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Abstract. Although elevation data are globally available and the heterogeneity of hydrological functions than a lumped or
used in many existing hydrological models, their information semi-distributed model, and hence they have a more realistic
content is still underexploited. Topography is closely relatedmodel structure and parameterization; (3) the soft data used
to geology, soil, climate and land cover. As a result, it mayto constrain the model parameters and fluxes in FLEXe
reflect the dominant hydrological processes in a catchmentuseful for improving model transferability. Most of the pre-
In this study, we evaluated this hypothesis through four pro-cipitation on the forested hillslopes evaporates, thus generat-
gressively more complex conceptual rainfall-runoff models.ing relatively little runoff.

The first model (FLEX) is lumped, and it does not make

use of elevation data. The second model (FPEX semi-

distributed with different parameter sets for different units.

This model uses elevation data indirectly, taking spatiallyl Introduction

variable drivers into account. The third model (FLEX

also semi-distributed, makes explicit use of topography in- Topography plays an important role in controlling hydrolog-
formation. The structure of FLEY consists of four paral- ical processes at catchment scale (Savenije, 2010). It may
lel components representing the distinct hydrological func-not only be a good first-order indicator of how water is
tion of different landscape elements. These elements wer&outed through and released from a catchment (Knudsen et
determined based on a topography_based |andscape C|as§|.., 1986), |t aISO haS COI‘lSiderab|e inﬂuence on the dom'
fication approach. The fourth model (FLEXhas the same inant hydrological processes in different parts of a catch-
model structure and parameterization as FIEbut uses re-  ment, which could be used to define hydrologically dif-
alism constraints on parameters and fluxes. All models havéerent response units (Savenije, 2010). As an indicator for
been calibrated and validated at the catchment outlet. Addibydrological behaviour, topography is also linked to geol-
tionally, the models were evaluated at two sub-catchments?9Y: Soil characteristics, land cover and climate through co-
It was found that FLEXC and FLEX perform better than evolution (Sivapalan, 2009; Savenije, 2010). Thus, informa-
the other models in nested sub-catchment validation and theljon on other features can to some extent be inferred from to-
are therefore better spatially transferable. Among these twd@0graphy. However, the information provided by topography
models, FLEX performs better than FLE® in transferabil- is generally underexploited in hydrological models although
ity. This supports the following hypotheses: (1) topographyit is, explicitly or implicitly, incorporated in many models
can be used as an integrated indicator to distinguish betweef§-9- Beven and Kirkby, 1979; Knudsen, 1986; Uhlenbrook
landscape elements with different hydrological functions; (2) €t al., 2004).

FLEXT and FLEX are much better equipped to represent AS @ typical lumped topography-driven model, TOP-
MODEL (Beven and Kirkby, 1979) uses the topographic
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wetness index (TWI) (Beven and Kirkby, 1979), which is al., 2011; Gharari et al., 2011), which is a direct reflection
a proxy for the probability of saturation of each point in of hydraulic head to the nearest drain. Consequently, within
a catchment, to consider the influence of topography ora flexible modelling framework (Fenicia et al., 2008, 2011),
the occurrence of saturated overland flow (SOF). Simi-different model structures can be developed to represent the
larly, the Xinanjiang model (Zhao, 1992) implicitly consid- different dominant hydrological processes in different land-
ers the influence of topography in its soil moisture function, scape classes. Note that FLEX-Topo is not another concep-
as the curve of its tension water capacity distribution cantual model but rather a modelling framework to make more
be interpreted as topographic heterogeneity. Conceptuallygxhaustive use of topographic information in hydrological
both models implicitly reflect the variable contributing area models and it can in principal be applied to any type of con-
(VCA) concept. Although the topography-aided VCA repre- ceptual model.
sentation is present in many models, experimental evidence Model transferability is one of the important indicators in
has shown that its underlying assumptions may not alwaysesting model realism (Klemes, 1986). Although many hy-
hold (Western et al., 1999; Spence and Woo, 2003; Tromp<drological models, both lumped and distributed, frequently
van Meerveld and McDonnell, 2006). In view of these lim- perform well in calibration, transferring them and their pa-
itations, and in spite of their often demonstrated suitability, rameter sets into other catchments, or even into nested sub-
there is an urgent need to explore new and potentially moreatchments, remains problematic (Pokhrel and Gupta, 2011).
generally applicable ways to incorporate topographic infor-There are several reasons for this: uncertainty in the data, in-
mation in conceptual hydrological models. sufficient information provided by the hydrograph or an un-
Other types of topographically driven hydrological models suitable model structure which does not represent the dom-
are distributed physically based models, which use topograinant hydrological processes or their spatial heterogeneity
phy essentially to define flow gradients and flow paths of wa-sufficiently well (Gupta et al., 2008). Various techniques to
ter (Refsgaard and Knudsen, 1996). The limitations of thisimprove model transferability have been suggested in the
kind of “bottom-up” model approach include the increased past (Seibert and McDonnell, 2002; Uhlenbrook and Lei-
computational cost, and maybe more importantly, the unacbundgut, 2002; Khu et al., 2008; Hrachowitz et al., 2013b;
counted scale effects (Abbott and Refsgaard, 1996; Bevelkuser et al., 2013; Gharari et al., 2013b), and it became clear
and Germann, 2013; Hrachowitz et al., 2013b). Knudserthat successful transferability critically depends on appropri-
et al. (1986) developed a semi-distributed, physically basedte methods to link catchment characteristics to model struc-
model, which divides the whole catchment into several dis-tures and parameters or in other words to link catchment form
tinct hydrological response units defined by the catchmento hydrological function (Gupta et al., 2008).
characteristics such as meteorological conditions, topogra- In this study, the FLEX-Topo modelling strategy
phy, vegetation and soil types. Although this type of model (Savenije, 2010) is applied and tested with a tailor-made
was shown to work well in case studies, approaches like thidwydrological model for a cold, large river basin in north-
suffer from their intensive data requirement and complexwest China. A lumped conceptual model with lumped in-
model structure, similar to modelling approaches based omput data (FLEX) and a semi-distributed model with semi-
the dominant runoff process concept (Grayson and Bldschldistributed input data and the different parameters for differ-
2001; Scherrer and Naef, 2003). The main problem withent units (FLEX) are used as benchmarks to assess the addi-
physically based models appears to be that by breaking uional value of topography-driven semi-distributed modelling
catchments into small interacting cells, patterns present ifFLEX'®) and the value of soft data in constraining model
the landscape are broken up as well. The question is how tbehaviour (FLEX). The models are used as tools for test-
make use of landscape diversity, and the related hydrologiing different hypotheses within a flexible modelling frame-
cal processes, while maintaining the larger scale patterns andork (Fenicia et al., 2008, 2011). The objectives of this study
without introducing excessive complexity. are thus (1) to develop a topography-driven semi-distributed
The recently suggested topography-driven conceptuatonceptual hydrological model (FLEXFLEX™), based on
modelling approach (FLEX-Topo) (Savenije, 2010), which topography-driven landscape classification and our under-
attempts to exploit topographic signatures to design concepstanding of the catchments, and to compare it to model set-
tual model structures as a means to find the simplest wayps with less process heterogeneity (FLEXLEXP) and
to represent the complexity and heterogeneity of hydrolog-(2) to assess the differences in transferability of both model
ical processes, forms a middle way between parsimonioustructures and parameters of the tested models to two un-
lumped and complex distributed models, and represents thealibrated nested sub-catchments in the study basin, thereby
subject of this study. In the framework of FLEX-Topo, to- evaluating the predictive power and the realism of the indi-
pographic information is regarded as the main indicator ofvidual model set-ups.
landscape classes and dominant hydrological processes. A
valuable key for hydrologically meaningful landscape clas-
sification is the recently introduced metric HAND (Height
Above the Nearest Drainage) (Rennd et al., 2008; Nobre et
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Figure 1. (a) Location of the Upper Heihe in Chinéy) DEM of the Upper Heihe with its runoff-gauging stations, meteorological stations,
streams and the outline of two sub-catchme(@smeteorological stations and associated Thiessen polygons, the different grayscale indi-
cating different long-term annual average precipitation (the darker the shade of gray, the more precipitation: Zhangye is 73 Touiea

is 293 mm al; Qilian is 394 mm a?l; Yeniugou is 413 mmal); (d) land cover map of the Upper Heihg) averaged NDVI map for the
summer of 2002.

