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Abstract. This paper stems from the fact that the topo- plifying assumptions, widely known as TOPMODEL's as-
graphic index used in TOPMODEL is not dimensionless. In sumptions, allow one to relate the spatial distribution of the
each pixeli in a catchment, it is defined as =In(a;/S;), water table depth to the one of a topographic index (TI), de-
whereg; is the specific contributing area per unit contour pending in each point of the catchment upon local slope, up-
length ands; is the topographic slope. In the SI unit system, slope contributing area, and downslope contour length. This
a;/S; is in meters, and the unit af is problematic. We pro-  distribution of the water table depth controls (i) baseflow ow-
pose a simple solution in the widespread cases where the tong to the physically-based Darcy’s law, and (ii) the extent
pographic index is computed from a regular raster digital ele-of the surface saturated area, thus the saturation excess flow,
vation model (DEM). The pixel lengt being constant, we  owing to the variable contributing area concept first proposed
can define a dimensionless topographic ingiexx; —InC. by Cappug1960.

Reformulating TOPMODEL equations to ugeinstead ofy; This model has been widely used, and not only as a
helps giving the units of all their terms and emphasizes therainfall-runoff model. As high values of the Tl reflect a high
scale dependence of these equations via the explicit uSe of potential for local saturation, maps of this index have been
outside from the topographic index, in what can be defined asised to delineate wetlands (elgérot et al, 1995 Curie

the transmissivity at saturation per unit contour lerhC. et al, 2007). Over the last decade, TOPMODEL's concepts
The term IrC defines the numerical effect of DEM resolu- have also been increasingly used in land surface models to
tion, which contributes to shift the spatial meaof the clas-  describe the influence of topography on the lateral hetero-
sical topographic index when the DEM cell sigevaries. A geneity of runoff, soil moisture, and the coupled surface en-
key result is that both the spatial megof the dimensionless  ergy balance, including evapotranspiration (€gmiglietti
index andZp/C are much more stable with respect to DEM and Wood 1994 Peters-Lidard et al1997 Stieglitz et al,
resolution than their counterpaf@sand 7y in the classical 1997 Koster et al. 200Q Ducharne et a].200Q Chen and
framework. This shows the importance of the numerical ef-Kumar, 2001, Decharme and Douvill006.

fect in the dependence of the classical topographic index to The high popularity of TOPMODEL arises from its sim-
DEM resolution, and reduces the need to recalibrate TOPplicity of use, especially since topography has become
MODEL when changing DEM resolution. widely described by digital elevation models (DEMs) from
which it is easy to compute the TI. A recurring issue, how-
ever, is that the TI distribution is markedly impacted by the
topographic information content of DEMs, which depends
both on the scale of the topographic map the DEM is derived

TOPMODEL was originally introduced byBeven and from (Wolock and Price1994), and on the DEM resolution,

Kirkby (1979 as a conceptual rainfall-runoff model, describ- as defingd by the pixel size. .
ing the contributions of both saturation excess flow and base- 1he first-order effect of DEM resolution is known as

flow from the saturated zone to the catchment outflow. Sim_the translation or shift effect, which consists in an increase
of mean Tl when the DEM resolution decreases, i.e. with

coarser cell sizes. This shift effect has been underlined by
Correspondence toA. Ducharne many studies, fronQuinn et al.(1991); Zhang and Mont-
BY (agnes.ducharne@upmc.fr) gomery (1994: Bruneau et al(1995 to Valeo and Moin
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(2000; Wu et al. (2007. This increase in mean Tl has H2: the water table dynamics is approximated by a succes-

important hydrological consequences since it imposes to si-  sion of steady states, so that in each pixel of the catch-
multaneously decrease the effective value of transmissivity =~ ment and at each time step, the local outflow from the
to preserve the hydrological performance of TOPMODEL, saturated zone equals the recharge from the contributing
as first showed byFranchini et al.(1996 and detailed in area. lIsolating one time step, over which the uniform
Sect.4.1 In this framework, many efforts have dealt with recharge rate i, we can thus writeQ;, the outflow

detailed geomorphological analyses to understand the com-  from the saturated zone at any pixeh the catchment,
plex relationships between DEM resolution and the Tl or its as
components, namely the local slope and the specific upslope

contributing area (e.§Volock and Price1994 Sgrensen and 0i=AR Q)
Seibert2007), and to formalize these empirical relationships

into scaling functions (e.gSaulnier et al. 1997h Wolock whereA; is the local contributing area.

and McCabge200Q Ibbitt and Woods2004 Pradhan et a|.

H3: in each pixeli, the local hydraulic gradient is approxi-

2006. mated by the local topographic sloge

This paper addresses the scaling issues related to the TI
from a different perspective. A reminder of the TOPMODEL H4: the saturated hydraulic conductivik is uniform in the
framework in Sect2 leads us to the starting point of this anal- catchment but decreases with depth following an expo-
ysis: the Tl is not dimensionless but it is the logarithm of a nential law:
ratio dimensioned in meters. In Se8twe show how this ra-

tio explicitly depends on DEM resolution when topography K (z) = Koexp(—vz) (2)

is described by a raster DEM, as in most present time ap-

plications of TOPMODEL. We further show how we can de- wherez is the depth from the soil surfackg = K;(z =
fine a dimensionless TI, which is free from this mathematical 0) is the saturated hydraulic conductivity at the soil sur-

dependence, and how we can easily rearrange the equations face, andv is the saturated hydraulic conductivity de-
of TOPMODEL to use this dimensionless TI. This does not cay factor with depth. Botlkg andv are uniform in the
change TOPMODEL at all, but this new formalism helps to catchment.

