly seen from the mass balance equations for g-zone ang/in€ duration and terrain features in the basin. The areal
n-zone and the corresponding heat balance equations in TAV€rage net radiation can be estimated by GIS software (Ku-

ble 1. In order to close the balance equations, we must sped@r et al., 1997). For simplicity, we calculate using Eqg. (1)

ify all the redundant unknowns in a physically reasonable2S follows:

way. In the iiiterest of simplicity, we wili take the g-zone as R_;f — RS¢S, 1)

an example in the following section while the same method

can be applied to the n-zone without too many changes. where RS is_ the Ioc_a_il net _radiation intensi_ty a_bsorbed at a
For the balance equations in the g-zone, i.e. Egs. (1-3) ifepresentative position with mean elevation in the g-zone

) — _ MIm—2day 1), ¢, is a coefficient which incorporates the
g 8t ( o ; . ,
Table 1, we take the vanable{sy T8, ¢ ) as independent influence of terrain factors including slope, aspect, and hill-

unknowns, and assume that the variation of g-zone @g ( shade on solar radiation as well as the spatial heterogene-
is rather small and thus® itself can be considered as a con- jty within the REW. R is affected by both surface solar ra-
stant over hydrological time scales, and the water exchanggiation and long-wave radiation released from the ground,
term between the g-zone and the u-zeg€') is small and  \which can be calculated as follows.

can thus be ignored as mentioned in Sect. 2. The dependentg ¢ . ¢
unknowns are thereforiéefT, ef RS Q8T ef L ef,. ef’l), Ri = Ri x (1-af) = R}, (2
which can be specified in terms of driving forces (i.e. whereR} is the local surface solar radiation (MJAday 1),
observations) or through appropriate closure relationships. andel is local net long-wave radiation (MJrday 1), o8

is the albedo of the glacier.

www.hydrol-earth-syst-sci.net/12/565/2008/ Hydrol. Earth Syst. Sci., 12, 565-585, 2008
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The surface solar radiation is determined by the extrater{3) Heat exchange rate with atmospheg&{)

restrial radiation, sunshine duration, and also the geographic

location. The formula recommended by Shuttleworth (1993) Q47 can be divided into two components. One is the en-

and Allen et al. (1998) is adopted in this paper as follows: ergy flux associated with rainfall or snowfall which is de-
noted by Q‘iT, the other is the sensible heat flux caused

RS = <as + by@) R, (3) by turbulent air motions above the glacier surface, which

sun is denoted byQ;T. This is slightly different from Tian et

al. (2006), which includes only the latter term.

R, = 37.586d, (ws Sing SiNd + COSp COSS SiNw;) 4) a0 | (epi/p) (Ta —T¥) -efT for rainfall

8
1 (cpi/pi) - (Ta — T3) ~efT for snowfall ®

where R, is the daily extraterrestrial radiation
(MIm—2day 1), nsun is the actual duration of sunshine
(hour), Nsun is the maximum possible dgration of sun;hi_ne QgT = wcpa DY (Ty — T55) 9)

or daylight hours (hour)g; is a regression constant indi-

cating the fraction of extraterrestrial radiation reaching thewherec,;, cpi, c,a are, respectively, the specific heats of
earth on overcast days, i@su=0, a;+by is the fraction of ~ Water, ice and air at constant pressure (k3/k9), p; andp;
extraterrestrial radiation reaching the earth on a clear dayare, respectively, the density of water and ice (KinTss

i.e. nsur=Nsun d, is the inverse relative distance Earth-Sun, is the glacier surface temperature, which can be replaced by
wy is the sunset hour angle, is the latitude s is the solar T8, D7 is the turbulent transfer coefficient estimated using

declination. Egs. (10-13) below (Price and Dunne, 1976):

The albedox® depends on the characteristics of glacier
surface including wetness, grain size, snow age, snow depthD; = Kzu/[ln (Z-z- d)/zo)]z, for neutral condition
and snow density (Anderson, 1976), although a good rela- (10)
tionship between albedo and daily air temperature could be
found. For example, Kang et al. (1992) proposed the follow-
ing empirical formulae to estimate daily averaged albedo on

the basis of observed air temperature in the headwaters oPjs = Dj,/(1+ 10R:), for stable condition (11)
the Urumgi River, which will be adopted in our case study
(Sect. 4).

- a3 D; = Df (1—10R;), for unstable condition (12)
Osnow = 082_003Ta —1.74x 10" Ta —1.14x 10" Ta (5)

T, — TS 1
Ri:g(z/_z_d).(“ 5 )| (13)

aice = 0.27 — 0.017, (6) u (T, + 27315)

8 8 8 A
whereasnow is snow surface albedagce is glacier surface  Where Dy, Dy, Dy, are the turbulent transfer coefficient
albedo, T, is the daily mean air temperaturgQ). When it under neutral, stable, and unstable conditions, respectively,

snows the glacier is covered with snow and Eq. (5) can be¢ IS von Karman's constan&(0.40), u is wind speed (m/s)
used to calculate?, or Eq. (6) can be used. measured at height (m), Z is depth of glacier and its covers

Also from Shuttleworth (1993) and Allen et al. (1998), the @00Ve ground surface (my, is the zero plane displacement
long-wave radiatiorR?, is estimated as follows: height (m),zo is the aerodynamic roughness height over the
" glacier surface (m), anfl; is called the Richardson number.

TAmax+ T2
R =0 (M) (0.34—0.044//¢,) (4) Glacier surface evaporatioafg(Jrefg) and related latent
RS heat flux (;g (efg+efg))
(1.35—“ - 0.35) 7) , o ,
RS, Glacier surface evaporation is the combined phase tran-

. ) 9 sition term either by evaporation from water or sublimation
Wher‘if |§2 Stefaln-BoItzmgnn constant, i.e. 4.908)" from ice, which will contribute to the latent heat flux across
(MIK™"m=“day™), Tumax s the daily maximum absolute  he giacier surface. Usually it is hard to distinguish between

temperature (K),7,min is the daily minimum absolute eyanoration and sublimation and therefore they can be calcu-
temperature (K)¢, is the actual vapor pressure (kPa), and |5¢eq together.

R§, is clear-sky radiation (MJr? day1).
elgg + elgg = wpg D;f [g5s — g4l (14)

Hydrol. Earth Syst. Sci., 12, 565-585, 2008 www.hydrol-earth-syst-sci.net/12/565/2008/
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e' are, respectively, rainfall and snowfall separated from
, _ precipitation by the threshold temperature method.

lig = lig + lig = (cpi [ oi) - T#* (15)
whereg; is the sat_uration value of specific humidity of the
glacier surface at'ss, g, is the specific humidity of atmo-
sphere (kgkgl), p, is the density of air (kg/m3)j;, is

the combined latent heat of vaporization and sublimation
(kJ/kg), l;; andl;, are the latent heats of vaporization and
sublimation, respectively (kJ/kg), the meanings of other sym- ,
bols are similar to those of Eqgs. (8) and (9). o' = f (Wa/Wama) (47

