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Abstract

This paper stems from the fact that the topographic index used in TOPMODEL is not
dimensionless. In each pixel / in a catchment, it is defined as x;=In(a;/S;), where a;
is the specific contributing area per unit contour length and S; is the topographic slope.
In the Sl unit system, a,/S; is in meters, and the unit of x; is problematic. Even if all the
equations in TOPMODEL are homogeneous, it is confusing to use the logarithm of a
non-dimensionless quantity as an index, and we propose a simple solution to this issue
in the nowadays widespread cases where the topographic index is computed from a
regular raster digital elevation model (DEM). The pixel length C being constant, we can
define a dimensionless topographic index y,=x;—InC. Reformulating TOPMODELSs
equations to use y; instead of x; helps giving the units of all the terms in TOPMODELs
equations. Another advantage is to raise awareness about the scale dependence of
these equations via the explicit use of the DEM cell size C outside from the topographic
index, in what what can be defined as the transmissivity at saturation per unit contour
length T,/C. We eventually demonstrate, based on various examples from the litera-
ture, that both 7, /C and the spatial mean y of the proposed dimensionless topographic
index are very stable with respect to DEM resolution. This markedly reduces the recal-
ibration necessity when changing DEM resolution, thus offering an efficient rescaling
framework.

1 Introduction

TOPMODEL was originally introduced by Beven and Kirkby (1979) as a conceptual
rainfall-runoff model, describing the contributions of both saturation excess flow and
baseflow from the saturated zone to the catchment outflow. Simplifying assumptions,
widely known as “TOPMODEL assumptions”, allow to relate the spatial distribution of
the water table depth to the one of a topographic index (Tl), depending in each point of
the catchment upon local slope and upslope contributing area. This distribution of the

1622

HESSD
6, 16211649, 2009

Explicitation of an
important scale
dependence in

TOPMODEL
A. Ducharne
Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/6/1621/2009/hessd-6-1621-2009-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/6/1621/2009/hessd-6-1621-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

water table depth controls (i) baseflow owing to the physically-based Darcy’s law, and
(i) the extent of the surface saturated area, thus the saturation excess flow, owing to
the variable contributing area concept first proposed by Cappus (1960).

This model has been widely used, and not only as a rainfall-runoff model. As high
values of the TI reflect a high potential for local saturation, maps of this index have
been used to delineate wetlands (e.g. Merot et al., 1995; Curie et al., 2007). Over the
last decade, TOPMODEL concepts have also been increasingly used in land surface
models to describe the influence of topography on the lateral heterogeneity of runoff,
soil moisture, and the coupled surface energy balance, including evapotranspiration
(e.g. Famigliettiand Wood, 1994; Peters-Lidars et al., 1997; Stieglitz et al., 1997; Koster
et al., 2000; Ducharne et al., 2000; Chen and Kumar, 2001; Decharme and Douville,
2006).

The high popularity of TOPMODEL arises from its simplicity of use, especially since
topography has become widely described by digital elevation models (DEMs) from
which it is easy to compute the TI. Yet, this apparent simplicity can be misleading,
and most users of this model would probably agree on this point. One reason is that
“TOPMODELs assumptions” are together strong but not very intuitive, so that a re-
current anguish when developing new applications of this model is “Don’t | violate
TOPMODELs assumptions?” Another reason is related to the fact that the Tl is not
dimensionless, which is very counter-intuitive and confusing.

This paper elucidates the latter issue (Sect. 2) and proposes a simple solution when
a raster DEM is used to compute the TI, as in most present time applications (Sect. 3).
The advantages of this simple adaptation of TOPMODELs framework are discussed in
Sect. 4 by comparison with previous attempts to reduce the dependence between the
Tl distribution, TOPMODELSs parameters and the DEM resolution.
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2 Classical TOPMODEL's development

The following development of TOPMODELSs equations from its simplifying assumptions
is not new and was inspired by many papers, in particular from Beven and Kirkby
(1979), Sivapalan et al. (1987), Franchini et al. (1996) and Stieglitz et al. (1997). All
notations are defined in Table 1 with their Sl unit.

2.1 Scope and assumptions

Let us consider a hydrological catchment of area A. Let us further assume that the
topography of this catchment is described by a raster DEM with a pixel length C so that
A=nC? n being the number of pixels in the catchment.

To describe the evolution of the table depth over time and space, which is crucial to
predict baseflow from the water table and the extent of saturated areas thus saturation
excess flow, TOPMODEL relies on four strong assumptions H1 to H4 regarding the
behaviour of the modelled catchment:

H1: At each time step, the recharge to the water table R(f) is uniform in the catchment.