better understand the scale issues in TOPMODEL, as show . .
in Sect.4, from a theoretical point of view, then based on Rssumphon H4 has been relaxed Aynbroise et al(1996

i} : . : . ndDuan and Miller(1997 regarding the shape of the verti-
:gglcgﬁlgdtg:sﬁi;:;iles' then by comparison with pUbIISheOIilal profile of saturated hydraulic conductivity, andBgven

(1986 regarding the uniformity oKg. Assumption H2 has
been relaxed bBeven and Freef20013 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 level@uinn et al, 1991). Assumption

H1, however, is essential to derive the simple relationship be-
tween the local and mean water depths which is at the crux of
TOPMODEL (Eq.13). The only way to relax it is to separate
different landscape or hillslope elements within the catch-
ment, as already proposed in the seminal pap&dmen and
Kirkby (1979 and further developed in the finely distributed
application of TOPMODEL ofPeters-Lidard et al(1997).

For simplicity, we will stick in the following to the original
assumptions.

2 Classical TOPMODEL's development

The following development of TOPMODEL equations from
its simplifying assumptions is not new and was inspired by
many papers, in particular frolBeven and Kirkby(1979,
Sivapalan et al(1987), Franchini et al(1996 and Stieglitz

et al.(1997. All notations are defined in Tablewith their

Sl unit.

2.1 Scope and assumptions

Let us consider a hydrological catchment of arka Let
us further assume that the topography of this catchment i§ 2 Towards TOPMODEL equations
described by a raster DEM with a pixel length so that '

A=nC?, n being the number of pixels in the catchment. From Darcy’s law and assumption H3, the local outflow from

To describe the evolution of the water table depth over timethe saturated zone at pixgl across a downstream edge of
and space, which is crucial to predict baseflow from this wa-lengthL;, can be written

ter table and the extent of saturated areas thus saturation ex-
cess flow, TOPMODEL relies on four strong assumptions H1Q: = Li Ti Si. 3

to H4 regarding the behaviour of the modelled catchment: | s expressionT; is the local transmissivity defined as

H1: at each time step, the recharge to the water tab{e),

o
is uniform in the catchment. = /Z K (2)dz )
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Table 1. Notations and units (pertaining to Se@sand3.1).

Variable Slunit  Description

a; m Specific contributing area per unit contour length

dout m Specific contributing area per unit contour length at the outlgt & A/ Lout)
A m? Catchment area

A; m?2 Contributing area at pixel

C m DEM resolution (pixel length)

h; m Local altitude at pixel

K ms1 Saturated hydraulic conductivity

Ko ms1 Saturated hydraulic conductivity at the surface

L; m Downhill contour length at pixel

Lout m Downhill contour length at the outlet pixel

n - Number of pixels in the catchment

n; - Local number of upslope pixels at pixel

nout - Local number of upslope pixels at the outlet nout)

Di m Local piezometric head at pixel

0Q; m3s~1  Outflow from the saturated zone at pixel

Qout m3s~1  Outflow from the saturated zone at the outlet, or baseflow from the catchment
R ms1 Uniform recharge rate in the catchment

S; - Local topographic slope at pixel

Sout - Local topographic slope at the outlet

T, mZs~1  Local transmissivity of the saturated zone at pixel

To m?s1  Local transmissivity at saturation, assumed uniform in the catchment (H4)
X In(m) Classical topographic index at pixel

Xout In(m) Classical topographic index at the outlet

x In(m) Catchment average of the classical topographic index

Vi - Dimensionless topographic index at pixel

Yout - Dimensionless topographic index at the outlet
y Catchment average of the dimensionless topographic index
Zi Local water table depth at pixel

Local water table depth at the outlet

Zout
z Catchment average of the water table depth

-1 Saturated hydraulic conductivity decay factor with depth

3333

wherez; is the local depth to the water table. Combining the distribution of the local water table depthin the catch-
with Eq. ), we get ment is used to deduce the surface saturated area, which is
defined by the pixels wherg < 0. Rewriting Eq. 6), z; can

o
K
T.— Kof eVidy = TOGXp(—vzl-) — Toexp(—vz;) (5)  be expressed as follows:
Zi

1 AR

whereTo = Ko/v is the transmissivity of the soil when itis 2 =—=In (LIT S, ) (8)
fully saturated £;=0). Combining Eqgs.X), (3) and &) leads 1105
to Introducinga; =A; /L;, the specific contributing area per unit

contour length, we find the classical TOPMODEL equation,
Qi=A;R=L;ToS;exp(—vz;). (6)  where the fraction in the natural logarithm is dimensionless:
Under TOPMODEL'’s assumptions, this holds everywhere in 1 a;R
the catchment, in particular at the outlet which drains the en<i = —;In (m) . ©)

tire catchment. The baseflow from the catchment is thus
Separating, in the natural logarithm, the variables that are

Qout= LoutToSouteXP(—vzout) (7)  uniform in the catchment from the ones that are not, we get
where the only unknown g, the water table depth at the 1 R a;

: ! zi=——[In—+In—). (10)
outlet pixel where the local slope &y. More generally, v To S;

www.hydrol-earth-syst-sci.net/13/2399/2009/ Hydrol. Earth Syst. Sci., 13, 2392-2009
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The variable term is defined in TOPMODEL as the topo- the single-flow direction (SFD) algorithms, according to

graphic index (TI): which one pixel contributes to only one downslope pixel (e.qg.
a; Wolock and Price1994. These algorithms rely on the digi-
Xi = In;. (11)  tal terrain analysis (DTA) methods introducedsnson and