It should be noted that the above equations for sensiblgere W, is the snow water equivalent of the n-zone, and
and latent heat flux are point-scale equations and are subjeq/a maxiS the maximum snow water equivalent of the n-zone.
to the effects of spatial heterogeneity due to the spatial The snow depletion curve embodies the snow cover
variability of temperature, wind speed, and glacier depth. Inchange resulting from snowmelt, and further influences the
the interest of simplicity, areal averaged sensible and latenf a4 of the remaining zones. Here we assume the following
heat fluxes are replaced by the ones expressed by Eqs. (R}inciples: when the snow-pack expands, the areas of the
and (15), estimated at mean elevation of watershed ang)_;one, v-zone, and t-zone will decrease in that order;
multiplied by coefficientsc3” and ¢/, respectively, which  conversely, when snowpack contracts, the areas of the three
is similar to Eq. (1). More sophisticated schemes explicitly zones will increase in the reverse order. Moreover, the
accounting for the effects of the actual heterogeneity presendrea of the r-zone will keep constant whenever the n-zone
C0u|d be adopted or deve|0ped, th|S iS |eﬂ fOI’ future researchexpands and contracts. The Speciﬁc Shape Of the curve can

be determined by snow course observations or by empirical

(1) Area fraction of snow zoneu(*)

" is the area ratio of snow covered zone which can be
related to snow water equivalent with the help of the snow
cover depletion curve (Luce et al., 1999), which can be ex-
pressed as follows:

(5) Metlting (¢f) formulae (Luce et al., 1999).
When ~ the fotal energy — supply  exceeds (2) snow surface evaporatiog(-+e/.,)
the negative heat storage of the g-zone, ie.
I, (ef, el )+ R+ 08T > ySwlcy; (0-T¥), glacier Snow surface evaporation is the total evaporation rate from

melting will occur and the temperature of g-zone will be snow surface including evaporation and sublimation, which
kept at zero, i.eT¢§=0°C. We thus obtain the following is calculated by the following formula:
equation:
el + €ng = Cly X Eo X p X & (18)
8 / 8 8 8 T Te
—luen= max(llg (epgteip) TR+ 0 +yfofe,Ts, 0) whereEj is the evaporation rate obtained from the evapora-
(16) tion pan,cfg is the coefficient of snow surface evaporation,

) ) which is assumed to be equal to 0.5, as suggested by Lai and
wherel;; is the latent heat of melting. Ye (1991)

3.2 Degree-day method for closing snow melting and accu- I
mulation equations (3) Infilration (/")

The energy balance methods discussed in Sect. 3.1 for ¢ iS the mass exchange rate between the n-zone and u-
the g-zone can also be applied to the n-zone without greafOne. i.e. infiltration. The infiltration process is greatly influ-
changes. The two exceptions are (a) the net solar radiationced by soil properties such as soil moisture and soil tem-
is different for diverse albedo of the snow surface, and (b)Perature. The experimental formula developed by Gray et
the infiltration of snowmelt water into the u-zone cannot &l- (2001) is adopted in this paper to estimate cumulative in-
be neglected. However, the data required for this methodiltration, which can then be transformed into infiltration rate
is not easy to collect, especially in remote regions, due toler™):

the broad extent and spatial heterogeneity of snowpack. Fo G292 (1 quyL64

We therefore propose a more parsimonious approach tgNF = eine X( 0) X( - 1)

close the snow balance equations based on the widely-used 27315_ T7 —045

but conceptual degree-day method (Finsterwalder and X <T15K>
Schunk, 1887). Using the degree-day method we can

omit the heat balance equation, and consequently the °”|¥vhere INF is the cumulative infiltration volume (mna)ur

independent unknown igy") and depende.nt Unknowns s the coefficient accounting for spatial heterogeneity which
are (w” et ent, €lys Engs €] €y el”’), of whiche/” and  is set to 1.0 in our case study (Sect. #¥, is the initial soil

x 1944 (19)
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temperature (K)zo is the infiltration time (hour) Sy is soil pressure over pure ice surface, the maximum unfrozen-water
surface saturatiors; is the initial moisture contentincluding content model is applied to couple the mass and energy bal-
water and ice for the frozen soil, which can be expressed asance equations in the u-zone (Hu et al., 1992, 2006).

St =(gf +¢t)/e" (20) — ~1/B
el = o(TT) = gt LyT" 4 ¢RTE (g /B
whereg" is the soil porosity of u-zone. 1=8 T + 27316 K Vb
Equation (20) is also applied to estimate the infiltration (22)
from the b-zone and v-zone. The difference among different
sub-regions lies in the soil surface saturatiﬁm which is wheres<” is the soil porosity of the u_zon@ andT_k“ are
assumed here the area ratio of the surface sub-region tghe averaged temperatures of the u-zoneGrand in K, re-
u-zone. For example, for infiltration from snow-pack to spectively,c is the density of solute in soil, (mol/kgR is
the u-zone,Sj is defined asSg"=w"/w", while for the  the universal gas constant (8.3143J/mol/K)s the gravita-
v-zone and b-zone, the soil surface saturation should beional acceleration (m#s, v, is the air entry value of the soil

Sg=0" [o" andSh'=w’ /", respectively. matrix potential (m), and3 is the coefficient related to soil
texture.
(4) Snowmelt ;) According to Eq. (22), the change of unfrozen water con-

tent with soil temperature can be expressed as a function of

Koil temperature, i.e%:f(ﬁ). As a result, the mass and
heat balance equations of u-zone in Table 1 can be deduced

The degree-day equation first proposed by Finsterwalde
and Schunk (1887) and widely used is adopted after a mino
modification for snowmelt modeling.

as follows:
no_ n T —T by 21 o
et = Pn > @7 ng X (Ta = To) D) o'y G TI=0"+ Q"+ 0"+ Q" Hupiy' ' i (e}
where p, is the mass density of snowpack” is the area RS y”c"%ﬁ

ratio of n-zone,a,; and b,; are the coefficients of snow =Q“’+Q"’+Q""+Q" +I;;

melting, andTy is the critical temperatur€C). el eV el el —pytwt L ()
L O
(5) Runoff generationd!’) & @ a

wuyucu %WZQub+QuU+Qun+Qut+lil
The residual term from snowmelt minus infiltration and (. wv | un | ur -~ u Ty dT"
evaporation will stay in the snowpack until it exceeds the (e’ te e iel py @ (f( ) ))
liquid water-holding capacity, estimated from snow density. — oyt LT ="y c"
The density of new snow is proposed to decrease with tem- 27 +Q"" +0" +0" (/" +¢" +e}" +e[")
perature, while in the case of old snow it is determined by et i pr f(T))

overburden pressure (Anderson, 1976; Jordan, 1991). Be- (23)
sides for short-term calculations, we should also estimate the
infiltration rate within the snowpack and the time taken by
the melting water to travel through the snowpack to reach theﬁz def. d_T:f(W)d_ﬁ Eq._(2)3)
soil surface (Sun et al., 1999). dr T4 dt dr s prytan
e _ o 24)
. . : pry " G =pry " f(T") (
33 SO” freeZ|ng and thaW|ng Q”b+Q”U+tQWL+Q“[+l,'1(efb+e;w+e;m+€f’)
. . @' Y[+l oy x f (TH)]
In the balance equations for the u-zone, i.e. Egs. (9) and
(10) in Table 1, we take the variabl¢s;, ¢, T*) as inde-
pendent unknowns, and assume the depth &nd area ra- ply”a)"% (gl“) :g;'b+e;’”+e;'”+e;’f—p,-y“w“% (sf‘)
tio (w") of the u-zone to be constant. The dependent un- Eq. (24) d
o : . . piy' ot & (e”) =
knowns to be specified by appropriate closure relationships dr \7i (25)

b t Tu
e’ e’ +e e —py o f(TY)
Qub+Quu+Qurl+Qur+lil (e;‘h—Q—e]“”—i-el“”-ﬁ—e}”)