2 Study site straw and grassland soil, cold desert, chernozemic soil and
chestnut-coloured soil. Land cover in the Upper Heihe is

The Upper Heihe River basin (referred to as Upper Heihe) iscomposed of forest (20 %), grassland (52 %), bare rock or

part of the second largest inland river in China which, from bare soil (19 %) and wetland (8 %), as well as ice and perma-

its source in the Qilian Mountains, drains into two lakes in nent snow (0.8 %) (Fig. 1d).

the Gobi Desert. The Upper Heihe is located in the south- The Upper Heihe has been the subject of intensive research

west of Qilian Mountain in north-western China (Fig. 1a). It since the 1980s (Li et al., 2009). A number of hydrological

is gauged by the gauging station at Yingluoxia, with a catch-models have been previously applied in this cold mountain-

ment area of 10000 kfn Two sub-catchments are gauged ous watershed (Kang et al., 2002; Xia et al., 2003; Chen et

separately by Zhamashike and Qilian (Fig. 1b). The elevatioral., 2003; Zhou et al., 2008; Jia et al., 2009; Li et al., 2011;

of the Upper Heihe ranges from 1700 to 4900 m (Fig. 1b).Zang et al., 2012). Because of limited water resources and

The mountainous headwaters, which are the main runoffthe increasing water demand of industry and agriculture, the

producing region and relatively undisturbed by human activ-conflict between human demand and ecological demand in

ities, are characterized by a cold desert climate. Long-ternthe lowland parts of the Heihe River has become more and

average annual precipitation and potential evaporation arenore severe. As the main runoff-producing region for the

about 430 and 520 mnTa. Over 80% of the annual pre- Heihe River, the Upper Heihe is thus essential for the water

cipitation falls from May to September. Snow normally oc- management of the whole river system.

curs in winter but with a limited snow depth, averaging be-

tween 4 and 7 mma of snow water equivalent for the whole

catchment (Wang et al., 2010). The Thiessen polygons of

four meteorological stations in and around the Upper Heihe

are shown in Fig. 1c. The soil types are mostly mountain
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Figure 2. Characteristic landscapes in different locations in the Upper Hé&hshows the bare-soil/rock-covered hillsloggle) shows the
forest-covered hillslopgr) shows the grass-covered hillslofgd) shows the wetland and terrage) shows the muddy river.

The landscapes and the perceptual model of the Upper characterized by a thin soil layer, underlain by partly weath-
Heihe ered bedrock, with higher permeable debris slopes at lower
elevations. On the rock and the thin soil, the dominant lat-
Figure 2 illustrates different characteristic landscape ele-eral runoff processes are Hortonian overland flow (HOF) and
ments in the Upper Heihe which were used to guide modelSOF. Part of the localized overland flow may re-infiltrate,
development. Five characteristic landscapes can be identthereby feeding the debris slope and groundwater, while the
fied in the Upper Heihe: bare-rock mountain peaks, forestedest of surface runoff, characterized by elevated sediment
hillslopes, grassland hillslopes, terraces and wetlands. Typtoads, is routed into streams. The picture of turbid water
ically, above a certain elevation, the landscape is coveregh a channel (Fig. 2e), illustrates the presence of soil ero-
by bare soil/rock (Fig. 2a) or permanent ice/snow. At lower sjon, which is likely to be caused by HOF and SOF in the
elevations, north-facing hillslopes tend to be covered bybare-soil/rock hillslopes. On the grass- and forest-covered
forest (Fig. 2b), while the bottom of hillslopes and south- hillslopes, subsurface storm flow (SSF) is considered to be
facing hillslopes are, in contrast, dominantly covered bythe dominant hydrological process as a result of the pres-
grass (Fig. 2c). Terraces, which are irregularly flooded in wetence of efficient subsurface drainage networks that were cre-
periods and have comparably low terrain slopes, are mostlated by biological and geological activity, significantly in-
located between channels and hillslopes, and are typicallfluencing the hillslope runoff yield mechanism (Beven and
covered by grassland (Fig. 2d). Wetlands consist of meadow&ermann, 2013). It can be expected that the forest-covered
and open water, located in the bottom of the valleys (Fig. 2d) hillslopes are characterized by higher interception capaci-
This information was the basis for the development of aties and transpiration rates than the grassland hillslopes due
perceptual model of the Upper Heihe, which synthesizes outo the larger leaf area index (LAI) and deeper root zone.
understanding of catchment hydrological behaviour. Typi-Typically, the dominant hydrological process of wetlands
cally, on bare soil/rock, interception can be considered negand terraces is SOF due to the shallow groundwater levels

ligible due to the absence of significant vegetation cover.and related limited additional storage capacity. For the same
The bare-soil/rock landscape at high elevations is further
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Table 1. Summary of four the meteorological stations in and close to the Upper Heihe.

Station Elevation Latitude Longitude Thiessen Precipitation Annual Potential
(m) ©) ®) area (mmal) average evaporation
ratio daily (mmal)
(%) temperature
G

Zhangye 1484 38.93 100.43 4 131 7.1 804
Yeniugou 3320 38.42 99.58 43 413 -3.2 392
Qilian 2788 38.18 100.25 40 394 0.8 513
Tuole 3368 38.80 98.42 13 293 -3.0 421

Table 2. Catchment characteristics of the entire Upper Heihe and two sub-catchments, Qilian and Zhamashike.

Latitude Longitude Elevation  Average Area Discharge

®) (°) range (m) elevation (kﬁ) (mmad)
(m)
Yingluoxia (Upper Heihe) 38.80 100.17 1673-4918 3661 10009 145
Qilian (east tributary) 38.19 100.24 2704-4835 3535 2924 142
Zhamashike (west tributary) 38.23 99.98 2819-4840 3990 5526 124

reason, evaporative fluxes in the wetlands can be assumed tohich were obtained from US Geological Survey EarthEx-
be energy rather than moisture constrained and thus close fglorer (ttp://earthexplorer.usgs.gdv/The land cover map

potential rates. Further, given the short distance to the chan@ig. 1d) was made available by the Environmental and Eco-
nel network, the lag times for runoff generation in wetlands logical Science Data Center for West China. The pictures

can be considered negligible on a daily timescale. shown in Fig. 2 as soft data were downloaded from Google
Earth.

3 Data 3.2 Distribution of forcing data

31 Dataset The elevation of the Upper Heihe ranges from 1674 to

4918 m with only four meteorological stations in or around
the catchment, covering an area of 10 00Gkin addition,

Meteorological data were available on a daily basis fromthe meteorological stations in the Upper Heihe River are all

four stations in and around the Upper Heihe (1959_1978)1ocated at relatively low elevations in the valley bottoms,

while daily runoff data were available for the main outlet of " . . . .
which are easily accessible for maintenance but potentially

the basin at Yingluoxia (1959-1978) and two nested SUb'unrepresentative (Klemes, 1990). Precipitation and tempera-

catchments, Qilian (1967-1978) and Zhamashike (1959_ture data were thus adjusted using empirical relationships.

1978). The meteorological data, as the forcing data of the The entire catchment was thus first discretized into four

hydrologlcal models, included daily precipitation and daily parts by the Thiessen polygon method. Each Thiessen poly-
mean air temperature. Because only data from four meteoro-

loqical stations were available. the Thiessen polvaon methoé’on was then further stratified into seven elevation zones with
9 ! polyg steps of 500 m. Annual precipitation (Eg. 1) was assumed to

(Fig. 1c) was applied to spatially extrapolate precipitation . ; ; . .
. .. increase linearly with elevation increase, according to em-

and temperature. A summary of meteorological data is given_. - . : . : :

. g : oo pirical relationships for the region obtained from literature

in Table 1. The basic information of the three basins is Ilsted(Wan 2009):

in Table 2. Potential evaporation was estimated by the Ha- 9 '

mon equation (Hamon, 1961), which is based on daily aver-p,.— P, (hj—ho) Cpar (1)

age temperature.