Domingue(1988 and are still very popular (e.gVolock and
Note that relaxing the assumption thig is uniform leads  McCabe 200Q Kumar et al, 2000. In this framework, hav-
to another index of lateral heterogeneiBegen 1986, the  ing definedC as the DEM cell size thus pixel length, we can
soil-topographic index lez; / T; ;). In any case, the ratio on  write that L;=C and A;=n; C2, wheren; is the number of
which the natural logarithm is applied is not dimensionless. pixels in the contributing area. This leads to

The mean water table depihs introduced to eliminate the

uniform term: X = |n”;_c_ (16)
_1(/_ R _ !
= _; '”(70) +x (12) The pixel lengthC being a constant, we can thus introduce a
dimensionless topographic index
so that 0
_ 1 vi=Inz (17)
i —T=—o(xi=X) (13) i

. . which simply relates ta;
wherex is the average of; over the catchment. This equa-

tion, which states that the spatial variations of the water tabley; = y; +InC. (18)
and the Tl are proportional, is probably the most important in

the TOPMODEL framework. Itis used to deduce the surfaceDimensionless does not mean scale independent andpoth
saturated area from the distribution f in the catchment andx; depend on DEM resolution, which controts and
and the mean table depih Applied to the outlet pixel, with ~ Si (€.9.Wolock and McCabe200Q Sgrensen and Seibert

local water table depth and by andzxous, it also gives 2007. Equation 18), however, shows that the classicalxfl|
is subjected to an additional influence from DEM resolution,

(14) explicited by the term I@. This term is responsible of the

Zout=2— — (Xout—X) . . . . .
v numerical effect detailed in Sect.1, which contributes to

which, substituted in Eq7}, leads to shift the mean classical | when DEM resolution varies.
Section3.2will show how Egs. {7) and (L8) can be gener-
Qout = LoutTo SouteXP(—vz + Xout—X) alized to the more complex cases where multiple-flow direc-
= LoutToSoutexp(In ai“)exp(—uz—x) tion algorithms (e.gQuinn et al, 1997 are used to compute
Sout a;, L; ands;. In any case, Eq10) becomes

= aoutLoutTo€XP(—VvZ —X)

=3 (G0 (19)
Oout = ATpeXp(—vZ —X). (15)

. . L 1 L 1 where the natural logarithm is applied to two dimensionless
Using SI units, ATp is in mf's™, but Qout I N mst. terms. In addition, the DEM resolution is explicited ia

This results from the fact that e&pX) is in m™, sincex; From there, we can follow the same development with this

is the natural logarithm of a ratio dimensioned in m. Even;,qex as in TOPMODEL with; and introduce the mean wa-
if Egs. (10), (12), (13) and (L5) are homogeneous, using the o, yapje deptis to eliminate the uniform term:
logarithm of a non-dimensionless quantity as an index might

be confusing. We thus introduce a dimensionless TI, which ~ _
solves this dimension issue and helps to understand the scafé™ *

issues related to DEM resolution, as developed in the fonow'wherei is the average of; over the catchment. Applied to

1
=——0i—=Y) (20)
v

ng. the outlet pixel, it gives
. . . _ 1 _

3 Introducing a dimensionless TI Zout=2=— (Your—) (21)
3.1 Topographic analysis using single-flow direction which, substituted in Eq.7], leads to

algorithms _ _

Qout = CToSouteX(—vZ + Yout—¥)

Many meth(_)ds_are available for denvmg the slogesup- _ CToSoutexp(InnLUt)exp(—vZ—i)
slope contributing aread;, and downhill contour length Sout
L;, from a regular raster DEM. The most simple ones are = noutC ToeXp(—vzZ —y)
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Qout = ﬂexq_vz_y). (22)  Wwhich can be reduced to the dimensionless TI

o
This expression is of course perfectly equivalent to B§),( Vi = In (Z"d—lsdﬁ") =x;—InC (25)
except that it relies on a dimensionless jland that the d=1% "

scale dependence of this expression explicitly appears via thewing to the fact that the pixel lengthis constant in regular

DEM cell sizeC. raster DEMs.
3.2 Generalization to multiple-flow direction 3.3 Generalization to alternative transmissivity profiles
algorithms

Ambroise et al(1996 generalized TOPMODEL to use lin-
ear and parabolic transmissivity profiles, which, according to
direction (MFD) algorithms have been widely used to com- € analysis of recession curvesTgllaksen(1993, may be

pute the TI and regularly improved (e.golmgren 1994 petterswted in some cases than the c_IaSS|caI egponentlal pro-
Quinn et al, 1995 Seibert and McGlynn2008. Their ba- file (Eg.5). Duan and Mlller(199D built upon this work to .

sic difference with SFD algorithms is that they distribute the ProPOse a fully generalized power function for the transmis-
contribution from the upslope contributing area between allSVity profile, that can be formulated as follows:
the contiguous downslope cells, proportionally to the corre- VoD

sponding slopes. i =To (1_ ‘Zi)

”.1 this framgwork, the expre_ssion of the specific arearpq only new variable i$, which is is a non-dimensional
drameq per unit contour length is not as 5|mple'as the Or'eparameter, uniform throughout the catchment, introduced to
used with SFD methods, what leads to the following generalgeneralize the solution okmbroise et al.(1996. In this
expression of the Tl: framework, the decrease @p with depth is controlled by
the ratiov/b rather than by. This generalized power func-
v =In Ai (23) tion contains the full range of potential transmissivities, from

l nesdLd )’ linear whenb=1 to exponential wheh — oo. The classical

topographic index becomes

Since their introduction b@Quinn et al(1991), multiple-flow

(26)

whereng is the total number of downhill directionSf is the A\ VP
slope between the local pixéland the neighbouring pixel x; = <_’) , 27)
in the dth downhill direction, and.¢ is the contour length i
normal to this direction. Note that this expression also holdsthe |ocal water table depth follows
for ng =1, which corresponds to the SFD case. )