@y et i prx f (T)]

are (e;‘b, et e et Qub, omw o, Q“f), of which the
infiltration terms,e;"’, e/'’, ande;", have been discussed in
Sect. 3.2. However, the total number of unknowns still ex-
ceeds the number of available equations so we should bringl) Heat exchange rate with above sub-regiop&’( Q*?,
in one more new equation. and Q")

Owing to the matric and osmotic potentials, unfrozen soil
water is maintained in a balanced state with ice. Assuming Q, Q** , andQ"" are the heat exchanges between the u-
the existence of balance between water potential and vaparone and the v-zone, b-zone, and n-zone, respectively, which
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Fig. 4. The Urumgi River and its headwaters area.

include the heat fluxes associated with infiltration and thePeak Tianger Il, located at an elevation of 4486 m, and flows
heat conduction terms between them. Take the vegetationorthward to Urumgi City of China. The headwaters of the
zone for example, the heat exchange rate is calculated by thever are situated in a permafrost region, seasonally covered
following equation: by snow, and drain an area of 28.9%mith an average ele-

w ou — vation of 3860 m. It contains 7 glaciers with a total area of
0" = —(cp/mr) " (T*~T") 5.6 k?, of which the biggest one is No. 1 Glacier with an

+D " (T*=T%) /((y"+")/2) (26)  areaof 1.84krh
i , The headwaters of the Urumgi River are one of the most

where the first term on r.h.s. represents heat flux assomateﬁeavily instrumented and well studied experimental water-
with mass exchange, the second one accounts for heat CoRpeqs'in the cold regions of China. There are 3 streamflow
duction, 7" is the averaged temperature of v-zone, &ds 5, 4ing stations, i.e. Total Control station (the outlet station),
the averaged coefficient of thermal conductivity (KWAD). No. 1 Glacier station, and Kongbingdou station, and 1 me-
teorological station named Daxigou located at the elevation
of 3539 m, and many other routine observations of glacier
ut . . mass and energy balance, glacier movement, and frozen hy-
e/'! is the saturation excess runoff which can be CaICUIaIEddrologic issues conducted over many years by different re-
as follows. searchers (Yang et al., 2000; Shi et al., 2000).
e = { 0 if e +ef <el Runoff in the Urumgi River is contributed from rainfall

(2) Runoff generatione)

— (el _|_elub +elmy if el + el > gE‘ (27) as well as glacier and snow melting. According to Dax-

igou meteorological station and the Total Control hydrolog-
ical station, the mean annual precipitation is about 400 mm,
of which over 75% happens during the summer season from
May to August. Mean air temperature during the summer
season is about°® which leads to melting of glacier and
4.1 Study area: headwaters of the Urumgqi River snowpack (see Fig. 5 for the mean monthly precipitation and

positive accumulated air temperature). It is reported that

The development and testing of the constitutive relationshipgunoff volume during the summer season comprised 90% of
are performed at the headwaters of the Urumgi River (seeyearly runoff volume (Yang and Han, 1994). Our case study
Fig. 4). The Urumgi River is located within the Tianshan will focus on the runoff modeling during summer season.
Mountain, in the north-west of China, and originates from

whereg! is the soil moisture at field capacity.

4 Application to the headwater s of the Urumgqi River
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200 T+ T 200

S -+ positive accurnulated temperature Table 2. Total precipitation and mean temperature from May to

T August for 1990-1997.

§ 150 - - precipitation L1502

é ;g, Year precipitation Daily mean Notes

é w0l . g (mm) temperaturéC)

E i 1990  307.3 3.31 Dry, warm

g 1991 3734 2.75 Wetter, warmer

s 7% 1992 325.6 2.37 Dry, cold

E 1993 401.8 1.98 Wet, cold

g ; ; ; 0 1994 435.3 3.10 Wet, warm

May June July August 1995 315.1 3.00 Dry, warm
1996 548.2 2.84 Wet, warmer

Fig. 5. Mean monthly precipitation and positive accumulated air 1997 316.4 3.75 Dry, warm

temperature for headwaters of Urumgi River (according to the data
measured at Daxigou meteorological station from 1990 to 2002).

20 (3) Precipitation

[y = 0.5496x - 146.4 oo

3 .
€ _ R® = 0.6809 st 5 N ,
g The precipitation data cannot be used until error correc-
§ g0 tions are made for use in mountainous regions (Yang et al.,
. . 1988). The type of precipitation depends on the air tempera-
o g .
e . ture, which can be expressed as follows:
S5 0
5E 200 p 280 290 300 T,>Th rain=pP snow=0
3 - .
A T1 > T, > T» rain=P x k1 snow=P x (1—k1) (28)
_10 L n—
Ground surface temperature (K) To < T2 rain=0 snow=

Fig. 6. Relationship between ground surface temperature and dif_Accordlng to Kang a_nd Ohmura (199_4)' the c_:rltlcal temper-
ference between ground surface and air temperature. aturesTy, T for Daxigou meteorological station are 55
and 2.8C, respectively. The temperature data is, however,

the average one at mean elevation of the watershed as men-

4.2 Data pre-processing tioned above, and therefore both critical temperatures should
be subjected to some calibration.
(1) Air temperature (4) Snow depletion curve

We adopt the snow cover depletion curve obtained by Luce
Air temperature decreases with elevation at rate ofet al. (1999) in Upper Sheep Creek, a sub-watershed of the
—0.68/100m in the headwaters of the Urumgi River Reynolds Creek Experimental Watershed in south-western
according to Ding et al. (1998). We transform the air Idaho.
temperature at Daxigou meteorological station to average air

temperature at mean elevation of the study area. 0.18 /Wa/Wa,maX 0<W, / Wa max<0.13
n__
(2) Ground surface temperature W= 0-42\/Wa/Wa,max—0-11 013<W, /W4 max<0.34
15
(Wa/Wa,max) 0.34< Wa/Wa,maxfl
The temperature of the t-zone, b-zone, and v-zone are (29)

assumed to be equal, and denoted as ground surface tem-

perature. The MODIS images of the watershed in 2002 are

used to derive the relationship between daily mean air tem4.3 Model calibration

perature and temperature difference between air and ground

surface, as shown in Fig. 6. The temperature measuredhe Urumgi River is an ephemeral stream which runs dry

by remote sensing image is always at some specific timefrom late September to the following April. In this paper

e.g. 10:30 a.m. (local time) for the image shown in Fig. 6, we focus on the runoff simulation from May to August only.

which should be transformed to the daily mean temperaturélhe 8-year period from 1990 to 1997 is chosen for model

with the help of a correspondence curve relating the pointcalibration and validation. It should be noted that a 50-year

value and the daily mean value. return period flood occured in 1996 which damaged the flow
measurement facilities and altered the landscape properties
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Table 3. Physical parameters for THModel in cold regions.

=4
w

Symbol  Value Unit  Symbol Value Unit 1990

by 289  (knf) n’ 0.03 202

o 0.01 nt 0.05 .

w8 0.2 Kiy 3x1077 (m/s) é o1 | y = ~0.1094x - 0.4444

v 0.3 K{  3x1077 (mls) R = 0.9401

I 30003 (m) e 0.55 |
w’ 7 (m) e 0.55 - . s
yr 861 e) L 0.25 Average daily maximum temperature (°C)

Y 4335 @) " 055  (m)

Fig. 7. Relationship between initial ice content and averaged daily
maximum air temperature from January to April.

Table 4. Initial conditions for case study in headwaters of Urumgqi - . )
day model, and the coefficients accounting for spatial het-

River basin. . )
erogeneity of energy input. We represent the seasonal frozen
Symbol Value Unit layer with initial soil ice contents instead of layer depths.