The 90 mx 90 m digital elevation model (DEM) of the whereP; (mmal) is the annual observed precipitatiaPy,
study site (Fig. 1b) was obtained frohttp://srtm.csi.cgiar. (mma 1) is the annual extrapolated precipitation in eleva-
org/and used to derive the local topographic indices HAND, tion & ; (m), kg (m) is the elevation of the meteorological
slope and aspect. The normalized difference vegetation indesgtation andCpa=0.115mm (m a)' (Wang, 2009) is the pre-
(NDVI) map (Fig. 1e) was derived from cloud-free Land- cipitation lapse rate. However, Eq. (1) is only suitable for
sat Thematic Mapper (TM) maps in the summer of 2002,annual precipitation extrapolation, but not suitable for daily

www.hydrol-earth-syst-sci.net/18/1895/2014/ Hydrol. Earth Syst. Sci., 18, 189915 2014
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Table 3.Water balance and constitutive equations used in PLEX

Reservoirs Water balance equations Constructive equations
Snow b pyur (4) M:{ g - R T
Interception % = Pr— Ej — Py (6) E; = { g;p;sisi:zo @)

Pe = { %r;sgi<=lr?n?;x ®

Unsaturated reservoir % = Pe(1—Cr) — Ea(9) Ea= (Ep— Ej)min (% 1) (20)

Cr=1-(1- Su/SuMax)’s (11)
Ru = PeCr (12)

Splitter and lag function Rf = RuD; (13) Rs= Ru(l— D) (14)
Tiag
Ri(t) = 3 c(i) - Ryt — i + 1) (15)
i=
Tiag

ci) =i/ Y u(16)
u=1

ds;

Fast reservoir G = Rn— O — 0t (17) O = max(0, S — Sr) /K¢t (18)
Of = S¢/Kz (19)
Slow reservoir % = Rs — Qs (20) Qs = Ss/Ks(21)

precipitation because there are many days without precipand FLEX with the same model structure as FLEXbut
itation within one year. Daily elevation-adjusted precipita- constrained by expert knowledge. All models are a combi-
tion was therefore derived from Eq. (1) with the following nation of reservoirs, lag functions and connection elements
expression: linked in various ways to represent different hydrological
functions constructed with the flexible modelling framework
pi—p % _pPat (th—ho) Cra_,, (1 N %1 (- h0)> _(2) SUPERFLEX (Fenicia etal., 2011).
a a a

whereP (mmd-1) is the observed daily precipitation aid 4 1 Lumped model (FLEX)
(mmd1) is the daily extrapolated precipitation in elevation.
Equation (3) is used to extrapolate the daily mean

temperature: The lumped model (FLEX) (Fig. 3) has a similar structure
to earlier applications of the FLEX model (Fenicia et al.,
Tj=T—Ct(hj—ho). (3)  2008), and it comprises five reservoirs: a snow resensgiy,

an interception reservoirs(), an unsaturated reservois,|,
a fast-response reservoi$;] and a slow-response reservoir
is the environmental temperature lapse rate, which is set tchS)' A lag function represe_nts the lag time _between storm
R . .~ ~and flood peak. The elevation-corrected Thiessen-polygon-
0.006°Cm~ (Gao et al., 2012). The potential evaporation S )
. ) ; . . averaged precipitation, temperature and potential evapora-
was estimated in each elevation zone using the elevation- . .
tion are used as forcing data. Note that this model structure
corrected temperature. -
was developed based on the perceptual model of the basin:
the snow cover in winter shown in Fig. 2d indicates the ne-
4 Modelling approach cessity of the snow reservoir; the forest cover in Fig. 2b indi-
cates the necessity of the interception reservoir; the unsatu-
In this study four conceptual models of different complex- rated reservoir is important to separate the precipitation into
ity were designed and tested: a lumped model (FLEX runoff and unsaturated reservoir storage; the response reser-
model with a semi-distributed model structure, consisting ofvoirs (S¢, Ss) are included to represent the fast and slow-
four structurally identical, parallel components with different response in hydrological models. The equations are shown
parameter sets for each component (FOFXa topography-  in Table 3. On the other hand, including the elevation correc-
driven semi-distributed model without soft data (FLEX tion of precipitation and temperature in this lumped model is

T (°C) is the observed daily mean temperatufe;(°C) is
the elevation-corrected daily mean temperat@ig°C m—1)
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reservoir §;), with a daily maximum storage capacitiy)
(Egs. 6, 7, 8).

4.1.2 Soil routine

The soil routine, which is the core of hydrological models

P M used in this study, determines the amount of runoff gener-
E, ! p Tag ation. In this study, we applied the widely used beta func-
Tce_\ ¢ D R el K tion of the Xinanjiang model (Zhao, 1992) to compute the
Re g L Qsf runoff coefficient for each time step as a function of the rel-
Sumax| B ar ative soil moisture. In Eq. (11);; (—) indicates the runoff
K— coefficient,Sy is the soil moisture contenfymax is the max-
f & imum soil moisture capacity in the root zone afds the
s parameter describing the spatial process heterogeneity in the
_: Ks Q, study catchment. In Eq. (12, indicates the effective rain-

fall and snowmelt into the soil routine®, represents the
generated flow during rainfall events. In Eq. (1&), indi-
cates the flow into the fast-response routifejs a splitter

to separate recharge from preferential flow. In Eq. (#4),
also based on our knowledge of the large catchment area ad'adicates the flow intq the groundyvater reservoir. In Eq. (10)
elevation differences. Sus S.UMaX and potential gvaporat!orE(,) were used 'Fo de-
termine actual evaporatiofiy; Ce indicates the fraction of
Sumax above which the actual evaporation is equal to poten-
tial evaporation, here set to 0.5 as previously suggested by
Savenije (1997); otherwisg, is constrained by the water

Figure 3. The lumped model structure FLEX

4.1.1 Snow and interception routine

Precipitation can be stored in snow or interception reservoir . \
before the water enters the unsaturated reservoir. Basicall2vailable inSu.

the.sn.ow routm_e plays an |mportan.t role in W|_nter and :spr|ng4.1.3 Response routine
while interception becomes more important in summer and

autumn. Here it is assumed that interception happens duizqations (15) and (16) were used to describe the lag time
ing rainfall events when the daily air temperature is aboveyatveen storm and peak flows(r — i + 1) is the generated

the threshold temperaturé( the units of the parameters are ¢t runoff in the unsaturated zone at time i +1, Tiagis a

listed in Tables 5 and 6) and there is no snow cover, i.e. tyPparameter which represents the time lag between storm and
ically in summer. When the average daily temperature is betaqt runoff generation;(i) is the weight of the flow ini — 1

low T, precipitation is stored as snow cover, which normally yays hefore anq (1) is the discharge into the fast-response
occurs in winter. When there is snow cover and the temperaqanyoir after convolution.

ature is abovd, the effective precipitatione ; hereinafter The linear-response reservoirs, representing a linear rela-

the unit of fluxes is mmd") is equal to the sum of rain- tionship between storage and release, are applied to concep-
fall (P) and snowmelt ¥), conditions normally prevailing  y5jize the discharge from the surface runoff reservoir, fast-
in early spring and early autumn. Note that snowmelt water,ognanse reservoirs and slow-response reservoirs. In Eq. (18),
is conceptualized to directly infiltrate into the soil, thus ef- Of is the surface runoff, with timescalés, active when the
fectively bypassing the interception store. In other words, in-gt5rage of the fast-response reservoir exceeds the threshold

terceptipn and_ snpwmelt never happep simultaneously. Thelgﬁr_ In Egs. (19) and (21)Qf and Qs represent the fast and
respective activation is controlled by air temperature, precip-g 4, runoff; Sy and Ss represent the storage state of the fast

itation and the presence of snow cover. and the groundwater reservoif; andKs are the timescales

The snow routine was designed as a simple degree-days e fast and slow runoff, respectively, whitly is the total
model as successfully applied in many conceptual mod-

¢ ] modelled runoff from the three individual components.

els (Seibert, 1997; Uhlenbrook et al., 2004; Kavetski and
Kuczera, 2007; Hrachowitz et al., 2013a; Gao et al., 2012)4.2 Model with semi-distributed forcing data (FLEXP)
As shown in Egs. (4) and (5} is the snowmeltS,, (the
unit of storage is mm) is the storage of snow reservoifdjl In order to test the influence of model complexity on model
is the discretized time step ati@p is the degree day factor, performance and model transferability, another benchmark
which defines the melted water per day per Celsius degreenodel (FLEXP) based on FLEX was developed. The four
aboveT;. parallel model structures of FLEXare identical to FLEX,

The interception evaporatiofij was calculated by po- but they are run with independent parameter sets (Fig. 4)
tential evaporation Kp) and the storage of interception and semi-distributed input data (see Sect. 3.2), resulting in
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distributed accounting of the four Thiessen polygons and theTable 4. Proportion of different landscape units in the study
seven elevation bands in the study area (Fig. 4). In total, thergatchments.
are 48 parameters for these four Thiessen polygons.