There are many other variations around the general ba—l__FZ" == (28)
sis provided by the SFD and MFD methods (&gndicino ~ 1—32Z ¥
and _Sole 1997 Tarboton 1997). Alternatives also e?<ist €~ and the baseflow at the outlet of the catchment is
garding the way to account for channel or creek pixels (e.qg.
Saulnier et a].1997a Mendicino and Solel997 Sgrensen 1-77 b
et al, 2000 or the way to determine flow direction and slope Qout = ATO( y > ' (29)
2 ;I:é;;ezf éje_'z%%(gécske%r;?al\lﬂggs:g 2232225; ?rg'j ?:(())‘:npar-A dimensionless index can also be defined in this generalized
ison of the various DTA methods to derive the Wdlock framework:
and McCabg1995 Mendicino and Sole1997 Panetal.  , — % (30)
2004 Sgrensen et al200§. They all demonstrate the sensi- cb
tivity of the Tl distribution (including the mean ) tothese  and the expressions of the local water table depth and base-
methods, but their conclusions regarding the relative perforflow become
mances of the different methods are not consistent, apar

=

from a consensus about the superiority of MFD algorithms —— EVZ_’ = ¥ (31)
for divergent hillslopes. 1-3z2
In any case, one can always write that=o; C2andL? = and
Bl C, wherew; andg¢ are dimensionless factors. This leads A 1_va\b
to the general form of the TI Oout = 4T (#) , (32)
C x
] a;C o4 which again shows up the saturated transmissivity per unit
xi=in ZZd:lSidﬂid (24) contour lengthry/ C.

www.hydrol-earth-syst-sci.net/13/2399/2009/ Hydrol. Earth Syst. Sci., 13, 2392-2009
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4 Implications regarding scale issues in TOPMODEL — aterrain effect, owing to the influence of DEM resolu-
tion on both the local slope$ and the shape of the hy-
4.1 Attribution of scale effects on the TI distribution drographic network, thus; anda;. Following Wolock
and TOPMODEL parameters and McCabéd2000), this terrain effect can itself be sep-

) o arated in two components: a discretization effect, which
Following Zhang and Montgomer1994, Franchini et al. arises from dividing the terrain in different numbers of
(1999 showed that the increase inwhen DEM resolution grid cells; and a smoothing effect, related to decreased
gets coarser had hydrological consequences, as it had to be | 5iapility of the local slopes when using coarser reso-
offset py larger calibrated transm|SS|y|t|e§ in TOPMODEL. lution DEMSs, what filters the terrain roughnesaleo
In a given catchment, two DEMs with different cell sizes and Moin 2000).

C2 > C1 correspond to different mean Ti$ > x1, what is ) ) )
known as the shift effect. If the calibrated value of TOP- These terrain effects, which concern both the classical
MODEL's transmissivity isTp 1 for cell size Cy, the shift and dimeqsiqnlegs I, have.consequences on the shape
effect can be compensated by a simple recalibration of this ~ Of the Tl distribution and on its mean. The effect on the
transmissivity to7p 2, such as to maintain the relationship mean contributes to the shift effect, and its consequence
between the mean water table depthand TOPMODEL's on the calibratedp is isolated in the term expz —y1)

of Eq. 36). Note that this effect also influences the
o . transmissivity per unit contour lengtry/C, owing to

Q" =ATo1exp(—vz* —x1) = ATo2eXp(—vz* —X2). (33) the interplay between the latter and the mean dimen-
sionless Tl (Eq37).

baseflowQ*:

Following Franchini et al(1996, we assume constantfor
simplicity. This leads to the following relationship, which To summarize this theoretical analysis, the influence of DEM
explains the interplay between the calibrated transmissivitiegesolution on the shape of the Tl distribution is shared by the
and mean Tls: classical and dimensionless TIs. In contrgsand the trans-
_ missivity per unit contour lengtlfiy/ C are probably less sen-

To2="To1€xpx2 = x1). (34) sitive toylgEM resolution thar£1J thoe/ir coun?erparts?l in the clas-

The dimensionless index is very much inspired by this  sical formulationx and 7o, because the former only depend
pioneering work ofFranchini et al(1996. It also offers a  on the terrain effects, whereas the latter also depend on the
deeper insight on this important interplay between mean TInumerical effect. This is further investigated based on real-
and calibrated transmissivity. Applying Eq.§) reveals the  world case studies.

direct influence of the change & onto the change in mean
classical Tls: 4.2 Importance of the numerical effect in real-world

case studies
C

2—-x1)=In=—=+4+02—-y1). (35) . :
C1 In the extensive literature devoted to the influence of DEM
It also allows one to explicitly describe this direct DEM in- resolution onto the classical Tl distribution and the perfor-
fluence in Eq. 84), otherwise unchanged: mances of TOPMODEL, we could find six papers allowing
us to calculate the mean of the dimensionless indfox dif-
Tos = To,lgexp(ﬁ—ﬁ), (36)  ferent DEM cell sizex”. The six corresponding case stud-

ies are briefly summarized in TabB Note that the Mau-
what leads to generalize this relationship to the transmissivity €tS catchmentSaulnier et al. 19978 is a subcatchment of
per unit contour length: the exp(_ar!mental research catchment of tlwIFCoIIobrler
(Franchini et al. 1996, and that mean TIs from two differ-
To2 _ Toa exXp(7— 39) (37)  ent DTAs, namely the SFD and MFD algorithms, are avail-
C, (1 ' able in the sub-catchment W3 of the Sleepers Rivéalock
and McCabg1995.