H2: The water table dynamics is approximated by a succession of steady states, so
that in each pixel of the catchment and at each time step, the local outflow from
the saturated zone equals the recharge from the contributing area. Isolating one
time step, over which the uniform recharge rate is R, we can thus write Q;, the
outflow from the saturated zone at any pixel / in the catchment, as

O,‘ = A/R (1)

where A; is the local contributing area.

H3: In each pixel /, the local hydraulic gradient is approximated by the local topo-
graphic slope S,.
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H4: The saturated hydraulic conductivity K is uniform in the catchment but decreases
with depth following an exponential law:

Ky(2) = Ky exp(-vz) (2)

where z is the depth from the soil surface, Ky=K,(z=0) is the saturated hydraulic
conductivity at the soil surface, and v is the saturated hydraulic conductivity decay
factor with depth. Both K and v are uniform in the catchment.

Assumption H4 has been relaxed by Ambroise et al. (1996) and Duan and Miller (1997)
regarding the shape of the vertical profile of saturated hydraulic conductivity, and by
Beven (1986) regarding the uniformity of K,. Assumption H2 has been relaxed by
Beven and Freer (2001) using a kinematic wave routing of subsurface flow. Assumption
H3, pertaining to the local hydraulic gradient, can also be relaxed, using the concept
of reference levels (Quinn et al., 1991). Assumption H1, however, is essential to derive
the simple relationship between the local and mean water depths which is at the crux
of TOPMODEL (Eqg. 13). The only way to relax it is to separate different landscape or
hillslope elements within the catchment, as first proposed by Band et al. (1993) and
further developed in the finely distributed application of TOPMODEL of Peters-Lidars
et al. (1997). For simplicity, we will stick in the following to the original assumptions.

2.2 Towards TOPMODELs equations

From Darcy’s law and assumption H3, the local outflow from the saturated zone at pixel
i, across a downstream edge of length L ;, can be written

Q; =L;T;S;. (3)
In this expression, T; is the local transmissivity defined as
Zj
T; =/ ZK4(z)dz (4)
(o]
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where z; is the local depth to the water table. Combining with Eq. (2):

Zj _ KO
T, = Ko/ ze™V?dz = ~ exp(-vz)) = Toexp(-vz)) ©)

(o]
where Ty=K, /v is the transmissivity of the soil when it is fully saturated (z;=0). Com-
bining Egs. (1), (3) and (5):
Q; = AR = L,T,S;exp(-vz,). (6)

Under TOPMODELSs assumptions, this holds everywhere in the catchment, in particular
at the outlet which drains the entire catchment. The baseflow from the catchment is
thus

Qout = LoutToSout EXP(=VZoyt) (7)

where the only unknown is z,, the water table depth at the outlet pixel where the local
slope is S,;. More generally, the distribution of the local water table depth z; in the
catchment is used to deduce the surface saturated area, which is defined by the pixels
where z;<0. Rewriting Eq. (6), z; can be expressed as follows:

Zi = 1In AR (8)
v\ TS )

Introducing a;=A; /L, the specific contributing area per unit contour length, we find the
classical TOPMODELSs equation, where the fraction in the natural logarithm is dimen-
sionless:

_ 1 a,'R
z=-1m (Tos,->‘ ©)

Separating, in the natural logarithm, the variables that are uniform in the catchment
from the ones that are not, we get

1 a;
z,=—;(|n—+|n—). (10)
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The variable term is defined in TOPMODEL as the topographic index (TI)
X,’ == In —I (1 1)

Note that relaxing the assumption that K, is uniform leads to another index of lateral
heterogeneity, the soil-topographic index In(a;/T;S;) (Beven, 1986). In any case, the
ratio on which the natural logarithm is applied is not dimensionless.

The mean water table depth z is introduced to eliminate the uniform terms

E:—%(In (%) +}) (12)

Zzi—Z=——(X; = X) (13)

where Xx is the average of x; over the catchment. This equation, which states that the
spatial variations of the water table and the Tl are proportional, is probably the most
important in the TOPMODEL framework.

It is used to deduce the surface saturated area from the distribution of x; in the
catchment and the mean table depth z. Applied to the outlet pixel, with local water
table depth and Tl z,; and x,, it also gives

I _
Zout =<2 — ;(Xout - X) (14)

which, substituted in Eq. (7), leads to

Qout = LoutToSout exp(-vz + Xout — X)

Aout —
= LouwtT0Sout €XP (In ) exp(-vz - x)
Sout

= aguil outTo EXP(-VZ — X)
Qout = AT eXp(-vZ — X). (15)
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Using Sl units, AT, is in m*s™, but Qout is in m>s~'. This results from the fact that

exp(—x) is in m'1, since x; is the natural logarithm of a ratio dimensioned in m. Even
if Egs. (10), (12), (13) and (15) are homogeneous, we argue that using the logarithm
of a non-dimensionless quantity as an index is confusing. We thus propose a simple
modification to prevent from this confusion.