Wetland/  Grassland Forest Bare

4.3 Topography-driven, semi-distributed models terrace  hillslope hillslope  soil/rock
(FLEXT? and FLEXT) (%) (%) (%) (%)
. Heihe 36 31 17 16
3ased on the perceptual model of the Upper Heihe (see Sec- Qilian 33 28 25 14
tion “The landscapes and the perceptual model of the Up- zhamashike 46 33 6 15

per Heihe"), the hypotheses that different observable land-
scape units are associated with different dominant hydrolog-

ical processes was tested by incorporating these units intpyoesent the different dominant hydrological processes were
hydrological models. assigned to the four individual landscape classes (Table 4).
The four model structures ran in parallel, except for the

groundwater reservoir (Fig. 7). The snowmelt process was

In this study, HAND (Renné et al., 2008; Nobre et al., 2011; considered in all landscapes using the same method as de-

Gharari et al., 2011), elevation, slope and aspect (Fig. 55¢ribed in Sect. 4.1.1.

were used for deriving a hydrologically meaningful land- N the bare-soillrock class, HOFRfg), caused by
scape classification. The stream initiation threshold for es{h® comparatively low infiltration capacity compared to
timating HAND was set to 20 cells (0.16 R which was vegetation-covered soils on hillslopes, is controlled by a
selected to maintain a close correspondence between the direshold parameter) (Eq. 22). HOF only occurs when
rived stream network and that of the topographic map. Theh€ daily effective precipitationfeg) is larger than?:

HAND threshold value for distinction between wetlandand , = _ . » = p g 22)
other landscapes was set at 5m, similar to what was used in'c (Pes=F1, 0).

earlier studies (Gharari_ etal., 2011). If HAND is larger than gof (Rsg), caused by limited storage capacity of the rather
Sm, butthe local slope is less than 0.1, the landscape elemegfajiow soils at high elevations, happens when the amount
defines terrace as a landscape unit that connects hillslop&st ater in the unsaturated reservoir exceeds the storage ca-
with wetlands. The most dominant landscape in the UpPehacity (Sumaxs). Deep percolation from bare soil/rock into

Heihe, however, is the hillslope, which has been further sepyoyndwater gyg) is controlled by the relative soil moisture
arated into three subclasses according to HAND, absoluteESuB/SuMaxB) and maximum percolationPfrcg):

elevation, aspect and vegetation cover (Fig. 5). Thus, hill-

slopes above 3800 m and with HAND80 m, typically char- SuB
acterized by bare soil/rock, have been accordingly defineaRpB:PerCBSuMaxB'
as bare-soil/rock hillslopes. At elevations between 3200 and . ) ) )
3600 m and aspect between 225 and’18bat elevations be- The.actual evaporatlorE.gB) IS estlmated by potential evap-
low 3200 m and aspect between 270 ant| ddislopes inthe ~ °ration Epg) and relative soil moisture (SuB/SuMaxB),
Upper Heihe are generally forested (Jin et al., 2008) and thu¥/nich is the same as the calculation Bjs by Percs and
have been defined as forest hillslopes. The remaining hill-SUB/SuMaxB in Eg. (23). The generated surface runoff on
slopes were defined as grassland hillslopes. From the classjl® bare soil/rock is separated into the water re-infiltrating
fication map (Fig. 6b), it can be seen that the landscape cladRr8) While flowing on the higher permeable debris slopes
sification is similar to the independently obtained land cover@nd the water directly routed to the channgyg) by a sep-

- D . .
map (Fig. 6a) except for the area of wetland, due to different?"at0r Og). As in FLEX", the lag times are characterized

definitions between the land cover map and our classification?Y different lengths in the individual components. The re-

Note that wetland and terrace landscape classes have be€RONS€ process of the surface runoff is controlled by a linear

combined (Fig. 6b), because the area proportion of wetland£€Servoir- .
varies over time, while terraces may be flooded at times, The grassland and forest hillslopes have the same model

which can be described by the VCA concept. This combi-Structure as FLEX, due to their similar runoff-producing
nation is unlikely to reduce realism and makes the modelMmechanisms, but are characterized by different parameter

simpler. Consequently, the NDVI map has been averaged iyalues for interception /fhaxcH and ImaxrH) and unsatu-
accordance with this classification (Fig. 6c). rated zone processeSuftaxcH: SumaxrH and B Brr), re-
flecting different land cover and root zone depth. The lag

4.3.2 FLEX' and FLEXT model structures times of grassland and forest hillslopes are the same as in
the bare-soil/rock landscape elements. The generated runoff

Based on the landscape classification and the perceptuélom grassland and forest hillslopes is represente@kyy

models for each landscape, different model structures t@and Qfry. In the wetland/terrace landscape element, SOF

4.3.1 Landscape classification

(23)
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Figure 4. The semi-distributed model structure FLBXconsisting of four parallel components, representing one Thiessen polygon each.
Each of the parallel components is characterized by an individual parameters set.

Elevation this study, using the Nash—Sutcliffe efficiency (NSE) (Nash
Slope ‘ 3600m _3800m and Suitcliffe, 1970) of the hydrograph&§) to evaluate the

model performance during high flow, the NSE of the flow du-

S ration curve {nsp) to evaluate the simulated flow frequency
Terrace | Hillslope < a_nd the NSE of the logarithmic flow/s.) which empha-
= . Grassland sizes the lower part of the hydrograph.
% o hillslope

4.4.2 Calibration method

Forest Grassland
hillslope  hillslope

The groundwater recession parame#ég)(is not treated as a
Figure 5. Summary of the landscapes classification criteria. The free calibration parameter but it was rather obtained directly
numbers (5m, 80 m, 3600 m and 0.1) are the criteria for differentfrom the observed hydrograph using a master recession curve
landscape classes, e<g5 m for wetland and- 5 m for terrace and ~ approach (MRC) (Fenicia et al., 2006). Therefokg, was
hillslope. fixed at 90 (d) to avoid its interference with other processes.
Together with fixingCe this results in 10, 40 and 23 free
calibration parameters for FLEX FLEXP and FLEXTO'T,
(Qrw) is conceptualized as the dominant hydrological pro- respectively.
cess due to the shallow groundwater and resulting limited The MOSCEM-UA (Multi-Objective Shuffled Complex
storage capacity. Additionally capillary ris€'g) is repre-  Evolution Metropolis-University of Arizona) algorithm
sented by a parametefmay indicating a constant amount (Vrugt et al., 2003) was used as the calibration algorithm
of capillary rise. The calculation method of effective rain- to find the Pareto-optimal fronts of the three objective func-
fall and actual transpiration is the same as for grassland antdons. There are three parameters to be set for MOSCEM-
forest hillslopes. The lag time of storm runoff in wetland is UA: the maximum number of iterations, the number of com-
neglected due to the, on average, comparatively close displexes and the number of random samples that is used to
tance of wetlands/terraces to the channel. The groundwatenitialize each complex. For the FLEXmodel the number
(Qs) was assumed to be generated from one single aquifer if iterations was set to 50 000, the number of complexes to
the catchment and represented by a lumped linear reservoit0 and the number of random samples to 1000. To account
In total FLEX" requires 25 parameters. The final simulated for increase model complexity, these MOSCEM-UA param-
runoff is equal to the sum of runoffs from all landscape ele- eters of the FLEX were set to 50 000, 40 and 3200; those of

ments according to their areal proportions (Fig. 7). FLEXT to 50000, 23 and 2300. The uniform prior parameter
distributions of FLEX and FLEX® are listed in Table 5 and

4.4 Model calibration the ones of FLEX? and FLEX' are given in Table 6.

4.4.1 Objective functions 4.4.3 Constraints on parameters and fluxes in FLEX

To allow for the model to adequately reproduce different as-Guided by our perceptual understanding of the study catch-
pects of the hydrological response, i.e. high flow, low flow ment in the Section on “The landscapes and the perceptual
and the flow duration curve, and thereby increase model remodel of the Upper Heihe” and the NDVI map (Fig. 6c¢), a

alism, a multi-objective calibration strategy was adopted inset of realism constraints for model parameters and simulated

www.hydrol-earth-syst-sci.net/18/1895/2014/ Hydrol. Earth Syst. Sci., 18, 189915 2014
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Figure 7. Perceptual model and parallel model structures of FLEOX the Upper Heihe.