Of course, (y2 —y1) also depend on DEM resolution. . . .
In the six case studies, TOPMODEL was calibrated for

Equations 85) and 36) thus show that the changes in mean X X L
classical TIx and calibratedry, when the DEM resolution each of the different tested DEM resolutions, to optimize the

varies arise from two different causes, as also summarized ifit °¢tween predicted and observed discharge. The goodness-
Table2: of-fit criterion was theNash and Sutcliff€1970 efficiency,
except in the Ral Collobrier where it was the correlation
— a numerical effect, because the DEM cell size mathe-coefficient between the simulated and observed discharge.
matically C enters into the expression @f. Using the  The calibration always addressed the surface saturated hy-
dimensionless TI allows one to identify this numerical draulic conductivityKo, but was not systematic for the other
effect (Eq.35), which change& by In(C2/C1) andTp parameters, namely, the decay factor oK with depth, and
by the scaling facto€>/Cy; SRmax, the water capacity of the interception and root zone

Hydrol. Earth Syst. Sci., 13, 2392412 2009 www.hydrol-earth-syst-sci.net/13/2399/2009/
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Table 2. DEM resolution effects in the classical TOPMODEL framework: separation of the different effects on the TI distribution, and
quantification of the related changes in mearx'Ms. transmissivityly. Following Egs. 86) and @5), the grid cell size is assumed to vary
from Cq to C5, with subsequent changes in the mean dimensionless TIF{amys.

DEM resolution effects Influence on TI distribution Quantified effect on
Shape x X To
(Shift effect)
Numerical X In(C/C1) Cy/C1
Discretization X X
Terrain yo2—y1 exp(y2—y1)
Smoothing X X

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. NA=Not Available.

Catchment Reference Location Area  Altitude Mapscale Kn( Max(C) DTA method
(km?)  range (m)

Sleepers-W3  Wolock and McCabg1999 Vermont, USA 8.4 621 1:24000 30-m 90-m SFD and MFD
Réal Collobrier Franchini et al(1996 France 71 706 NA 60-m 480-m MFD
Maurets Saulnier et al(1997h France 8.4 561 1:25000 20-m 120-m MFD
Bore Khola Brasington and Richard4999 Nepal 4.5 1296 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 a(2006 Japan 210 1408 NA 50-m 1000-m SFD

@ from Obled et al(1999

b from Brasington and Richard2000
€ from lorgulescu and Jorda1994

d from Lee et al(2006

storage, which controls the recharge term in TOPMODEL trajectories followed by span smaller ranges than the ones
(Table4). Important common features of the six calibration followed byx under the same DEM resolution changes. Of
exercises are that similar goodness-of-fit were achieved focourse, the units are different and there is no point compar-
all DEM resolutions, and thaty was always the most effec- ing x andy for the same DEM resolution. Their changes
tive parameter to compensate the DEM resolution changesyhen DEM resolution varies, however, are important as they
as shown by the small variation ranges, if anyp@nd SR-  motivate the rescaling of transmissivity (Settl).
max in Tabled. Figure 1 also shows that the variations ©fdue to DEM
These case studies confirm that, once chosen the DTAesolution are primarily logarithmic, and exceed the ones re-
method to compute the Tl, the mean of the classical indeXated to the DTA methods and the location of the catchments,
x increases with DEM cell siz€ (Table5), a rule that we  which controls their specific topographical features. As a re-
could not find invalidated in the literature. Based on the val-sult, one cannot isolate the different locations from the vari-
ues gathered in Tabk the mean classical ™ exhibits vari-  ability induced onx by the DEM resolution. In contrast, one
ation rates between 0.005 and 0.02, the related unit beingan separate the projections of the different trajectories on
In(m)m~L. In contrast, positive variation rates are not sys- the vertical axis representing what shows that the mean
tematic for the mean dimensionlessjl.l This analysis also  dimensionless Tl can efficiently discriminate the different lo-
holds for the correlation coefficients of the mean TIs with cations, regardless of DEM resolution.

DEM resolution, which are not systematically positive and This is illustrated by the correlations between the alti-
high withy, whereas they are significantly so with tude range and the mean Tls of the six selected catchments
More importantly, these variation rates show that the mean(Fig. 2). Fixing the DEM resolution, this correlation is highly
dimensionless Tk varies much less with DEM resolution negative with the mean of both TIs, what probably results
than does the mean classical Al in all the seven studied from the fact that local slopes are higher in catchments with
cases. This result is further illustrated in Fig.where the an important altitude range. The comparison of the two
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Table 4. Summary of the calibration method and results in the six selected case studies (see Table 3). The goodness-of-fit criterion is
the Nash and Sutcliffe (1970) efficiency, except in theaRCollobrier where it is the correlation coefficient between the simulated and
observed discharge. In each case, bold figures indicate the parameters that were calibrated to compensate for the DEM resolution change
NCP=Number of calibrated parameters, NA=Not Available.