- The initial soil ice content of each year is determined by the
yg 0.75 (m) mean daily maximum air temperature from January to April
ys 460 ((m)) (see Table 4 and Fig. 7). Three standard indices, i.e. Nash-
y, 0 (m) Sutcliffe efficiency coefficient #2), index of volumetric fit
ny1r 01 ) (IVF), and relative errorRg), are selected to guide mannual
N 5 (m) calibration, see Egs. (30)—(32).

T -3 °C) "
el 0.1 2 (Qoi — 04i)?

n
. _ 02
* The initial ice content varies among years and is estimated by El(Q”' Qo)
averaged daily maximum air temperature from January to April, il-

lustrated in Fig. 7.
IVF=Y"0i/) Qo —1 (31)

to some extent (Aziguli et al., 1999). The calibration period

is 1990-1994, and the validation period is 1995-1997. The

main climatic characteristics during the period of model ap-R 1 “

plication are listed in Table 2. ET o, Z_; |Qoi — Qs

In Sect. 3 we proposed two different closure schemes for =
g-zone and n-zone. In our case study, the energy balanc&hereQ,;, Q,; are observed and simulated daily discharges,
method (Sect. 3.1) is adopted for the g-zone and the degreeespectivelyQ, is the mean observed dischargés the total
day method (Sect. 3.2) is adopted for the n-zone. We use aumber of time steps.
single REW for the whole study area (28.9%nwhile al- During the 5-year calibration period, we obtained Rt
lowing for the spatial heterogeneity inherent in the variousvalue falling within 0.64-0.80 except for 1992 (0.24), IVF
hydrological processes to be represented by the correspongvithin —0.12~0.073, andRg within 0.24~0.41 (see Ta-
ing parameters in the closure relationships. ble 6). The highesk? and the lowesi V F and R are ob-

The geographic data such as drainage area, slope, channeined simultaneously in the dry and warm year (i.e. 1990,
length etc. are extracted from a DEM with 25«85 m res-  see Table 2). The abnorm&F value for 1992 may be due to
olution (Table 3). The main types of landscape are glacierthe abnormal data in that year, e.g. the discharge exhibits an
snow, swamp, gravel desert, and high mountainous meadovepposite trend in comparison to precipitation for the two days
The soil types underlying the study area include cold desertdentified by two dotted lines in Fig. 8, even while having
soils, alpine meadow soil and peat bog soil (Kang et al.,similar air temperatures; the gauged streamflow increased
1997). when air temperature decreased in the left circle, while the

The parameters subject to calibration are listed in Table Sopposite trend happened in the right circle.
which include threshold temperature and coefficients relat- The model predictions during the 5-year calibration period
ing to partitioning of precipitation and snow melting degree- are presented in various panels of Figs. 9 and 10a. Figure 9a

(32)
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Table5. Calibrated parameters.
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Symbol Value InEgq. Symbol Value InEg.
7 -1 (28) T,>3°C 1.5  (21)
T -2 (28) a; 3C>T,>0°C 13  (21)
0°C>T,>-3*C 04  (21)
May 01  (28)
June 01  (28) T,>3°C 1 1)
ki auy 02 (28) by 3C>T,>0°C 06 (21)
August 0.2 (28) 0C>T1T,>-3°C 0.5 (21)
s, 0.7 (1) T,>3°C 0.4 (21)
5" 0.6 © To 3C>T,>0°C 05  (21)
c,%T 06  (15) 0C>T,>—3C 3 (21)
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Fig. 8. Some abnormal trends among precipitation, energy input and discharge in 1992.

shows the measured precipitation rates over the simulatioterms needed to be specified. In the case of snow storage, we
period, i.e. May—August in each of the 5 years. Figure 9bset the initial storage at a notional amount of 120 mm. In real-
presents the corresponding observed air temperature, whidty, of course, snow accumulation mostly happens during the
is the key to determine the type of precipitation, either snow-winter period, although the accumulation might continue into
fall or rainfall, as discussed before. In fact, during the simu-spring also in some years and the maximum snowpack may
lation period about 25% of the precipitation is in the form of indeed occur in spring or early summer, as shown in Fig. 9c.
snow, which is a significant component of the precipitation One can also see that as the temperature goes up and remains
input. Figure 9c presents the modeled snow water equivaabove the freezing temperature in the May—August period,
lent (SWE). Note that the model simulations are carried outthe snow that is accumulated over the previous months and
only in a piece-wise fashion, during the May—August period, even after May begins to melt. The difference between the
which means that the initial conditions of the various storageinitial show storage at the beginning of May and the final
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Fig. 10. 1:1 line of observed and simulated daily discharge fa):calibration period an¢b) validation period.

storage at the end of August represents (approximately) thenergy available for the melting (we call it current energy
net volume of snowmelt in each year. The total volume of content): to first order, we assume that the energy available

snowmelt water in each year will be proportional to the netcan be approximately measured by the average temperature
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Table 6. Evaluation merits. tecedent period. For example, Fi_g. 9d ;how; Fhat thg _first
two years (1990-1991) have relatively higher initial soil ice
contents and thus the corresponding soil ice curves occupy

Type Year R? IVF  Rp a higher position during the May—August period compared
1990 0.80 0.02 0.24 to the subsequent three years (1992-1994). As indicated by
1991 0.77 -0.12 0.25 Eq. (19), more ice in the soil will decrease the infiltration ca-

Calibration 1992 0.24 0.07 041 pacity of water into the soil column. Therefore, the higher
1993 0.64 0.073 0.34 soil ice content will mean lower infiltration capacity and thus
1994 0.79 003 0.29 higher surface runoff generation ratio, which especially im-
1995 0.73 -0.19 0.26 pacts the runoff generation from snow melting greatly due to

Validaton 1996 0.48 -0.13 0.12 its moderate melting rate.
1997 0.49 -0.17 0.27 Figure 9e presents rates of runoff generation predicted by