Table 5. Uniform prior parameter distributions of the FLEXand ~ constrained based on expert knowledge (Table 7). It was

FLEXP models. assumed that the interception threshold in the forest class
(ImaxrH) Needs to be larger than in the grasslafgatcH)

Parameter Range Parameters Range and wetland/terrace classds{xw) due to the increased in-
Fop (mmi(d°C-Y) (L, 8) Ks(d) 90 terception_capacity of forests. In addition, the root zone depth
Ti (°C) (=25,2.5) Sg (mm) (10, 200) of forest hillslopes §umaxrH) should be deeper than in grass-
Imax (mmd—1) (0.1, 5) K (d) (1,5) land (Sumaxch). Furthermore, the root zone depth of wet-
SuMax (Mmm) (50, 1000)  K; (d) (1, 20) land/terrace fumaxw) and bare soil/rock §,maxs) are as-
B (=) (0.1,5) Tiag (d) (0, 5) sumed to be shallower than those of hillslopes. The timescale
D (-) 0, 1) Ce(-) 0.5 of groundwater Ks) was assumed to be the highest due to its

slow recession process, while the timescales of SOF in the
wetland/terrace clas¥¢) and the surface runoff in the bare-
soil/rock hillslope classKi) were defined to be the shortest,

ith the timescale of SSF() on forest and grassland hills-
lope assumed to be in-between. Additional soft performance

fluxes was developed, similar to what was recently sug-
gested by Gharari et al. (2013a). Parameter sets and mod
simulations that do not respect these constraints were re
garded as non-behavioural parameters and rejected durin
calibration. The motivation is that by reducing unrealistic pa-

rameter combinations, the predictive uncertainty of a model” " ™ S
P vy ration in forest Eiry + Earn — the unit is mma?) should

may reduce, although the performance during calibration . . .
may be slightly decreased. More specifically, the parame—be larger than in grasslandit + Eacr) due to the higher

ters related to interception evaporation and transpiration werdegetation cover in forests (see the NDVI map in Fig. 6c).

mong fluxes in different landscapes (Table 7). It is assumed

Hydrol. Earth Syst. Sci., 18, 18954915 2014 www.hydrol-earth-syst-sci.net/18/1895/2014/
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Table 6. Uniform prior parameter distributions of the FLEXand FLEX" model.

Parameters Range Parameters Range Parameter Range Parameter Range Parameter Range
inall 3 for bare for forest for grass for wetland
models soil/rock hillslope hillslope
Fpp (1,8) SuMaxB (5,500)  TmaxFH (1,10) ImaxgH (0, 10) Imaxw (0.1, 10)
(mm/(d°C~1)) (mm) (mmd1) (mmd1) (mmd1)
Tq (=2.5,2.5) Pmaxs (0.1,10) Sumaxen (100, 1000) SumaxgH (50, 1000)  Sumaxw (5, 1000)
°C) (mmd1) (mm) (mm) (mm)
Py (5, 35) Dg (0, 1) BFH (0.1,5) BGH (0.1, 5) Bw (0.1,5)
(mmd-1) (=) (=) (=) (=)
K¢ (1,20) K (2,50) CRmax (0.01, 2)
(d) (d) (mmd)
Ks 90 Ky (1,9)
(d) (d)
D (0, 1)
(=)
Tiagr (0,5)
(d)
TIagY (01 5)
(d)
Tiago (0,5)
(d)
Table 7. The soft data to constrain the automatic calibration. successful split-sample validation, models and their parame-
terizations are then often considered acceptable for predict-
Soft parameter constraint based on  Soft performance constraint ing the rainfall-runoff response at the given study site. It
perceptual realism based on NDVI map has in the past, however, been observed that many models
ImaxFH > ImaxGH EifH + EarH > EiGH + EagH with adequate split-sample performance failed to reproduce
ImaxFH > Imaxw Eiw + Eaw > EicH + EaGH hydrographs even in the nested sub-basins of the calibrated

SuMaxFH > SuMaxGH > SuMaxW  EiGH + EacH > EaB

SuMaxFH > SuMaxGH > Sumaxe  EarH > EaGH basin (e.g. Pokhrel qnd Gupta, 2011). In j[hIS study, we thgre-
Ks > Kf > K¢ fore applied the calibrated models of different complexity
Ks > Ki > Kr and degrees of input data distribution together with their cal-

ibrated parameter sets to two nested catchments to test the

models’ transferability and thus the ability to reproduce the
Similarly, the annual average evaporative fluxes from wet-hydrological response in catchments they have not explic-
land/terrace Eiw + Eaw) are assumed to be higher than from !tly l_)een trained fo_r._T_h|s kind of ne_zsted_ sub-catchment_val-
the grassland as the latter are more moisture constrained. THEation can, even if it is not an entirely independent valida-
evaporative water loss from the bare-soillrock claggsfis ~ 1ON in the sense of a proxy-basin test (KlemeS, 1986), give
the lowest, due to its sparse vegetation cover, limited nearcTucial information on the process realism and the related
surface storage and lowest temperatures. Furthermore, traRyedictive power of a model. In this study the hydrological
spiration in forest £ar) should be expected to be higher data at the main qutfall Yingluoxia (1959-1968) were used
than in grasslandKacr) because more water is used for for model calibration. Subsequently the model was tested

biomass production and deeper roots allow access to a largdly @ Split-sample test at the main outfall (1969-1978) and
pool of water. its two nested stations: Qilian (1967-1978) and Zhamashike

(1959-1978).

4.5 Model evaluation

L - N 5 Results
Model evaluation is usually limited to calibration followed
by split-sample validation (Kleme§, 1986). Frequently, split- 5.1 Results of FLEX and FLEXP
sample validation can result in satisfactory model perfor-
mance as the model is trained by data from the same loTable 8, as well as Figs. 8a and 9a, illustrate that FEEX
cation in the preceding calibration period. On the basis ofperformed quite well in the calibration period with respect
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Table 8.The averaged results of all the points on the Pareto front of three objective functions of the three modéisFALEX®, FLEXT0
and FLEX in calibration, split-sample and nested sub-catchments validation.

Calibration Split-sample Zhamashike Qilian
validation validation validation
INs  INsr  INsL INs  INsk  INsL INs  INsF INsL INs  INsr  INsL
FLEXL 0.82 0.99 0.87 0.79 0.95 0.78 054 0.79 0.56 0.56 0.87 0.59
FLEXP 0.81 0.99 0.84 0.80 0.96 0.83 0.56 0.82 0.60 0.38 0.67 0.44
FLEXT® 0.82 0.99 0.88 0.80 0.97 0.84 0.60 0.89 0.70 0.68 0.90 0.71

FLEXT 080 098 0.84 0.78 095 0.82 065 092 0.74 071 096 0.75

Calibration FDC of Yingluoxia Validation FDC of Yingluoxia

Observed runoff
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Figure 8. Calibration(a) and validation results for the flow duration curve of four models (FEEXmped model), FLER (semi-distributed
model with different parameter sets for different Thiessen polygons), EPERLEX-Topo model without constraints) and FLEXFLEX-
Topo model with constraints)) for the entire Upper Hefhgand the two tested sub-catchme¢dsd). The curves make use of the average
value of the parameter sets on the Pareto-optimal front.

to both the hydrograph and the flow duration curve (FDC).precipitation event at the end of the warm season in 1970
In spite of a somewhat reduced performance, the lumpedlid not generate a flood peak in all three catchments, a char-
model was also able to reproduce the major features of thacteristic that cannot be adequately reproduced by FLEX
catchment response in the split-sample validation (Table 8(Fig. 9b—d). Similarly, the sub-catchment FDCs (Fig. 8b—d)
Figs. 8b and 9b). Testing the model’s potential in an un-indicate that FLEX, while in general mimicking the FDC
calibrated part of the catchment as if the uncalibrated part®f the entire catchment well, poorly represents the low flow
were ungauged basins (Sivapalan et al., 2003; Hrachowitzharacteristics of the two sub-catchments.