Catchment Calibration method Calibration results
Period Time DEM NCP Ko range v range SRmax Efficiency
step  resolution (m/h) (mt) range range
(h) range (m) (mm)
Sleepers-W3 1year 24 30-90 2 0.018-0.034 3.3-3.6 NA 0.88-0.89
Réal Collobrier 3 months 1 60-480 1 35-700 58.8 22 0.96*
Maurets 11 storms of 0.5 20-120 3 82-1402 38.5-40 19-21 0.83
10 to 24 days
Bore Khola 1 month 0.5 20-500 3 18-198 14-19.2 3.6-5.8 0.72-0.74
Haute-Mentue 28 days 1 25-150 2 27-118 22.8-29.2 20 0.79-0.82
with 2 storms
Kamishiiba 1 storm NA 50-1000 1 86-2858 1.43 1 0.96
of 120h
* Correlation coefficient
Classical Tl x Dimensionless Tl y

I 6F T T T

o Sleepers—W3, MFD
o Sleepers—W3, SFD
0 Real Collobrier, MFD
A Maurets, MFD
v
+
*

Mean TI
oo
Mean TI

Bore Khola, MFD ]
Haute Mentue, MFD
Kamishiiba, SFD

0 200 400 600 800 1000 0 200 400 600 800 1000
DEM's resolution DEM's resolution

Fig. 1. Relationships between mean Tl and DEM resolution, in the classical and dimensionless TOPMODEL frameworks. Values come
from Table5, which also gives the corresponding correlation coefficients.

panels in Fig.2, however, shows that if care is not taken fects have contrasted signatures in the different catchments,

to use the same DEM resolution when comparing mean TIswith a positive dependence on DEM resolution in only half

between catchments, the relationship between mean Tl andf them (Sleepers-W3,&al Collobrier, Kamishiiba).

altitude range is completely hidden withwhereas it is de- The case studies also reveal tHay C varies much less

tectable withy. with DEM resolution than its counterpafd in the classical
The above results are linked to the fact that, at least inframework (Fig.3 and Tabl&5). This is a direct consequence

the selected catchments, the shift effectras largely dom-  of the interplay between mean Tl and transmissivity g},

inated by the logarithmic numerical effect, which is absentgiven that the terrain effects, quantified by é€xp—y1), are

by construction when using the dimensionless TI. The DEMsmall enough compared to the numerical efi€gtC1 to be

effects that remain in the variations ofare the terrain ef- neglected at first order. As a result, E§7)Y can be approxi-

fects (Sect4.1), so that it is advisable to study them on this mated by

dimensionless Tl rather than on the classical one, where they

are largely hidden by the numerical effect. Thisisillustrated 75, 7p 1

in the right panel of Figl, which shows that these terrain ef- C_2 = L (38)
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Table 5. Mean Tlsx (in In(m)) andy (dimensionless) for six different catchments and different DEM resolutions (cell sizes in m). The
reported values come from the literature (see T&pl& he last two columns give: the mean variation rates ahdy with DEM resolution,

in In(m) m~1 and nT1, respectively; the Spearman’s rank correlation coefficigntetween the mean Tls and DEM resolution, the star
indicating a significant correlation at the rigk-0.05.

Sleepers-W3Wolock and McCabgl 995

Resolution 30 60 90 A/AC P

x 6.56 7.31 7.73 (SFD) 0.020 1.00*
y 3.16 3.22 3.23 (SFD) 0.001 1.08

x 7.30 8.02 8.41 (MFD) 0.019 1.00*
y 3.90 393 3.91 (MFD) 0.000 0.50
Réal Collobrier Franchini et al.1996

Resolution 60 120 180 240 360 480 A/AC 0

X 731 801 860 9.01 9.77 10.18 0.006 1.00*
y 322 322 341 3.53 3.88 4.00 0.002 00

Maurets Gaulnier et al.1997H

Resolution 20 40 60 80 100 120 A/AC p
X 6.18 6.60 6.93 7.20 742 7.70 0.015 1.00*
y 3.18 290 284 282 282 2091 —0.002 -0.37

Bore Khola Brasington and Richard$998

Resolution 20 40 60 80 100 200 300 400 500 A/AC P

X 6.12 6.67 6.78 7.03 726 788 840 870 8.87 0.006 1.00*
y 3.12 298 2.69 2.65 2.65 258 270 271 2.66 —0.001 -0.36
Haute-Mentuekligy and Musy 2000

Resolution 25 30 50 60 75 80 100 110 125 130 15Q\/AC 0

x 7.98 8.16 8.47 8.67 8.68 891 9.03 9.15 0925 945 945 0.011 0.99*
y 476 4.76 4.56 4.58 4.36 453 442 445 442 458 4.440.000 -0.52
Kamishiiba Pradhan et 12006

Resolution 50 150 450 600 1000 A/AC 0

x 6.08 7.42 9.22 9.62 10.35 0.005 1.00*
y 217 241 311 3.22 3.44 0.000 1*00

Note that this does not imply thdy/ C is independent from  mensionless framework reduces the need to recalibrate TOP-
DEM resolution. Among the four catchments where it makesMODEL when DEM resolution varies, &/ C becomes an
sense to quantify the correlation betwegsy C and DEM  explicit parameter, namely the transmissivity at saturation
resolution (catchments with more than three calibrdigd per unit contour length (Eq2), which depends much less
two of them exhibit a positive and significant correlation. In on DEM resolution tharp despite the above uncertainties.
one of them, the Maurets catchment, this cannot be simply

attributed to the terrain effects, as there is no significant cor4.3 Comparison with alternative rescaling techniques
relation between the mean dimensionless ingdexd DEM

resolution (Tableé). The dependence @b on DEM resolu-  4.3.1 Rescaling of transmissivity