3 Introducing a dimensionless Tl to solve the identified scale issue
3.1 Topographic analysis using single-flow direction algorithms

Many methods are available for deriving the slopes S; and upslope contributing areas
A; from a regular raster DEM. The most simple ones are the single-flow direction (SFD)
algorithms, according to which one pixel contributes to only one downslope pixel (e.g.
Wolock and Price, 1994). These algorithms rely on the digital terrain analysis (DTA)
methods introduced by Jenson and Domingue (1988) and are still very popular (e.g.
Wolock and McCabe, 2000; Kumar et al., 2000). In this framework, having defined C
as the DEM cell size thus pixel length, we can write that L;=C and A,:n,Cz, where n;
is the number of pixels in the contributing area. This leads to

n,C
S,
The pixel length C being a constant, we can thus introduce a dimensionless topo-
graphic index

x; = In (16)

n;
yi=1In 3 (17)
which simply relates to x;
x;=y;+InC. (18)
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Section 3.2 will show how this expression can be generalized to the more complex
cases where multiple-flow direction algorithms (e.g. Quinn et al., 1991) are used to
compute a;, L; and S;. In any case, Eq. (10) becomes

zi = —% (In (%) + y,-) (19)

where the natural logarithm is applied to two dimensionless terms (CR /T, and n;/S;).
In addition, the DEM resolution is explicited via C.

From there, we can follow the same development with this index as in TOPMODEL
with x; and introduce the mean water table depth z to eliminate the uniform terms

zi-z= —%(y,- -Y) (20)

where y is the average of y; over the catchment. Applied to the outlet pixel, it gives

Zoy =2~ %(yout -Y) 21)
which, substituted in Eq. (7), leads to
Qout = CToSout €XP(=VZ + Your = ¥)

= CTySou €XP (In gom) exp(-vz - y)

out

= noutCTO eXp(_VE - y)

AT, - —
Qout = ol exp(-vz - y) (22)

This expression is of course perfectly equivalent to Eq. (15), except that it relies on
a dimensionless Tl y, and that the scale dependence of this expression is explicited
via the DEM cell size C.
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3.2 Generalization to multiple-flow direction algorithms

Since their introduction by Quinn et al. (1991), multiple-flow direction (MFD) algorithms
have been widely used to compute the Tl and regularly improved (e.g. Holmgren, 1994;
Quinn et al., 1995; Seibert and McGlynn, 2006). Their basic difference with SFD al-
gorithms is that they distribute the contribution from the upslope contributing area be-
tween all the contiguous downslope cells, proportionally to the corresponding slopes.

In this framework, the expression of the specific area drained per unit contour length
is not as simple as the one used with SFD methods, what leads to the following general
expression of the Tl

n ( ali ) (23)
xp=hn|
dd:1 Si Li

ny is the total number of downhill directions, S,.d is the slope between the local pixel /

and the neighbouring pixel in the dth downhill direction, and L? is the contour length
normal to this direction. Note that this expression also holds for n,=1, which corre-
sponds to the SFD case.

There are many other variations around the general basis provided by the SFD and
MFD methods (e.g. Mendicino and Sole, 1997; Tarboton, 1997). Alternatives also exist
regarding the way to account for channel or creek pixels (e.g. Saulnier et al., 1997a;
Mendicino and Sole, 1997; Sorensen et al., 2006) or the way to determine flow direction
and slope in flat areas (e.g. Wolock and McCabe, 1995; Pan et al., 2004; Gascoin
et al., 2008). Several papers addressed the comparison of the various DTA methods
to derive the Tl (Wolock and McCabe, 1995; Mendicino and Sole, 1997; Pan et al.,
2004; Sorensen et al., 2006). They all demonstrate the sensitivity of the Tl distribution
(including the mean Tl x) to these methods, but their conclusions regarding the relative
performances of the different methods are not consistent, apart from a consensus
about the superiority of MFD algorithms for divergent hillslopes.
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In any case, one can always write that A;=a,C? and Lf:ﬂf’C, where a; and ,37 are
dimensionless factors. This leads to the general form of the Tl

a;C
X;=1n (—) (24)

Ny d npd
d=1 SI' ’8/

which can be reduced to the dimensionless Tl
a;
y,-=|n nd— =X,-—|nC (25)

owing to the fact that the pixel length C is constant in regular raster DEMs.