the model, broken up into glacier melting, direct rainfall, and
snow melting. Our detailed analysis of these rates shows
that, averagely, glacier melting contributes roughly 325 mm
over the May—August time period. This is supported by anal-to streamflow per year, and is relatively invariant between
ysis of total solar radiation measured over the simulation peyears. On the other hand, runoff due to rainfall (30 mm) and
riod — it showed a very good reasonable relationship to averthe melting of snow in the n-zone (30 mm) contribute much
age air temperature over the same period. smaller volumes per year, although they contribute much
On the other hand, not all of this snowmelt contributes tomore to both the intra-annual and inter-annual variabilities
runoff in the river, since some of the snowmelt can infiltrate of streamflow, as shown in Fig. 9e. The contribution of snow
into the soil and runoff generation rate from snowmelt is only melting from the glacier zone is less than 10 mm, and rela-
what is in excess of the local infiltration capacity. In a cold tively constant between years. All of these are assumed to
region such as this, infiltration capacity of the soil is depen-contribute to surface runoff (overland flow). Due to the exis-
dent not only on soil moisture content but also soil ice con-tence of permafrost during much of the year, lateral subsur-
tent; the latter can tend to make the soil impermeable andace flow is generally weak and is assumed to be negligible.
reduce the infiltration capacity substantially. Because muchrigure 9e shows, as mentioned above, that glacier melting is
of the soil freezing occurs during the cold season, the magthe most dominant component except during several intense
nitudes of the soil water and ice contents at the beginning ofainfall events. This is attributable to the lower (almost zero)
May depends on the energy that had been available over théfiltration capacity of the glacier zone compared to the snow
period (we call this antecedent energy content): as beforegovered zone, the large area ratio associated with glacier in
we could assume to first order the relative soil ice and wa-the study catchment. The volume of glacier melt is thus
ter contents are governed approximately by the average tendependent only on the current energy content (i.e. average
perature over the January—April period. For example, fromtemperature over the May—August period). Snow melt ac-
Fig. 7 we know that a linear relationship exists between thecounts for a much smaller portion of the total runoff volume
initial ice content and the average daily maximum air tem-as well as the flood peaks, which is attributable to the higher
perature from January to April. The soil ice content can thusinfiltration capacity as well as the lower area ratio associated
be seen as some kind of memory of the antecedent energwith the snow pack, when compared to the glacier zone. The
content. In other words, the infiltration capacity of the soil daily contribution of snowmelt to the total runoff is seen to
is dependent on, and has a memory of the antecedent etre small during the last three years (1992-1994) compared
ergy content, as measured by the average temperature ovey the first two years (1990-1991), even while exhibiting si-
the previous January—April period. In summary, then, themiliar average air temperatures (see also Table 2). This can
actual amount of snowmelt runoff in each year will be de- be explained by their lower soil ice contents in the last three
pendent, to first order, on the average air temperature oveyears. Therefore, one can see that the influence of energy in-
the May—August period, and the average temperature oveput on the runoff generation is twofold: the current energy in-
the antecedent January—April period. put provides the available energy for ice/snow melting which
Figure 9d presents the predicted soil ice and water conis the source of runoff, while the antecedent energy input de-
tents over the May—August period. These are predicted byermines the infiltration capacity which is a critical threshold
means of an energy balance model of unsaturated zone. The balance the storage and release functions of the watershed.
general trends are that as the atmosphere warms the soil idéinally, Fig. 9e also indicates that the rainfall-runoff compo-
content decreases while the soil water content increases at thrent is a significant contributor to flood peaks, even if it may
same rate, confirming that the changes represent essentialhot be significant in volumetric terms. This feature implies a
a simple phase change. However, the initial conditions fordual process control on the volume of runoff and the associ-
both ice and water contents are very different between yearsated flood peaks in the Urumgi catchment and other similar
which reflects the extent of freezing that happened in the aneatchments in cold regions, the understanding of which is
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Fig. 11. Model validation results(a) observed precipitation (mm{b) observed air temperature), (c) simulated snow water equivalent
(SWE) (mm),(d) simulated soil volumetric contents of moisture and ie¢, (€) simulated runoff generation components without routing
including ones contributed from glacier melting, from snow melting, and from direct rainfé!ls][nﬁf) observed and simulated discharge
(m3/s).

crucial to make predictions of the impacts of climate changewere not used for model validation and also interpretation
(i.e. changes in rainfall and/or temperature), with implica- of the results. This year experienced extreme precipitation
tions for water resources utilization and flood hazard man-in the form of rainfall, and may have changed the landscape,
agement. especially the river hydraulic properties, rendering the ob-

Figure 10a shows the correlation between observed disservations in this and subsequent years subject to consider-
charge and the simulated one via a 1:1 straight line, and wable uncertainty, and the measures of good fit for the years
can see that there is no significant systematic deviation fol996 and 1997 would not be highly reliable. Note that the
different flow regimes, e.g. high flow regime and low flow R? value (0.49) obtained for 1997 is not as good as that for
regime. 1995 (0.73).

4.4 Model validation and sensitivity analysis Earlier, we discussed the first order controls on the annual
runoff volume, and argued that the latter may be dependent,
Using the parameters obtained by calibration over the periodroadly, on current energy content (as measured by the aver-
1990-1994, the model is then validated for the year 1995-age air-temperature over the May—August period), and also
1997. The results are shown in Table 6 and Figs. 10b anan the antecedent energy content (as measured by the average
11 from which similar conclusions can be drawn from the air temperature over the January—April period). Figure 12
validation period as from the calibration period (Sect. 4.3). articulates this functional relationship in a simple and com-
For example, in Fig. 11d, e the years 1996 and 1997 exhibipact manner. It relates the observed daily mean discharge
the opposite extremes for soil ice contents and snow meltingrom 1990 to 1997 (averaged over the May—August period,
induced runoff which more clearly expose the influence ofbut excluding the year 1996 for data absence) and the ob-
the antecedent energy condition on runoff generation. Noteserved daily mean temperatures (representing the energy in-
that, as mentioned before, the results from the year 199¢ut) during the antecedent periods (January—April, Fig. 12a)
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Model sensitivity analysis is simply carried out by one-at-
a-time perturbation approach on all 9 calibrated parameters
in Table 5. The effects of parameter changes on runoff are
defined by the relative change in runoff volundg Y and the

Table 7. Parameter sensitivity analysis.

Symbol 8y (%) 852(%)

2 5.66 8.16 relative change in Nash-Sutcliffe efficienc§g¢) shown in

T 3.72 2.10 Egs. (33) and (34) (Zhang and Savenije, 2005) with the cali-
k1 0.0007 1.85 bration dataset.

ap 5.44 9.27 .

b 6.23 6.17 L 0O:

Tnol 046  2.42 El(Q’+ Q:-) ;

8 6854 16.03 Sy = | —————| x 100% (33)
ST 517 027 2 Qi

off 474 433

whereQ;+, Q,—, andQ;,, refer to the discharge at the time
stepi with the parameter value varied ;y60%, —50%, and
as well as the simulation periods (May—August, Fig. 12b).the manually calibrated parameter value, respectively. The
The results presented in Fig. 12 confirm (i) the negative corlargerdy, the more sensitive the model is to the parameter
relation between runoff and antecedent energy content (dugnder study.
to its indirect impact on the infiltration capacity of frozen

. X . 7. 2 _ p2
soil and thus losses), in contrast to (ii) the positive correla-(S , = RL —RZ
tion between runoff and current energy content (due to the R RZ
direct impact on melt rates). The outlying point for 1997
in Fig. 12 may be an indication of the possible change ofwhere R2, R?, and R? are the Nash-Suitcliffe efficiency
landscape properties that may have been caused by the 1996@lues with the parameter value varied #%0%, —50%,
flood. and the manually calibrated parameter value, respectively.

x 100% (34)
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Similiar tody, the largeié z2, the more sensitive the model is snow melting could increase accordingly. At the same time,
to the parameter under study. the average elevation will be lower and the air temperature
The sensitivity analysis results (see Table 7) show thatshould increase and hence the runoff contributed from direct
runoff simulations are highly sensitive to precipitation par- rainfall should also become more important. Also, the model
titioning and spatial heterogeneity parameters. The formeresults show the complex influences of energy input on runoff
one, i.e.T1, determine how much water in streams comesgeneration, i.e. the antecedent energy input determines the
from melting and how much from direct runoff, and the lat- infiltration capacity and the current energy input decides the
ter one, i.ecs,, influence glacier melting available energy snow/ice melting amount which points to the importance of
greatly. Our sensitivity analysis results can be explained ifseasonal variability of energy input on runoff generation.
we recall the fact that the case study area has a short resi- |t should be noted that the constitutive relationships pro-
dence time and that glacier melting is dominant. posed in this paper for cold regions processes may not oc-
cur throughout the year in all cold regions. For example,
in seasonally frozen areas soil may behave as frozen soil in
the cold season and as normal soil in the warm season, and
for seasonally snow-covered areas, snow cover accumulates
As stated by many researchers (Beven, 2002, 2006; Zehgyying the cold season and melts and disappears during the
and Sivapalan, 2007; Reggiani and Schellekens, 2003; Legarm season. The simulation of the switching pattern can be
et al., 2007), the closure problem is one of the most crucialyccomplished by switching the closure schemes in different
issues standing in the way of the REW approach becomingeasons, in which case the transition between accumulation
an alternative blueprint for distributed hydrologllcal modgl- and melting should be modeled very carefully. Also, sen-
ing. Although great progress has been made in theoreticalitivity analysis suggested that the spatial heterogeneity of

5 Summary and conclusion

and applied aspects of the REW approach in recent yeargnergy input, which influences the runoff simulation greatly,
(Reggiani et al., 1998, 1999; Reggiani and Rientjes, 20055h0uld be considered more carefully in the mountainous ar-

Tian, 2006; Tian et al., 2006, 2008; Lee et al., 2007; Zhanggsg.
etal., 2006), energy balance equations have been excluded in
these applications. The development and testing of appropri-
ate constitutive relationships for processes occurring in col
regions continue to hamper its application to cold and ev
temperate regions.