et al., 2013b), the performance of FLEXvas far from sat- In the next step the influence of distributing the model
isfactory (Table 8, Figs. 8c and d, 9c and d). The valida-forcing and complexity on the model performance was tested
tion hydrographs in two tested sub-catchments, which are irusing the FLEX model set-up (Fig. 4). It was found that
the same period as the split-sample validation, are shown imlthough the modelled hydrograph and FDC reflect the ob-
Fig. 9c and d. One interesting observation is that the largeserved response dynamics similarly well to FLEE(Figs. 8a
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Figure 9. Comparison between observed values (black line) and the envelope of all modelled Pareto-optimal hydrographs (grey shaded area)
of four models — FLEX (lumped model), FLER (semi-distributed model with different parameter sets for different Thiessen polygons),
FLEXTO (FLEX-Topo model without constraints) and FLEXFLEX-Topo model with constraints) — in the calibration peri@d, split-

sample validatiorfb) and sub-catchments validati¢r, d). Precipitation (blue bars) and temperature (red line) are also shown. The dashed
box indicates the September 1970 storm event.

and 9a), the objective functions indicate a slightly poorerare more sensitive to the heterogeneity of precipitation and
calibration performance (Table 8), in spite of two addi- temperature input than in the Qilian sub-catchment. In ad-
tional parameters in each parallel model component accountdition, hydrograph inspection revealed that the mismatch of
ing for differences in channel routing lag times. In this observed and modelled runoff, generated by the large pre-
study, the reason is potentially related to the uncertainty incipitation event at the end of the warm season, was not cap-
the precipitation—elevation relationship and the inappropriatetured well by the FLEX either (Fig. 9b—d), although there
soil moisture distribution dictated by the Thiessen polygons.was a slight improvement (see the reasons in Sect. 6.1). The
In the split-sample and Qilian sub-catchment validation (Ta-results of FLEX indicate that increased model complexity
ble 8, Fig. 8b and d), FLEX does not add value to the re- alone, without deeper consideration of the underlying pro-
sults of the lumped FLEX model which is mostly related cesses, does not result in a better model transferability.
to the adverse effects of increased equifinality. However,
the validation results in Zhamashike improve with FLIEX 5.2 Results of FLEX® and FLEXT
with increased NSE values for both FDC and the hydrograph
(Table 8), although base flow is still not reproduced well From Table 8 and Figs. 8 and 9, it can be seen that the
(Fig. 8c). This indicates that at least for the Zhamashike subFLEX T set-up (i.e. no constraints) results in a similar perfor-
catchment the distributed precipitation is more representamance to FLEX and FLEX® in calibration and validation,
tive than catchment-averaged precipitation or that the resultbut outperforms the latter two when tested in the two sub-
catchments. After adding the constraints, we found that the
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Table 9. The simulated results of FLEX

Bare soil/rock (18 %) Forest hillslope (17 %) Grassland hillslope (31 %) Wetland/terrace (36 %)
P (mmal) 481 P (mmal) 431 P (mmal) 431 P (mmal) 410
Eag (mmal) 174 Eipy (mmal) 125 Eigy (mma?l) 58 Eyw (mma?l) 87
Rpg (mmal) 115 Earpn(mmal) 257 Eagn(mmal) 205 Eaw (mmal) 220
Rz (mmal) 107 Rsen(mmal) 15 Rsgy (mmal) 63 Cr (mmal) 21
Ofg (mma™) 77 QEu(mmal) 26 Qpn(mmal) 101 Quy (mmal) 122

performance of FLEX in calibration and split-sample vali- groundwater discharge is 51 mmla(12 %), which accounts
dation, as expected (because of the reduced degrees of frefsr 37 % of the total runoff. In total, the modelled runoff
dom) and as indicated by the objective functions (Table 8),depth is 143 mm=al, which is close to the observed runoff
is slightly lower than the performance of other models. How- (141 mma?). For the simulated total evaporation, it is in-
ever, in sub-catchment validation, the performance of FLEX teresting to find that the ratio between forest and wetland
is significantly better than the other models. This indicatesis 1.24, which is close to their NDVI ratio (1.27). Simi-
that both the model structure and the constraints on paramdarly, the ratio between water loss to atmosphere in wetland
ters and fluxes in FLEXimprove model transferability. and grassland is 1.21, which is also close to their NDVI ra-
In Table 9, the fluxes modelled by FLEXwhich are tio (1.20). These results support the hypothesis that allowing
the average values of all the results obtained by the pafor hydrologically meaningful process heterogeneity in mod-
rameter sets on the Pareto-optimal fronts, of each landscapeals while imposing realism constraints can produce flux dy-
class for the entire catchment are given. The water balancesamics that are adequate reflections of reality, increasing our
of the individual landscape units illustrate clearly the dis- confidence that these models give “the right answers for the
tinct dominant hydrological functions of these individual right reasons” (Kirchner, 2006).
units as a priori defined by the modeller’s perception of the Figure 8 shows significant improvement in the reproduc-
system. Specifically, the precipitation on bare soil/rock istion of the FDCs by FLEX? and FLEX'. FDCs are an emer-
481 mma?l (18 % proportion of the entire catchment pre- gent catchment property (cf. Sivapalan, 2006) and therefore
cipitation), 174mmal (6 %) evaporates and 115mm'a  a critical characteristic of system function which a model
(4 %) infiltrates into cracks and eventually percolates toshould be capable to reproduce (Westerberg et al., 2011).
the groundwater. Overland flow produces 74 mrh 3 %), In particular, the increased skill of FLEXo reproduce the
while 112mma?l (4%) is generated as subsurface flow FDCs indicates that the flexibility introduced by considering
on shallow soil. A total of 107 mm& (4%) of the lo-  changing proportions of hydrologically distinct landscape el-
cally generated overland flows re-infiltrates into groundwa-ements for different catchments and applying realism con-
ter (107mma? (4 %)) due to the high permeability of de- straints in FLEX has the potential to substantially increase
bris slopes at the foot of the mountains while the remain-the predictive power for flow characteristics, especially the
ing water (77 mma! (3 %)) is routed to the stream network low flows (Fig. 8, Table 8). The importance of the expert-
with considerable sediment loads. Precipitation on the for-knowledge-based constraints imposed on FLEX illus-
est hillslopes is 431 mnta (17 %), 125mmal (5%) of trated by its increased ability to reproduce the FDCs as com-
which is intercepted by and evaporates from canopy and forpared to FLEX?.The importance of accounting for an ad-
est floor; 257 mmal (10 %) is modelled as transpiration, equate level of hydrologically meaningful process hetero-
while only 26 mma?l (1%) and 15mmal (0.6 %), respec-  geneity is further illustrated by Fig. 9, which shows the en-
tively, contribute to fast runoff and groundwater recharge,velopes of observed and modelled hydrographs (based on
highlighting the dominant evaporation function of this land- all the parameter sets on the Pareto-optimal front) of three
scape class. The precipitation on the grassland hillslopes imodel structures, in calibration, split-sample validation and
431 mma (31 %), of which 58 mnTa (4 %) is intercepted, sub-catchment validation. The intense precipitation event in
205mma?l (15%) is transpired, 101 mnTa (7 %) gener-  September 1970, which was observed at all four precipita-
ates fast runoff and 63 mnT4 (5 %) recharges the ground- tion gauges and thus not a local event, did not generate a
water. For the wetland/terrace, precipitation is 410 mfha significant peak at any of the flow-gauging stations in this
(34 %) and in addition around 21 mm% (1.7 %) is con-  study. However, neither FLEXnor FLEXP were able to ac-
tributed from groundwater as capillary rise. 87 mm &7 %) commodate this lack of response. Only the increased pro-
is intercepted; 220mnTa (19%) is consumed by tran- cess heterogeneity in the FLEX and FLEX models al-
spiration and 122mmd (10 %) contributes to the fast lowed an adequate representation of this event. For a closer
runoff. These results underline the importance of wet-analysis, the modelled hydrograph components from the dif-
lands and terraces for peak flow generation. Finally, theferent landscape elements are shown in Fig. 10. It can be
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Figure 10.The hydrograph components of the calibratfa) split-sample validatiofb) and sub-catchments validati¢n d), of the FLEXT
model (using the average value of the parameter sets on the Pareto-optimal front).