4 Articulations with published analyses of scale issues in TOPMODEL
4.1 Interplay between DEM resolution, Tl distribution and TOPMODELSs parameters

Many authors studied how the classical Tl distribution is impacted by the topographic
information content in DEMs, which depends both on the scale of the topographic
map the DEM is derived from (Wolock and Price, 1994), and on the DEM resolution,
as defined by the pixel length. The latter influence has received considerably more
attention and the first-order effect is known as the translation or shift effect, which
consists in an increase of mean Tl x when the DEM resolution decreases, i.e. with
coarser cell sizes (e.g. Zhang and Montgomery, 1994; Franchini et al., 1996; Saulnier
et al., 1997b; Brasington and Richards, 1998; Higy and Musy, 2000; Valeo and Moin,
2000; Wu et al., 2007).

This shift in x leads to larger calibrated transmissivities and saturated hydraulic con-
ductivities when the DEM resolution decreases, as detailed by Franchini et al. (1996).
In a catchment, two DEMs with different cell sizes C,>C, correspond to different mean
Tls x,>Xxj. If the calibrated value of TOPMODELS transmissivity is T 4 for cell size Cy,
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the shift effect can be compensated by a simple recalibration of this transmissivity to
Ty .2, such as to maintain the relationship between TOPMODELSs baseflow Q" and the
mean water table depth z*. Following Franchini et al. (1996), we assume constant v for
simplicity, so that

Q" = ATy 1 exp(=vz* — X1) = ATq o exp(-vz* - X»). (26)
This leads to the following relationship between the transmissivities and mean Tls:
Too = To 1 €XP(Xp = X1). (27)

The dimensionless index y is very much inspired by this pioneering work of Franchini
et al. (1996), and it allows including the DEM cell size in the above relationship and in
the associated change in mean classical TI:

c, _  _
Toz = Tox C—f exp(V - ¥1) (28)

- — C, — _
Xp =Xy +In==+(y2 - y4). (29)
1
This set of equations clearly highlights that the changes in 7, and mean classical Tl
x when the DEM resolution varies arises from two different causes, as summarized in
Table 2:

— a numerical effect, because the DEM cell size C enters into the expression of a;.
When using the dimensionless Tl, the influence of this effect on T, is explicited by
the scaling factor C,/Cy in Eq. (28);

— a terrain effect, owing to the influence of DEM resolution on both the local slopes
S; and the shape of the hydrographic network, thus a;. Following Wolock and
McCabe (2000), this terrain effect can itself be separated in two components:
a discretization effect, which arises from dividing the terrain in different numbers
of grid cells; and a smoothing effect, related to decreased variability of the local
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slopes when using coarser resolution DEMs, what filters the terrain roughness
(Valeo and Moin, 2000). The overall terrain effect has consequences on both the
shape of the TI distribution and on its mean. The effect on the mean contributes
to the shift effect, and its consequence on T, is isolated in the term exp(y,—y 1) of
Eq. (28).

Yet, K, which controls T, may influence the recharge of the water table, and X con-
trols the extent of the saturated zone, thus the partitioning between surface runoff and
water table recharge. As a result, Eq. (26) and the related rescaling of 7, to compen-
sate the shift effect are strictly valid for one timestep only. This rescaling may thus not
be enough to achieve as realistic flows as the ones obtained by the real calibration of 7,
using the Tl distribution derived with cell size C,, as reported by Saulnier et al. (1997b)
in the Maurets catchment (described in Table 3). This limitation of the rescaling of T
aiming at compensating the shift effect is attributed to the fact that, in this catchment,
the DEM resolution not only influences the mean Tl but also the shape of the Tl distri-
bution. The authors eventually propose an efficient scaling factor for K, deduced from
the differences in Tl cumulative distributions when the DEM resolution changes.

4.2 Advantages of the dimensionless topographic index in real-world case studies

In the extensive literature devoted to the influence of DEM resolution onto the Tl dis-
tribution and the performances of TOPMODEL, we could find six papers allowing us
to calculate the mean of the dimensionless index y for different DEM cell sizes C.
The six corresponding case studies are summarized in Table 3. Note that the Mau-
rets catchment (Saulnier et al., 1997b) is a subcatchment of the experimental research
catchment of the Réal Collobrier (Franchini et al., 1996), and that mean Tls from two dif-
ferent DTAs, namely the SFD and MFD algorithms, are available in the sub-catchment
W3 of the Sleepers River (Wolock and McCabe, 1995).