In this paper, within the extended framework of the REW
approach provided by Tian et al. (2006), we proposed a se#g
of closure schemes for cold region processes. These we
classified into two different types, i.e. glacier and snow melt-
ing/accumulation, and soil freezing/thawing. A rigorous en-

In our case study, the runoff contributed by glacier melt-
|ng turned out to be the most important component, and for
his reason in this paper we focused on the melt processes
Elof glacier and deal with the other processes in a relatively
simpler manner. Although the closure schemes developed
in this paper will not prevent us from focusing on snow melt
rocesses, more detailed analyses should be carried out to in-
\'?estigate snow accumulation and redistribution, and the de-
pletion of snow cover will become dominant in most cold
catchments. These difficult issues and the generalization of

ergy balance method has been proposed to close the balangg, gy framework to deal with these are left for future re-

equations of melting/accumulation processes, along with th%e
conceptual degree-day method. The closure schemes for soll
freezing and thawing are based on the maximum unfrozen-
water content model. We applied the proposed closure

schemes to the headwaters of the Urumgi River and obtaine8lomenclature

the promising results. Although in this paper we focus on

runoff simulation, the model also produces reasonable results Latin symbols

on the variations of internal variables, e.g. snow water equiv- au;
alent, soil water and ice content, etc. These could be further a;
diagnosed and/or validated by using more observed datasetsb;
Our results show that the volume of streamflow in the b
headwaters of Urumgi River basin is totally dominated by B
the glacier melting due to the large area ratio covered by the
glaciers which points to considerable uncertainty about wa- ¢
ter resource availability under possible climate changes, andc;yF
the peak value is controlled by both glacier melting and sig- c5»
nificant rainfall events. However, this conclusion may be re- ch
stricted within the headwater areas. When the model applica-
tion is expanded to the mid- and downstream areas, the areacf
ratio covered by the glaciers decreases and the importance of

www.hydrol-earth-syst-sci.net/12/565/2008/

Coefficient of daily snow melting
Regression constant

Coefficient of daily snow melting
Regression constant

Coefficient of unfrozen water con-
tent model related to soil texture
Density of solute in sall

Coefficient of infiltration
Coefficient of radiation of g-zone
Coefficient of sensible heat flux of
g-zone

Coefficient of latent heat flux of g-
zone

[moIM~1]

Hydrol. Earth Syst. Sci., 12, 565-585, 2008



582

hu

Coefficient of snow sur-
face evaporation

Specific heat of air at a [ML~17261

constant pressure [
Specific heat of ice at a [ML™1T~
constant pressure
Specific heat of water at [ML~1T~
a constant pressure
Averaged specific heat of [ML~1T~
g-zone
Averaged specific heat of [ML ir-
n-zone

[

Averaged specific heat of [ML~1T—2@~1

u-zone
Zero plane displacement [L]
Inverse relative distance
Earth-Sun

Turbulent transfer coeffi- [LT 1]
cient of g-zone

Turbulent transfer coef- [LT‘l]
ficient of g-zone under

neutral conditions

Turbulent transfer coef- [LT71]
ficient of g-zone under

stable conditions

Turbulent transfer coeffi- [L7~1]
cient of g-zone under un-

stable conditions

Averaged coefficient of [MLT3071]

thermal conductivity [
Actual vapor pressure [
Rainfall and snowfall in [ML~
g-zone

Mass exchange between[
g-zone and u-zone , t-
zone, respectively, in lig-

uid phase

Evaporation and subli- [ML~2T~
mation of g-zone

Water freezing and ice [ML~2T~
melting of g-zone

Rainfall and snowfall in [ML=2T~
n-zone

Mass exchange between[ML*zT*

n-zone and u-zone, t-
zone, respectively, in lig-
uid phase

Evapration and sublima- [ML~2T~

tion of n-zone

Water freezing and ice [ML=2T~

melting of n-zone

Mass exchange between[ML*ZT*

u-zone and b-zone, g-
zone, n-zone, respec-
tively, in liquid phase

Hydrol. Earth Syst. Sci., 12, 565-585, 2008

L. Mou et al.: Application of the REW approach for cold regions

2~
2@~
2~

2~

ML~ 1T2]

]
T

]
']
]
']
']
']
']

1
1
1

1

]
]
]
]
]
]

uv
el s el €

uEXT uL

u u
€is €

Eo

INF

IVF
ky

s

N
N

llgv lil’ lig

Nsun

Nsun

da; qs

QgT’ QnT

gT

Mass exchange between[ML=2T1]

u-zone and s-zone, t-
zone, Vv-zone, respec-
tively, in liquid phase

Mass exchange between[ML~2T 1]

u-zone and the exter-
nal world, neighboring
REW L=1...N;, respec-
tively, in liquid phase

Water freezing and ice [ML~2T71]

melting of u-zone

Daily evaporation rate [LT 1]
obtained from evapora-

tion pan

The function of snow

cover depletion

Gravitational constant ~ [LT 2]
Cumulative infiltration [L]
volume

Water balance index

Rain ratio when rain and

snow happen together

Hydraulic conductivity [LT 1]
in s-zone and u-zone,
respectively

Latent heat of vaporiza- [L2T ~?]
tion, melting, and subli-

mation

Integrated latent heat of [L?7~?]
vaporization and subli-

mation

Channel length [L]
Cross-section area of [L?]
main channel

Manning’s n (r-zone),
Manning'’s n (t-zone)

Total time steps of ob-

served or simulated daily
discharge

Actual duration of sun- [T]
shine

Maximum possible dura- [T]

tion of sunshine or day-
light hours

Daily precipitation
Actual humidity and sat-
urated humidity

Heat exchange rate with [M T3]
atmosphere of g-zone

and n-zone, respectively

Energy flux of g-zone [MT73]
accompanied with rain-

fall or snowfall

www.hydrol-earth-syst-sci.net/12/565/2008/

[ML=2T~1]



L. Mou et al.: Application of the REW approach for cold regions

gT
0,
Qnu
Qub qu Qun Qut

Qoia Qsi

0,
Qiv, Qi—, Oim

RS,
sSnow

u Qnu vu  ¢bu
Sps 80" g5 S

S
fo
To

T

Sensible heat flux of g- [MT 3]
zone

Heat exchange rate be-[MT~3]
tween n-zone and u-zone

Heat exchange rate be-[MT‘S]
tween u-zone and b-

zone, v-zone, n-zone, t-

zone, respectively

Observed or simulated [L7 3]
daily discharge at thigh

step, respectively

Mean observed dis- [LT 3]
charge

The discharge at the [LT 3]
ith step with parameter

value varied by+50%,

—50%, and the manu-

ally calibrated parameter

value, respectively

Quantity of daily rainfall [ML~2771]

Net radiation intensity of [MT~3]
g-zone

Areal averaged net radi- [MT 3]
ation intensity of g-zone
Local net long-wave ra- [MT 3]
diation of g-zone

Local surface solar radi- [MT~3]
ation of g-zone

Clear-sky radiation of g- [MT 3]
zone

Quantity of daily snow- [
fall

Soil surface saturation
and its special form for
infiltration from n-zone,
v-zone and b-zone, re-
spectively.