seen that the response to storm events is generally dominatday similar precipitation input as the entire Upper Heihe,
by the flows generated in wetlands/terraces. Connectivity obut exhibits much higher peak flows and lower base flows
hillslopes and bare-soil/rock landscapes however, is typicallythan both the entire catchment and the Qilian sub-catchment.
established with some delay and the magnitude of their conThese distinct catchment hydrological functions are difficult
tributions to stream flow, in particular during relatively dry to reconcile in one lumped model, representing a specific
periods, are significantly lower than that of wetlands/terracegainfall-runoff relationship. Moving to a different catchment
(Fig. 10a). This is well illustrated for the September 1970 or maybe only even to a sub-catchment is likely to change the
event shown in the dashed box in Fig. 10b—d: while to somerelative proportions of landscapes, thus leading to a misrep-
degree all the landscapes eventually contributed to the runoffresentation of the lumped process heterogeneity and thus re-
the wetland/terrace responded directly to the storm whereaduced model performance in the new catchment. A semidis-
the limited response of hillslopes and bare soillrock con-tributed approach like FLEX in contrast to FLEX and
tributed to the peak flow later. FLEXP, offers more flexibility in adapting the model to the
ensemble of processes in a more realistic way other than the
lumped ones trained by adjusting it to the hydrograph, which
most likely oversimplifies the catchment heterogeneity. This
6.1 Why did FLEXT perform better than FLEX - and underlines the_increased importance an_d benefit of more de-
FLEXD? tailed, yet flexible expert-knowledge-guided process repre-
sentations compared to focusing on mere parameter calibra-

Some clarification can be achieved by comparing the oblion of lumped models. o .
served precipitation duration curves (PDC) and FDCs. From_ 1Nhe potential reason for overestimating the runoff in the
Fig. 11a it can be concluded that the entire Upper Heihe reZhamashike sub-catchment for FLEXnd FLEX (Fig. 8c)
ceives the lowest catchment-average precipitation input botis that these two models do not adequately represent the
in the original forcing data and the elevation-corrected pre-increased importance of evaporation from wetland/terrace.
cipitation, while being characterized by the largest runoff Similarly, the reason for.overesumatmg flow in the Qilian
yield (Fig. 11b). The Qilian sub-catchment, in contrast, re- Sub-catchment (Fig. 8d) is that these two models cannot ac-
ceives the largest amount of precipitation, but with lower commodate the increased evaporation of forests as much of

runoff yield. The Zhamashike sub-catchment is characterizedh® Upper Heihe, for which the models were calibrated, is

6 Discussion
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Figure 11. The comparison of three observed precipitation duration cyejesnd flow duration curveg).

covered by grassland hillslope and bare soil/rock, characterebserved, while, however, producing only a relatively in-
ized by lower evaporation rates than the other landscapesignificant runoff peak, both in the Upper Heihe and its sub-
On the other hand, both FLEXand FLEXP overestimate catchments (Fig. 9). Both FLEXand FLEX failed to ad-
the baseflow (Fig. 8c and d). This can potentially be linkedequately reproduce this event and modelled a much larger
to neglecting capillary rise in the wetland/terrace, which in- peak flow. Significant precipitation measurement error can
fluences both the baseflow and the evaporation of this landbe excluded, as the event was observed in similar magni-
scape element. When capillary rise in FLEX considered, tudes at all gauges available for this study. The failure of
the groundwater feeds the unsaturated reservoir in the wetFLEX" and FLEXP to adequately respond to this event can
land, which not only reduces the base flow but also increasebe linked to several reasons. Firstly, the lumped accounting
the amount of water available for transpiration and eventuallyof the snowmelt in FLEX can partly be the reason because
evaporation. This hydrological process is especially impor-the lumped model does not consider the change of temper-
tant in the Zhamashike sub-basin, where higher peak flowsture and then the type of precipitation with elevation. The
and lower base flow happen simultaneously. lumped model treats the precipitation as rainfall in the entire
The results support the potential of FLEXand its pa-  catchment when the average daily air temperature is above
rameterization to be spatially and scalewise better transferthe rain/snow temperature threshold. However, there could
able than lumped model structures, such as FLBXsemi-  be snowfall in high elevation zones, when the catchment
distributed models such as FLEXwhich do not explicitly — average temperature is slightly above the threshold temper-
allow for changing proportions of landscape units with dis- ature. Likewise, there could be rainfall in lower elevation
tinct hydrological function (see Sect. 5.2). In summary, thezones when the catchment average temperature is below the
FLEXT model set-up, informed by topography, divided the threshold. The temperature record (Fig. 9) clearly shows the
catchments into four topographic subunits, representing diflow average air temperature on the same day as the large pre-
ferent dominant hydrological process ensembles. This kinccipitation event. This could partly explain the limited runoff
of modelling strategy allowed enough flexibility to capture response to this specific storm event, as the modelled results
the different functional behaviours of the three study catch-obtained from FLEX are somewhat closer to the observed

ments simultaneously (Table 8, Figs. 9-11). response than the results of FLEXFig. 9b and d).
However, FLEX could not mimic the event in a sat-
6.1.1 Specific rainfall/snowfall-runoff events isfactory way and hence the failure of FLEBXto ade-

quately represent the event can be attributed to an over-
Some modelled events, such as the rainfall/snowfall-runoffsimplified model structure. This is supported by the results
event in Fig. 10a, also illustrate that FLEXs generat- of FLEXT. From Fig. 10 it can be seen that the modelled
ing internal flow dynamics that better reflect the modeller's flow generated by this storm event mostly originated in
perception of the catchment processes. It can be seen th#te wetlands, and a smaller proportion originated in grass-
FLEXT could reproduce the instantaneous response of thé&and hillslopes. Contribution from forest hillslopes and bare-
wetlands to the storm and the delayed and limited responsgoil/rock hillslopes is negligible. The catchment average tem-
of other landscapes. As discussed above, another interestirRggrature on that day is close to the threshold temperature
event was observed in September 1970. During that stornfFig. 10). Thus, at lower elevations, which are mainly char-
the highest daily precipitation of the available record wasacterized by wetland/terrace, grassland and forest hillslopes,
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the precipitation was in the form of rainfall. The tempera- improved fit of the hydrograph. It is rather linked to the in-
ture and precipitation records show that the preceding daysorporation of more knowledge available from observation
were dry and warm (Fig. 10), translating into comparatively and experiments, thereby allowing the development of mod-
elevated evaporation and, linked to that, relatively high soilels whose internal and external dynamics correspond with
moisture deficits. In addition, the deep root zone on the foresthis information, which in turn increases model realism.
hillslopes provides considerable storage capacity in the soil Note that this paper aims to test the realism of models,
before discharge is generated. At a higher elevation, whichmeaning that it investigates to which degree a more realistic
is mainly characterized by bare soil/rock and grassland hill-representation has been achieved, but it does not intend to
slopes, the precipitation was in a solid state, subsequentlglaim that the developed model is realistic in absolute terms.
stored as snowpack. When the temperature increased again that respect it emphasizes that model realism should al-
in the following days, the snow melted gradually. However, ways be seen in relation to uncertainties arising from data
due to the slow melt rates and the dry antecedent conditiongrror as well as from the choice of constitutive functions and
the snowmelt water was almost completely infiltrated into theparameters. In this paper, a detailed analysis of the influence
groundwater and did not contribute to the storm flow, evenof these uncertainties was omitted as this was beyond the
when the temperature increased several days later (Fig. 10bscope of this research. Further, some of the hypotheses of the
d). Therefore, there is apparently enough information, notproposed model structure could not be tested individually for
only in landscapes but also in the observed discharge, to pdack of available data. They will be further investigated dur-
rameterize the FLEX model. In summary, FLEX allowed ing future research, using additional information. Thirdly, at
the low and high elevation areas to reduce the storm flowthis point, the interpretation is only valid in the study catch-
for this specific event by different mechanisms, resulting inment and subsequent studies will have to test this hypothesis
a very limited response to the event, in close agreement withurther in other regions in order to evaluate the generality of
the observed response. these findings.