The 7 resulting cases confirm that, once chosen the DTA method to compute the
Tl, the mean of the classical index x increases with DEM cell size C (Table 4), a rule
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that we could not find invalidated in the literature. Based on the values gathered in
Table 4, the mean classical Tl x exhibits variation rates between 0.005 and 0.02, the
related unit being In(m) m~". In contrast, positive variation rates are not systematic for
the mean dimensionless Tl y.

More importantly, these variation rates show that the mean dimensionless Tl y varies
much less with DEM resolution than does the mean classical Tl ¥, in all the 7 studied
cases. This result was expected from the definition of the dimensionless TI, and is
further illustrated in Fig. 1, where the trajectories followed by y span smaller ranges
than the ones followed by x under the same DEM resolution changes. Of course, the
units are different and there is no point comparing x and y for the same DEM resolution.
Their changes when DEM resolution varies, however, are important as they motivate
the rescaling of transmissivity (Sect. 4.1).

Figure 1 also shows that the variations of x due to DEM resolution exceed the ones
related to the DTA methods and the location of the catchments, which controls their
specific topographical features. As a result, one cannot isolate the different locations
from the variability induced on x by the DEM resolution. In contrast, one can sep-
arate the projections of the different trajectories on the vertical axis representing y,
what shows that the mean dimensionless Tl can efficiently discriminate the different
locations, regardless of DEM resolution.

This is illustrated by the correlations between the altitude range and the mean Tls
of the 6 selected catchments (Fig. 2). Fixing the DEM resolution, this correlation is
highly negative with the mean of both Tls, what probably results from the fact that local
slopes are higher in catchments with an important altitude range. The comparison of
the two panels in Fig. 2, however, shows that if care is not taken to use the same DEM
resolution when comparing mean Tls between catchments, the relationship between
mean Tl and altitude range is completely hidden with x whereas it is detectable with y.

The above results are linked to the fact that, at least in the selected catchments,
the shift effect on x is largely dominated by the numerical effect, which is absent by
construction when using the dimensionless TI. The remaining DEM resolution effect
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is then the terrain effect, which is small enough in the 6 studied catchments to be
neglected at first order. If confirmed, this would imply that the mean dimensionless Tl
y is almost independent of DEM resolution.

The consequence, if the terrain effect quantified by exp(y,-y{) can be neglected
when the DEM resolution changes, is that Eq. (28) can be approximated to

@ ~ ﬁ (30)
C G

This result is confirmed by Table 5, which shows that the calibrated values of T;,/C or
Kj,/C exhibit considerably less variations with C than do the calibrated values of T, or
Ky. A further consequence is thus to reduce the need to recalibrate TOPMODEL when
using the dimensionless Tl, as T,/C becomes an explicit parameter (Eq. 22), which

can be defined as the transmissivity at saturation per unit contour length (in m s"1).
4.3 Articulations with alternative rescaling techniques

The scaling factors proposed by Franchini et al. (1996) and Saulnier et al. (1997b) can
be used to guide and facilitate the required recalibration of TOPMODEL transmissivity
when changing the DEM resolution. Other scaling techniques were later proposed to
rather rescale the classical Tl distribution, such as to limit the need to recalibrate the
transmissivity.

From a regression analysis using a sample of 50 quadrangles of 1°x1° (~7000 km2)
in the conterminous USA, Wolock and McCabe (2000) proposed a linear relationship
to rescale the mean Tls obtained from a 1000-m resolution DEM (x;4q0) to values that
would correspond to a 100-m resolution DEM (xq,):

}100 = —1 957 + 0.961}1000. (31)

This linear regression is characterized by a high determination coefficient R?=0.93,
and has been widely used (e.g. Kumar et al., 2000; Ducharne et al., 2000; Niu et al.,
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2005; Decharme and Douville, 2006). It can easily be extended to the dimensionless
Tl

Y100 = 0.525 + 0.961y 1900 (32)

and the smaller y-intercept in Eq. (32) than in Eq. (31) confirms that y depends less
on DEM resolution than x, owing to the elimination of the numerical effect of DEM
resolution.

Mendicino and Sole (1997) analysed the simulations of 11 flood events by TOP-
MODEL in the Turbolo Creek (29 km2, in Italy), using a 30-m resolution DEM, aggre-
gated to coarser resolutions (90-m, 150-m and 270-m). They proposed a linear rela-
tionship between the mean Tl and a spatial variability measure (SVM), which describes
the topographic information content of the DEM following Shannon and Weaver (1949),
and depends on DEM resolution by a simple function of the number of grid cells.