tion is actually more complicated than the onexadr y, as

it is a calibrated parameter, with an important related uncer-Given the interplay between mean classical Tl and transmis-
tainty. As shown using the GLUE (Generalized Likelihood sivity, Franchini et al(1996 concluded that satisfactory per-
uncertainty Estimation) methodology for instance, calibra-formances of TOPMODEL could be achieved when chang-
tion does not allow one to identify a unique optimal set of pa-ing DEM resolution by rescaling the transmissivity using
rameters, and in the special caselpf equally good results  Eq. (34). The above results show that a significant part of this
can be achieved with values ranging over orders of magnirescaling can be achieved without even analyzing the DEM
tude (e.gBeven and Binley1992 Freer et al. 1996 Beven  at the new resolution, by simply accounting for the numerical
and Freer2001h Gallart et al, 2007). Yet, using the di- effect (Eq.38).
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Table 6. Calibrated transmissivit§p (in m2h~1) and its ratio to pixel lengttp/C (in mh~1) for six different catchments and different
DEM resolutions (cell sizes in m). The reported values come from the literature (see8Jable last two columns give: the mean variation
rates of the parameters with DEM resolution, in mHfor To and in 1 for Tp/ C; the Spearman’s rank correlation coefficieptsetween
the parameters and DEM resolution, the star indicating a significant correlation at the-0i£l5.

Sleepers-W3Wolock and McCabgl995

Resolution 30 60 90 AJ/AC 0
Tp 0.001 0.002 0.003  (SFD) 3.18  1.00%
To/C 3.210° 37105 3.810° (SFD) 1.107  1.00
Ty 0.002 0.004 0.005  (MFD) 5.1  1.00*
To/C 7010° 63105 5710° (MFD) —2.107  —1.00¢

Reéal Collobrier Franchini et al.1996

Resolution 60 120 180 240 360 480 A/AC P

To 0.60 1.19 2.55 3.40 7.65 11.90 0.027 1.00*
To/C 0.010 0.010 0.014 0.014 0.021 0.025 0.000 0.94
Maurets Gaulnier et al.1997h

Resolution 20 40 60 80 100 120 AJAC 0

To 2.05 4.60 11.23 21.00 2137 35.05 0.330 1.00*
To/C 0.10 0.12 0.19 0.26 0.21  0.29 0.002 094
Bore Khola Brasington and Richard$998

Resolution 20 40 60 80 100 200 300 400 500 A/AC p

To 0.95 1.36 1.67 1.95 246 707 7.83 11.86 14.03 0.027 1.00*
To/C 0.048 0.034 0.028 0.024 0.025 0.035 0.026 0.030 0.028 —0.000 -0.23

Haute-MentueKligy and Musy 2000

Resolution 25 30 50 60 75 80 100 110 125 130 150A/AC P
To 1.13 1.45 157 1.91 220 395 419 402 435 487 520 0.033 0.99*
To/C 0.05 0.05 0.03 0.03 0.03 005 004 004 003 004 0.03-0000 -0.13

Kamishiiba Pradhan et al2006

Resolution 50 150 450 600 1000 A/AC

0
To 6 200 0.204 1.00*
To/C 0.12 0.20 0.000 1.00
Classical TI x Dimensionless Tl y
ME T T T L ]
£ x = 8.38 — 0.0014 AR ...y =424 - 0.0013 AR ]
[ r=-087 __ 50 r=-086 ]
10 ;7 E EHuute Mentue
-9 i ] 4r B
= L T —
c : Haute Mentue c S\eepe‘r‘f‘W?l
o] E o
g 8 ; ‘ 1 g ‘*R‘e‘c‘ﬂ Collobrier 1
: S\eep‘ér*‘ St Maurets I 7:
L 1. Bore Khola ]
F ‘e-Real Collobrier 1
7 ? Maurets Bore Kholag ] kmm}\shﬁb%
2r -
6E P T s 1ik?im‘[s-hj“b P T U R
0 500 1000 1500 0 500 1000 1500
Altitude range AR (m) Altitude range AR (m)

Fig. 2. Relationships between the altitude range (from T&plend the mean TIs in the six selected catchments: classical Tl on the left panel

vs. dimensionless Tl on the right panel (values from T&bleThe 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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Classical TI x Dimensionless Tl y

T AT T T T T T T T [T T 030 T T
N 0.25 N
0.20 b
16 7 Real Collobrier, MFD
o é 0.15 A Maurets, MFD B
- v Bore Khola, MFD
0.10 4+ Haute Mentue, MFD
0.05 b
X/
AVAY N e IR N T O0.00 L
Q 100 200 300 400 500 Q 100 200 300 400 500
DEM's resolution DEM's resolution

Fig. 3. Relationships between transmissiviy or 7o/ C and DEM resolution, in the classical and dimensionless TOPMODEL frameworks.
Values come from Tabl@ which also gives the corresponding correlation coefficients. Note that two of the six selected catchments (Sleepers-
W3 and Kamishiiba) were excluded as their transmissivity values were outside the range covered in the other catchments (respectively much
smaller and much larger).

Yet, To/C, the resulting rescaled transmissivity, is not Kumar et al, 200Q Ducharne et a].200Q Niu et al, 2005
completely invariant when DEM resolution varies, becauseDecharme and Douville2006. It can easily be extended to
of the calibration uncertainty on the one hand, and becaus¢he dimensionless TI:
other scale effects are involved on the other hand. The first. _
one is that the mean Tls (whether classical or dimensionless)100 ™~ 0.525+0.961y1000 (40)
are also sensitive to terrain effects (related to discretizatiorand the smaller y-intercept in Eqt@) than in Eg. 89) con-
and smoothing), as analysed in SettlL. The second one firms thaty depends less on DEM resolution th@nowing
is that the rescaling of transmissivity also compensates foto the elimination of the numerical effect of DEM resolution.
changes in the TI distribution, as shown Bgulnier et al.  Figure1 also suggests that a logarithmic relationship could
(19971 in the Maurets catchment (described in TaB)e  perform better.