Initial moisture content
Infiltration time [T]
Critical temperature of [O]
snow melting

Critical temperature of [O]
defining rain form

Critical temperature of [BO]
defining snow form

Daily mean air tempera- [©]
ture

Daily maximum abso- [B]
lute temperature

Daily minimum absolute [©]
temperature

Averaged temperature of [©]
g-zone,n-zone,v-zone,
respectively

www.hydrol-earth-syst-sci.net/12/565/2008/

ML=2T71]

Tss

0, 7%

Wa
Wa ,max

yE Y Y Yy

<0

Greek symbols
(Xg

ice

Pis PL
Pa> Pn

@b

Hydrol. Earth Syst. Sci., 12, 565-585, 2008

583
Glacier surface tem- [Q]
perature
Averaged temperature [©]
of u-zone in degrees
Celsius, Kelvin, re-
spectively
Wind speed [LT71]
Channel width [L]

Snow water equivalent [L]
of n-zone

Maximum snow water [L]
equivalent of n-zone
Depth of g-zone,n- [L]
zone,u-zone,s-zone,t-
zone, respectively

Depth of glacier and [L]
its covers (above
ground surface)
Aerodynamic rough- [L]
ness height over
glacier surface

Height of measured [L]
wind speed

Albedo of glacier sur-

face

Ice surface albedo

Snow surface albedo

Soil liquid water con-

tent, ice content, re-
spectively

Soil field moisture ca-

pacity

Soil porosity of u-

zone and s-zone, re-
spectively

Time-averaged density [ M L~3]
of solid phase in
g-zone,n-zone and
u-zone, respectively
Time-averaged density [ M L~3]
of liquid phase in n-

zone and u-zone, re-
spectively

Density of ice, water ~ [ML ™3]
Density of air, snow  [ML~3]
Latitude

Soil matrix potential [L]

of air entry

Stefan-Boltzmann [MT3074]
constant



584 L. Mou et al.: Application of the REW approach for cold regions

M Soil pore distribution index Cohen, S. D. and Hindmarsh, A. C.: CVODE, a stiff/nonstiff ODE
K Von Karman's constant Solver in C, Comput. Phys., 10, 138—143, 1996.
8 Solar declination Ding, VY., Li, X., and Cheng, G.: Potential direct solar radiation
Sy Relative change in runoff volume based on GIS and glacier mass balance, J. Glaciol. Geocryol.,
8p2 Relative change in Nash-Sutcliffe 20, 12-17, 1998.
efficiecy Finsterwalder, S. and Schunk, H.: Der Suldenferner., Zeit schrift
) Horizontal projected area of Water-[LZ] des Deut schen und Oesterreichischen Alpenvereins, 18, 72-89,
shed 1887.
a y’ Slope of r-zone slope of t-zone Freeze, R: A anq Harlan, R. L.: _Blueprlnt for a physically-
based,digitally-simulated hydrologic response model, J. Hydrol.,
Wy Sunset hour angle

9, 237-258, 1969.
Gray, D. M., Toth, B., Zhao, L. T., Pomeroy, J. W., and Granger,
R. J.: Estimating areal snowmelt infiltration into frozen soils,

w8, 0" Time-averaged horizontal projected
area ratio of g-zone,n-zone, respec-

tively Hydrol. Processes, 15, 3095-3111, 2001.

o, o’ Time-averaged horizontal projected Hu, H., Yang, S., and Lei, Z.: A numerical simulation for heat and
area ratio of u-zone,b-zone, respec- moisture transfer during soil freezing, J. Hydrol. Eng., 7, 1-8,
tively 1992.

o’, '  Time-averaged horizontal projected Hu, H., Ye, B., Zhou, Y., and Tian, F.: A land surface model incor-
area ratio of v-zone,t-zone, respec- porated with soil freeze/thaw and its application in GAME/Tibet,
tively Science in China, Ser. D, 36, 755-766, 2006.

Jordan, R.: A one-dimensional temperature model for a snow cover,
U.S. Army Corps of Engineers, Cold Regions Research and En-
gineering Laboratory, 1991.

Kang, E. and Ohmura, A.: Water, heat balance and runoff model

Acknowledgements. We appreciate the valuable instructions and  in the source area of Urumgi River in the Tianshan Mountains.,

suggestions of Baisheng Ye, and also thank Tianding Han for Science in China, Ser. B, 24, 983-991, 1994.

access to the data used in this paper. The authors would also likkang, E., Shi, Y., Yang, D., Zhang, Y., and Zhang, G.: An exper-

to acknowledge the helpful comments made by A. Gelfan and the imental study on runoff formation in the mountianous basin of

anonymous reviewer. This research was supported by the project the Urumgi River, Quat. Sci., 2, 140-146, 1997.

“Study of the theory and application of hydrological simulations Kang, E., Yang, D., and Zhang, Y.: An experimental study of the

based on the representative elementary watershed” (50509013) water and heat balance in the source area of the Urumgi River in

sponsored by the National Natural Science Foundation of China the Tianshan mountains, Ann. Glaciol., 16, 55-56, 1992.

Note: M is the dimension of masg, is the dimension of
length, T is the dimension of time, an@ is the dimension
of temperaturemol is the dimension of mol.

(NSFC). Kumar, L., Skidmore, A. K., and Knowles, E.: Modeling topo-
graphic variation in solar radiation in a GIS Environment, Int.
Edited by: A. Gelfan J. Geogr. Inf. Sci., 11, 475-497, 1997.

Lee, H., Sivapalan, M., and Zehe, E.: Representative Elemen-
tary Watershed (REW) approach, a new blueprint for distributed

References hydrologic modeling at the catchment scale: the development

of closure relations, Ottawa,Canada, Canadian Water Resources

Abbott, M. B., Bathurst, J. C., Cunge, J. A., O'Connell, P. E., and  Association (CWRA), 165-218, 2005.

Rasmussen, J.: Introduction to the European hydrological sysi ai, Z. and Ye, B.: Water balance model in high cold mountain

tem — Systeme Hydrologique Europeen, “SHE”, 2: Structure of  watershed and runoff change with globe warming-take Urumgi
a physically-based, distributed modelling system, J. Hydrol., 87, River in Tianshan for example, Science in China, Ser. B, 21, 652—
61-77, 1986. 658, 1991.

Allen, R. G., Pereira, L. S., Raes, D., and Smith, M. (Eds): Crop Lee, H., Zehe, E., and Sivapalan, M.: Predictions of rainfall-runoff
evapotranspiration: Guidelines for computing crop water re- response and soil moisture dynamics in a microscale catchment
quirements, FAO, Rome, 1998. using the CREW model, Hydrol. Earth Syst. Sci., 11, 819-849,

Anderson, E.: A point energy and mass balance model of a snow 2007,
cover., Office of Hydrology, National Weather Service, Silver  http://www.hydrol-earth-syst-sci.net/11/819/2007/.

Spring, Maryland, NOAA Technical Report NWS 19, 1976. Lin, F. T.: Determination and evaluation of water supply source for
Aziguli, Qi, B., and Yu, W. M.: Analysis of the Urumgi River permafrost areas in Da Hinggan Mountains and Xiao Hinggan

‘960719’ flood, Urban Roads Bridges & Flood Control, 1, 35—  Mountains, J. Glaciol. Geocryol., 2(1), 3236, 1980.