This approach was further explored by Ibbitt and Woods (2004) in a 50-km? catch-
ment in New Zealand, with similar results. These authors also provided evidence of
a linear relationship between x(C) and log,,(C), which is perfectly consistent with the
facts that y=x—InC (from Eq. 18) and that y undergoes negligible variations with C
(Sect. 4.2). This relationship is thus verified in the catchments of Table 4, the correla-
tion coefficient between x(C) and log,,(C) exceeding 0.99 in all seven cases.

Combining the two linear relationships between x, SVM and C, Ibbitt and Woods
(2004) could define the DEM resolution that maximized the topographic information
content: SVM(C)=1=C=2 cm, which corresponds to the scale of saturated conductiv-
ity measurements. Rescaling the Tl distribution to such resolution renders possible to
use in situ measurements of the saturated hydraulic conductivity K, , which is otherwise
forbidden by the interdependence between the DEM resolution, the mean classical Tl
and Kj.

Another method, aiming at rescaling the entire distribution of the classical Tl instead
of its mean, was proposed by Pradhan et al. (2006) in the Kamishiiba catchment (Ta-
ble 3), where Tl distributions where derived at 5 different DEM resolutions using a SFD
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algorithm. The Tl x; , scaled at the target cell size C, from a coarser DEM with a cell
size C, is expressed as

a; 4
Si2

Xio=1In -InCy +InCy —In/;. (33)
In this equation, /; describes the terrain discretization effect (see Sect. 4.1) on the
upslope contributing area. It depends on the two DEM cell sizes C; and C,, and on
the numbers of pixels at the coarser resolution in both the upslope contributing area
and in the entire catchment. The authors also propose an interesting way to deduce
the local slopes S; , at the target resolution from the coarser DEM and a fractal method
to introduce steepest slopes. Rearranging Eq. (33), by keeping in mind that /; varies
within the catchment, leads to

Xip=In(—1) +inc,. (34)
’ 1:S; 2
Table 2 separated three different DEM effects onto the classical Tl distribution and
quantified how the effects on mean Tl propagated on rescaled saturated hydraulic con-
ductivity. These three effects also appear in the above equation, where one can isolate
the numerical effect in In C,, whereas the discretization effect originates from /; and the
smoothing effect from the rescaled slopes S; ,. Note also that Eq. (34) is very close
to Eq. (18), if one considers that the first term in the right-hand side can be seen as
a scaled dimensionless Tl, which is by construction free from the numerical effect.

5 Conclusions

We argue that replacing x;, the classical Tl of TOPMODEL, by the dimensionless Tl
y;=x,—InC, makes TOPMODELSs main equations, then replaced by Egs. (20) and (22),
more accessible and less confusing. In particular, this helps giving the units of all the
variables (see Table 1), what is lacking in most papers about TOPMODEL, including

1637

HESSD
6, 16211649, 2009

Explicitation of an
important scale
dependence in

TOPMODEL

A. Ducharne

it

o
<


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/6/1621/2009/hessd-6-1621-2009-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/6/1621/2009/hessd-6-1621-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

25

the most cited ones (e.g. Beven and Kirkby, 1979; Sivapalan et al., 1987), probably by
reluctance to use the logarithm of a length as a unit.

Another advantage of using the dimensionless Tl in TOPMODELSs equations is that
their dependence on DEM cell size C becomes explicit, whereas it is hidden in the
Tl when using the classical formulation. This is a good way to raise awareness of
hydrologists about the scale and resolution issues in TOPMODELSs framework. The
dependence on C does not vanish in this process, but it is shifted from the classical TI,
where it is related to the upslope contributing area per unit contour length, towards the
equation of baseflow (Eq. 22), via T,/C which can be defined as the transmissivity at
saturation per unit contour length.

We further demonstrated that the distribution of the dimensionless Tl undergoes
a lesser sensitivity to DEM resolution than the one of the classical Tl, because it is free
from the numerical effect, introduced in Sect. 4.1 as the direct effect of using the cell
size in the definition of the classical TI.

We also provided evidence, based on 6 real-world case studies from the literature,
that the DEM resolution influence on the mean classical Tl x was largely dominated
by this numerical effect, so that the mean dimensionless Tl y was almost indepen-
dent from DEM resolution (Sect. 4.2). If confirmed, this result would have important
consequences, as:

— the mean dimensionless Tl could be used as an efficient indicator to compare the
topographic features of different catchments, regardless of DEM resolution;

— the transmissivity at saturation per unit contour length 7,/C would also be inde-
pendent from DEM resolution. It would thus not need to be recalibrated if the DEM
resolution changed, whereas it is the case when using the classical Tl in the clas-
sical TOPMODEL:s framework, because of the interplay between DEM resolution,
mean classical Tl and transmissivity.