6.1.2 Realism testing of FLEX model 6.2 Translating topography information into
hydrological models

The FLEXT model is based on landscape classification, = . = . ) o
which is an observable prior to enhance model realism. sublt is intriguing to find that the landscape classification based

sequently, based on our knowledge and understanding df" toPography information (HAND, slope, elevation and as-
different dominant hydrological processes in different land- pect) closely reflects the patterns and shapes of the land cover

scapes, we assigned suitable hydrological process represefi@P (Fig. 6a and b). In other words, it clearly illustrates that
tations to these landscapes to highlight landscape heterd®Pography has greatinfluence on the energy and water avail-
geneity. Significant differences in hydrological function, for 2Pility and the evolution of vegetation cover. Certain types
example between wetland and hillslope, are well documente@’ vegetation cover evolve under specific topographic condi-
by a wide range of experimental studies (e.g. McGlynn andt!ons. EIevat!on greatly influences the amount of pre_C|p|ta—
McDonnell, 2003; Seibert et al., 2003; Molenat et al., 2008; tion and available energy. HAND and slope are two impor-
Jencso et al., 2009: Detty and McGuire, 2010). The consigltant factors defining water retention and drainage. Aspect in-
eration of landscape heterogeneity, reflected in runoff generfluénces the energy balance and precipitation. Normally, the
ation mechanisms and differences in water budgets, make&outh-facing hillslopes receive more solar energy. Thus, the
the FLEX model perform better than FLEXand FLEX potential evaporation on the south-facing hillslopes is larger
reproducing hydrographs (Fig. 9) but also FDCs (Fig;. 8) than on north-facing ones, while aspect influences the distri-
as emergent catchment properties. The suggested model hpytlon of forest and grassland in arid/semi-arid regions.

potheses were not only tested for temporal transferability be- 10P0graphy does not only directly influence the ground-
tween calibration and validation periods, but also for spa_Water level and the occurrence of saturation overland flow,

tial transferability to sub-catchments. This successful transPUt it 2lso controls the soil and vegetation cover in certain ge-

ferability (Table 8 Figs. 8 and 9) is strong supporting ev- ological and c.limatic condition, and gonsequently the domi-
idence for the hypothesis that landscape carries crucial infant hydrological processes (Savenije, 2010). The presented
formation on hydrological function and it illustrates that, Modelling approach can therefore be seen as a step towards
by allowing for increased process heterogeneity in modelsMaking more efficient use of topographic information for use

their degree of realism, i.e. their skill to adequately repre-

in conceptual hydrological models. The successfully linked
sent critical features in response dynamics, increases. Mor®P0graphic information, land cover classification and hy-

convincingly, the benchmark model (FLEXwith a higher drological model structure supports the hypothesis that to-

number of parameters (40 free parameters) did not improv@©draphic information can be used to distinguish landscape
transferability, even with nearly twice the number of param- elements with different hydrological functions (Wagener et

eters as in FLEX (23 free parameters). However, note that & 2007; Savenije, 2010).
here “realism” is not primarily and necessarily linked to an
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6.3 The value of soft data in hydrological modelling ongoing discussion in ecohydrology (Moore and Wondzell,
(FLEX O vs. FLEXT) 2005; Sriwongsitanon and Taesombat, 2011).

Various earlier studies found very diverse conclusions

Hydrological modelling should also be seen as an art(Bosch and Hewlett, 1982; Robinson et al., 1991; Sahin and

(Savenije, 2009). To ensure that models better reflect ouffall: 1996; Andréassian, 2004; Moore and Wondzell, 2005).
understanding of reality we should make use of our experi-" this study, the '_:LEX model generated little runoff in
ence and creativity. In addition to available data, hydrologistsiorested hilislopes in the Upper Heihe, with most of the rain-
often have extensive, yet sometimes only semi-quantitativd@!l on the forest being intercepted and transpired. In ad-
expert knowledge about specific study sites. However, thiglition, these results are supported by other studies in this
“soft” knowledge is with some exceptions (e.g. .Seibert andcatchment _bqsed on remote sensing information (_Tlan etal.,
McDonnell, 2002, 2013), regularly underexploited in hydro- 2013), statistical analysis (Wang et al., 2011), paired catch-
logical modelling. In general four types of soft data can be Ment analysis in this region (Huang et al., 2003; Qin et
valuable for hydrological modelling. The first one is our ex- &l 2011) and the simulation of an ecohydrological model
plicit or inferred knowledge of the hydrological processes (YU et al., 2009). Also, field observations and experimen-
occurring in reality. For example, in this study, streams in @l Studies in the Upper Heihe (B. Ye, personal communi-
high elevation tributaries, characterized by a dominance ofation, 2012) gave evidence of limited runoff from forests.
relatively erodible bare soil/rock, exhibit relatively high lev- This phenomenon is most likely linked to the climatic con-
els of turbidity (Fig. 2e), thus indicating the importance of dltlgns in the Upper Heihe. Since the preC|p|tat|on in this
soil erosion, which in turn supports the existence of Horto-"€gion reaches on average only 430 mrha""th a maxi-
nian surface runoff in these locations. Another type of “soft” Mum observed daily catchment average precipitation of be-
data is the expert knowledge on meaningful acceptable prioloW 45 mm d* (corrected by elevation), with ample storage
parameter ranges, such as the maximum storage of the u,:il_ve_ulable in Fhe root zone, the fores.t hillslopes in the Upper
saturated reservoir at the catchment scalgudy), which is Heihe remain Iargelly.below thg moisture content_ necessary
closely linked to rooting depth and soil structure and stronglyto est.abllsh connectivity conditions necessary to significantly
depends on the ecosystem. The third kind of valuable “soft"contribute to storm flow.

data is the understanding of the relative magnitude of specific

parameters in different landscapes (Gharari et al., 2013a),

_prO\_/iding furth_er_ constraints on moqlel parameters, and eIirr_17 Conclusions

inating unrealistic parameter combinations. For example, in

this study it was argued that forest canopy, undergrowth and o
litter on forested hillslopes can intercept more precipitation V& compared four model structures on the Upper Heihe in
(Imaxe+) than grass-dominated hillslopeixcr) (Table 7). C_hlna:. a lumped model (FLEX, a sgml—dlstanted model
Fourthly, simulation results can be constrained by “soft” with different parameter sets for different Thiessen poly-
data, such as NDVI maps indicating inequalities between for9ons (FLEX), a conceptual model whose model structure
est and grassland transpiration (Table 7). Making use of thesi$ determined based on hypotheses of how topography influ-
four types of soft data, a landscape driven model, FLEX ences hydrological processes (I_:LT?)( and FLEX, which
based on our understanding of the hydrological processes il$ based on FLEX but constrained by soft data. FLEX

the Upper Heihe, was developed and constrained. Althoug@nd FLEX perform in almost the same way as the two pre-

the use of these additional constraints resulted in a slightly¥ious models in calibration and split-sample validation, but
reduced calibration performance of FLEXs compared to much better when validated in two sub-catchments. The in-

the FLEXTC set-up, the more successful sub-catchments valreased Lperformance of FLEXand FLEX' with respect
idation illustrated the value of soft data and clearly indicated!® FLEX" and FLEX in the sub-catchments, in particular
that the efficient use of soft data allows for a more realistic With respect to the flow duration curves and for some specific

representation of catchment heterogeneity, leading to highefVents, indicates the following: (1) the topography-driven
predictive power. model, using landscapes classification as prior information

and describing different dominant hydrological mechanisms
) ) in different landscapes, reflects the catchment heterogene-
6.4 The role of forest in the Upper Heihe ity in a more realistic way; (2) the natural land cover may
be identified by topographic information to some extent, be-
Since forest is an important land cover in the Upper Heihecause the topography greatly influences the local energy and
and many other catchments, the hydrological impact of for-water budget; (3) the better performance of FUUE¥om-
est is essential for understanding the catchment water cyclpared to FLEX? indicates further that the use of realism
(Andréassian et al., 2004; Lyon et al., 2012), but also for anconstraints guided by soft data reduced unrealistic com-
efficientimplementation of water resource management polipensation between fluxes and increased model transferabil-
cies. The role of forest on the catchment scale is subject ofty. In summary, making use of topography-derived data as
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prior information to guide model development is a promis- Fenicia, F., Savenije, H. H. G., Matgen, P., and Pfister, L.:
ing avenue. Understanding catchment behavior through stepwise model
concept improvement, Water Resour. Res., 44, W01402,
doi:10.1029/2006wr005562008.
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