39, 1999. Luce, C. H., Tarboton, D. G., and Cooley, K. R.: Sub-grid param-

Beven, K.: Towards an alternative blueprint for a physically based eterization of snow distribution for an energy and mass balance
digitally simulated hydrologic response modelling system, Hy-  snow cover model, Hydrol. Processes, 13, 1921-1933, 1999.
drol. Processes, 16, 189-206, 2002. McDonnell, J. J., Sivapalan, M., VaghK., Dunn, S., Grant, G.,

Beven, K.: Searching for the Holy Grail of scientific hydrology: Haggerty, R., Hinz C., Hooper R., Kirchner, K., Roderick, M.
Q:=H (S, R, Ar) A as closure, Hydrol. Earth Syst. Sci., 10, L., Selker, J., and Weiler, M.: Moving beyond descriptions of
609-618, 2006, watershed heterogeneity and process complexity: A new vi-
http://www.hydrol-earth-syst-sci.net/10/609/2006/.

Hydrol. Earth Syst. Sci., 12, 565-585, 2008 www.hydrol-earth-syst-sci.net/12/565/2008/


http://www.hydrol-earth-syst-sci.net/10/609/2006/
http://www.hydrol-earth-syst-sci.net/11/819/2007/

L. Mou et al.: Application of the REW approach for cold regions 585

sion for watershed hydrology, Water Resour. Res., 43, W07301Sun, S., Jin, J., and Xue, Y.: A simple snow-atmosphere-soil trans-
doi:10.1029/2006WR005467, 2007. fer model, J. Geophys. Res., 104, 19587-19587, 1999.

McManamon, A., Day, G., and Carroll, T.: Snow estimation — A Tian, F., Hu, H., Lei, Z., and Sivapalan, M.: Extension of the repre-
GIS application for water resources forcasting, in: Proceedings sentative elementary watershed approach for cold regions via ex-
of the Symposium on Engineering Hydrology, ASCE Publ., New plicit treatment of energy related processes, Hydrol. Earth Syst.
York, 856-861, 1993. Sci., 10, 619-644, 2006,

Ni, G. H., Liu, Z. Y., Lei, Z. D., Yang, D. W., and Wang, L.: Contin- http://www.hydrol-earth-syst-sci.net/10/619/2006/.
uous Simulation of Water and Soil Erosion in a Small WatershedTian, F.: Study on thermodynamic watershed hydrological model
of the Loess Plateau with a Distributed Model, J. Hydraul. Eng.- (THModel), Ph. D. thesis, Tsinghua University, China, 2006.
ASCE, in press, 2008. Tian, F., Hu, H., and Lei, Z.: Thermodynamic watershed hydrologi-

Price, A. G. and Dunne, T.: Energy balance computations of snow cal model: constitutive relationship., Science in China, Ser. E, in
melt in a sub-arctic area, Water Resour. Res., 12, 686-694, 1976. press, 2008.

Reggiani, P. and Schellekens, J.: Modelling of hydrological re- Williams, K. S. and Tarboton, D. G.: The ABC’s of snowmelt: a
sponses: the representative elementary watershed approach as antopographically factorized energy component snowmelt model,
alternative blueprint for watershed modelling, Hydrol. Processes, Hydrol. Processes, 13, 1905-1920, 1999.

17, 3785-3789, 2003. Yang, D., Jiang, T., Zhang, Y., and Kang, E.: Analysis and correc-

Reggiani, P. and Rientjes, T. H. M.: Flux parameterization in tion of errors in precipitation measurement at the head of Urumqi
the representative elementary watershed approach: applica- River, Tianshan, J. Glaciol. Geocryol., 10, 384—400, 1988.
tion to a natural basin, Water Resour. Res., 41, W04013,Yang, X. and Han, T.: Climatic characteristic and glacial runoff in
doi:10.1029/2004WR003693, 2005. the source of Urumgi River, J. Glaciol. Geocryol., 16, 147-154,

Reggiani, P., Sivapalan, M., and Hassanizadeh, S. M.: Unifying 1994.
framework for watershed thermodynamics: balance equationsrang, Z. N., Liu, X. R., and Zeng, Q. Z. (Eds): Hydrology in cold
for mass, momentum, energy and entropy, and the second law regions of China, Science Press, Beijing, China, 2000.
of thermodynamics, Adv. Water Resour., 22, 367-398, 1998.  Zehe, E., Maurer, T., lhringer, J., and Plate, E.: Modeling water flow

Reggiani, P., Sivapalan, M., and Hassanizadeh, S. M.: Unifying and mass transport in a Loess catchment, Phys. Chem. Earth (B),
framework for watershed thermodynamics: constitutive relation- 26, 487-507, 2001.
ships, Adv. Water Resour., 23, 15-39, 1999. Zehe, E. and Sivapalan, M.: Towards a new generation of hydro-

Reggiani, P., Sivapalan, M., and Hassanizadeh, S. M.: Conservation logical process models for meso-scale: an introduction, Hydrol.
equations governing hillslope responses: exploring the physical Earth Syst. Sci., Special Issue: Towards a new generation of hy-
basis of water balance, Water Resour. Res., 36, 1845-1863, 2000. drological process models for meso-scale, 10, 1-7, 2007.

Reggiani, P., Sivapalan, M., Hassanizadeh, S. M., and Gray, W. G.Zhang, G. P. and Savenije, H. H. G.: Rainfall-runoff modeling in a
Coupled equations for mass and momentum balance in a stream catchment with a complex groundwater flow system: application
network: theoretical derivation and computational experiments, of the Representative Elementary Watershed (REW) approach,
Proc. Roy. Soc. Lond., 457, 157-189, 2001. Hydrol. Earth Syst. Sci., 9, 243-261, 2005,

Shi, Y., Huang, M., and Yao, T. (Eds): Glaciers and their envi-  http://www.hydrol-earth-syst-sci.net/9/243/2005/.
ronments in China-the present, past, and future, Science Presghang, G. P., Savenije, H. H. G., Fenicia, F., and Pfister, L.: Mod-

Beijing, China, 2000. elling subsurface storm flow with the Representative Elementary
Shuttleworth, W. J.: Evaporation, in: Handbook of Hydrology, @ Watershed (REW) approach: application to the Alzette River
Maidment, D. R., McGraw-Hill, New York., 4.1-4.53, 1993. Basin, Hydrol. Earth Syst. Sci., 11, 937-955, 2006,

Sivapalan, M., Takeuchi, K., Franks, S. W., Gupta, V. K., Karam-  http://www.hydrol-earth-syst-sci.net/11/937/2006/.
biri, H., Lakshmi, V., Liang, X., McDonnell, J. J., Mendiondo,
E. M., O'Connel, P. E., Oki, T., Pomeroy, J. W., Schertzer, D.,
Uhlenbrook, S., and Zehe, E.: IAHS decade on Predictions in
Ungauged Basins (PUB), 2003—2012: Shaping an exciting fu-
ture for the hydrological sciences, Hydrol. Sci. J., 48, 857-879,
2003.

www.hydrol-earth-syst-sci.net/12/565/2008/ Hydrol. Earth Syst. Sci., 12, 565-585, 2008


http://www.hydrol-earth-syst-sci.net/10/619/2006/
http://www.hydrol-earth-syst-sci.net/9/243/2005/
http://www.hydrol-earth-syst-sci.net/11/937/2006/