Finally, and even if the stability of mean dimensionless Tl with respect to DEM reso-
lution could not be generalized, this new index can be seen as an interesting bridge be-
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tween the two rescaling strategies developed within the classical TOPMODELSs frame-
work to reduce recalibration when DEM resolution changes, namely the rescaling of
transmissivity and the rescaling of the Tl distribution.
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Table 1. Notations and units (pertaining to Sects. 2 and 3.1).

Variable

Sl unit

Description
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333333333
»

333311

In(m)
In(m)

3 333

Specific contributing area per unit contour length

Specific contributing area per unit contour length at the outlet (a,,;=A/L )
Catchment area

DEM resolution (pixel length)

Local altitude at pixel /

Saturated hydraulic conductivity

Saturated hydraulic conductivity at the surface

Downhill contour length at pixel /

Downhill contour length at the outlet pixel

Number of pixels in the catchment

Local number of upslope pixels at pixel /

Local number of upslope pixels at the outlet (n=n,)

Local piezometric head at pixel /

Outflow from the saturated area at pixel /

Outflow from the saturated area at the outlet, or baseflow from the catchment
Uniform recharge rate in the catchment

Local topographic slope at pixel /

Local topographic slope at the outlet

Local transmissivity of the saturated zone at pixel /

Local transmissivity of at saturation, assumed uniform in the catchment (H4)
Classical topographic index at pixel /

Catchment average of the classical topographic index

Dimensionless topographic index at pixel /

Dimensionless topographic index at the outlet

Catchment average of the dimensionless topographic index

Local water table depth at pixel /

Local water table depth at the outlet

Catchment average of the water table depth

Saturated hydraulic conductivity decay factor with depth
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Table 2. DEM resolution effects in TOPMODELSs framework: separation of the DEM resolution
effects on the distribution of the classical Tl x, and quantification of the related changes in mean
Tl vs. saturated hydraulic conductivity and transmissivity. Following Egs. (28) and (29), the grid
cell size is assumed to vary from C, to C,, with subsequent changes in the mean dimensionless
Tl from y, to y,.

DEM resolution effects Influence on TI distribution Quantified effect on
Shape X X K, and T,
(Shift effect)

Numerical x In(C,/C4) C,/Cy
Discretization x x

Terrain Yo=Yy exp(ys—Yq)
Smoothing x x
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Table 3. Main features of the selected case studies. DTA means Digital Terrain Analysis, and
SFD and MFD stand for single and multiple-flow direction algorithms for the Tl computation.
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A. Ducharne

Catchment Reference Location Area  Altitude Mapscale Min(C) Max(C) DTA method
(kmz) range (m)

Sleepers-W3 Wolock and McCabe (1995) Vermont, USA 84 621 1:24 000 30-m 90-m  SFD and MFD
Réal Collobrier  Franchini et al. (1996) France 71 700° ? 60-m  480-m MFD
Maurets Saulnier et al. (1997b) France 8.4 561 1:25000  20-m 120-m MFD
Bore Khola Brasington and Richards (1998) Nepal 4.5 1290° 1:5000 20-m 500-m MFD
Haute-Mentue  Higy and Musy (2000) Switzerland 12 236° 1:25000 25-m  150-m MFD°®
Kamishiiba Pradhan et al. (2006) Japan 210 ~1400° ? 50-m  1000-m SFD

& from Obled et al. (1994)

b . .
from Brasington and Richards (2000)

c
from lorgulescu and Jordan (1994)

d
from Lee et al. (2006)
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Table 4. Mean values of the classical and dimensionless TlIs x and y for 6 different catchments HESSD
and different DEM resolutions. The reported values come from the literature (see Table 3). The
last column gives the mean variation rate of x and y with DEM resolution. 6, 1621-1649, 2009

Sleepers-W3 (Wolock and McCabe, 1995)

Explicitation of an

A/AC Resolution (m) 30 60 90 A/AC .

X 656 7.31 7.73 (SFD) 0.020 important scale

y 3.16 322 323 (SFD) 0.001 dependence in

x 7.30 8.02 841 (MFD) 0.019

y 3.90 393 391 (MFD) 0.000 TOPMODEL

Réal Collobrier (Franchini et al., 1996) A. Ducharne

Resolution (m) 60 120 180 240 360 480 A/AC

x 731 8.01 8.60 9.01 9.77 10.18 0.006

y 322 322 341 353 3.88 4.00 0.002

Maurets (Saulnier et al., 1997b)

Resolution (m) 20 40 60 80 100 120 A/AC ! !

x 6.18 6.60 6.93 7.20 7.42 7.70 0.015

y 318 290 284 28 282 291 -0.002 ! !

Bore Khola (Brasington and Richards, 1998)

Resolution (m) 20 40 60 80 100 200 300 400 500 A/AC ! !

x 6.12 6.67 6.78 7.03 7.26 788 8.40 870 8.87 0.006

y 3.12 298 269 265 265 258 270 271 266 -0.001 ! !

Haute-Mentue (Higy and Musy, 2000)

Resolution (m) 25 30 50 60 75 80 100 110 125 130 150 A/AC ! !

x 798 8.16 847 8.67 8.68 891 9.03 9.15 925 945 945 0.011

y 476 476 456 458 436 453 442 445 442 458 444 -0.000 ! !

Kamishiiba (Pradhan et al., 2006) _

Resolution (m) 50 150 450 600 1000 A/AC

x 6.08 742 922 9.62 10.35 0.005

v 217 241 411 322 a4 0000 | Prnerenly Version
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Table 5. Values of the calibrated transmissivity parameters (T, or K;) and their ratio to the
pixel length C for 6 different catchments and different DEM resolutions. The reported values
come from the literature (see Table 3). The last column gives the mean variation rate of the
parameters with DEM resolution.

Sleepers-W3 (Wolock and McCabe, 1995)

Resolution (m) 30 60 90 A/AC
To (m?s™h) 84.34 193.09 295.64 (SFD) 3.52
To/C (ms™) 2.81 322 328 (SFD) 0.008
To (m?s™") 182.18 328.11 441  (MFD) 431
To/C (ms™) 6.07 547 4.9  (MFD) -0.020
Réal Collobrier (Franchini et al., 1996)
Resolution (m) 60 120 180 240 360 480 A/AC
Ky (m h“) 35 70 150 200 450 700 1.58
Ky/C (™Y 0.58 0.58 0.83 083 125 146 0.002
Maurets (Saulnier et al., 1997b)
Resolution (m) 20 40 60 80 100 120 A/AC
Ky (m h_1) 82 184 432 840 822 1402 13.2
Ko/C (h™") 4.1 4.6 7.2 105 822 11.68 0.080
Bore Khola (Brasington and Richards, 1998)
Resolution (m) 20 40 60 80 100 200 300 400 500 A/AC
Ky (m h_1) 18 24.2 30.4 33.6 46.4 136 150.6 182.4 197.6 0.374
Ky/C (h'1) 0.9 0.61 0.51 0.42 046 068 0.5 0.46 0.4 -0.001
Haute-Mentue (Higy and Musy, 2000)
Resolution (m) 25 30 50 60 75 80 100 110 125 130 150 A/AC
Ty (m2 h'1) 1.13 1.45 1.57 1.91 220 3.95 4.19 4.02 435 487 520 0.032
To/C (mh™") 005 005 003 003 003 005 004 004 003 0.04 003 -0.000
Kamishiiba (Pradhan et al., 2006)
Resolution (m) 50 150 450 600 1000 A/AC
To (M*h™") 6 200 0.204
To/C (mh™") 0.12 0.2 0.000
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Fig. 1. Comparison of the mean values of the classical and dimensionless Tls, x and y, for
6 different catchments (distinguished by different symbols) and for different DEM resolutions.
The identical symbols along the same line correspond to different resolutions. The values are

given in Table 4.

Dimensionless topographic index y

Mean topographic index

@ o Sleepers—W3, MFD (Wolock and McCabe, 1995)
oo Sleepers—W3, SFD (Wolock and McCabe, 1995)

—£ Real Collobrier, MFD (Franchini et al., 1996)

| A—a Mourets, MFD (Saulnier et ol., 1997)

—— Bore Khola, MFD (Brasington and Richards, 1998)
4+t Haute Mentue, MFD (Higy and Muzy, 2000) /

& Kamishiiba, SFD (Pradhan et al., 2004) P

1 2 3 4 5 6 7 8

Classical topographic index x
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Fig. 2. Relationships between the altitude range (from Table 3) and the mean Tls in the 6
selected catchments: dimensionless Tl on the left panel vs. classical Tl on the right panel
(values from Table 4). The regression lines and correlation coefficients are computed from
the mean Tls at the 60-m resolution, used in all the catchments apart from the Kamishiiba
catchment, where the 50-m resolution is used instead. For the Sleepers-W3 catchment, we
took the average of the mean Tls from the SFD and MFD algorithms. The vertical bars define
the range of mean Tls across the different DEM resolutions.
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