These authors eventually proposed an efficient scaling fac- Mendicino and Sol€1997 analysed the simulations of 11
tor for Ko, deduced from the differences in Tl cumulative flood events by TOPMODEL in the Turbolo Creek (29%m
distributions when the DEM resolution changes. in Italy), using a 30-m resolution DEM, aggregated to coarser

The above scaling factors can be used to guide and faciliresolutions (90-m, 140-m and 270-m). They proposed a lin-
tate the required recalibration of transmissivity when chang-ear relationship between the mean Tl and a spatial variabil-
ing the DEM resolution, but it was later rather proposed toity measure (SVM), which describes the topographic infor-
directly rescale the TI distribution, such as to limit the need mation content of the DEM followinghannon and Weaver
to recalibrate the transmissivity. (1949, and which depends on DEM resolution by a simple
function of the number of grid cells.

This approach was further explored Hbitt and Woods
(2004 in a 50-knf catchment in New Zealand, with simi-
lar results. These authors also provided evidence of a linear
From a regression analysis using a sample of 50 quadrelationship betweer(C) and logy(C), which is perfectly
rangles of 2x1° (~7000kn?) in the conterminous USA, consistent with the facts that=x —InC (from Eq.18) and
Wolock and McCabg2000 proposed a linear relationship thaty undergoes negligible variations withi, as shown in
to rescale the mean Tls obtained from a 1000-m resolutiorSect.4.2 The relationship between(C) and logy(C) is
DEM (x1000) to values that would correspond to a 100-m thus verified in the catchments of Taladlgthe correlation co-

4.3.2 Rescaling of the TI distribution

resolution DEM ¥ 100): efficient exceeding 0.99 in all seven cases.
Combining the two linear relationships betweenSVM
X100= —1.957+0.961x 1000 (39) andlogo(C), Ibbitt and Wood$2004) could define the DEM

resolution that maximized the topographic information con-
This linear regression is characterized by a high determinatent: SVM(C) =1 = C = 2cm, which corresponds to the
tion coefficient ®2=0.93) and has been widely used (e.g. scale of saturated conductivity measurements. Rescaling the
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Tl distribution to such resolution could render possible to usescale and resolution issues in the TOPMODEL framework.

in situ measurements of the saturated hydraulic conductivityThe mathematical dependence of TOPMODEL equations on

Ko, which is otherwise forbidden by the interplay between C is then shifted from the classical TI, where it is related

the DEM resolution, the mean classical Tl akigl to the upslope contributing area per unit contour length, to-

Another method, aiming at rescaling the entire distribu- wards the equation of baseflow (E22), via To/ C which can

tion of the classical Tl instead of its mean, was proposedbe defined as the transmissivity at saturation per unit contour

by Pradhan et ak2006 2008 in the Kamishiiba catchment length.

(Table3). The Tlx; 1 scaled at the target cell sizg from a Accordingly, the mean dimensionless Tl is free from the

coarser DEM with a cell siz€; can be expressed as numerical effect, introduced in Seé.1 as the direct effect
aolr C of using the cell size in the definition of the classical TI. The

xi1=In <M> . (41) influence of DEM resolution on the distribution of the dimen-
Sialyy C2 sionless Tl is thus restricted to the terrain effects, which re-

In this equation/s, and/, describe the terrain discretiza- sult from terrain information loss at coarser resolutions, and

tion effects on the upslope contributing area and contouhich can be addressed for instance using the scaling meth-

length, respectively. They both depend on the two DEM cell0ds proposed bfradhan et a(2006 2008.

sizesC; andC», and on the numbers of pixels at the coarser Nonetheless, based on six real-world case studies from the

resolution in the upslope contributing areg,, and in the  literature, we provide evidence that the DEM resolution in-

entire catchmentyou2. Note that/s, was recently intro-  fluence on the mean classical ¥lis largely dominated by

duced inPradhan et al(2008 and is neglected iPradhan  the logarithmic numerical effect (Seét.2). This results has

et al.(2006. These authors also propose an interesting wayimportant consequences, as:

to deduce the local slope$ 1 at the target resolution from

the coarser DEM and a fractal method to introduce steepest — it sheds a new light upon the widely shared assump-

slopes. Rearranging Eg41), by keeping in mind thaf ;,, tion according to which the dependence of the classi.cal
and/y, vary within the catchment, leads to ' Tl on DEM resolution mostly results from changes in

terrain information (e.gSgrensen and Seibe007),
xi,1=In<ni’2;fR ) +InCy. which would probably be better identified by first re-
i1 fy

moving the first-order numerical effect;
This equation is very close to Ed.8), as the first term in the _
right-hand side can be seen as a scaled dimensionless TI. It
also reveals the three different DEM effects onto the classical
Tl distribution, previously separated in Tal#eThe numeri-
cal effect, which has not been explicitly recognizeddrad-
han et al(2006 2008, is quantified by I€’;. The discretiza-
tion effect originates froni s, andI,, and the smoothing

(42)

the mean of the dimensionless Tl is less sensitive to
DEM resolution than the one of the classical TI, and
it can be used as an efficient indicator to compare the
topographic features of different catchments, almost re-
gardless of DEM resolution;

— the transmissivity at saturation per unit contour length

effect from the rescaled slopd&s;. Note that these scaling
techniques can be applied to the dimensionless as well as to
the classical TI.

5 Conclusions

Replacingx;, the classical Tl of TOPMODEL, by the di-
mensionless Tly; = x; —InC, leads to reformulate TOP-
MODELs main equations, then replaced by Ed&0)(and

Tp/C is also more stable with DEM resolution than
its counterpartlp in the classical framework. The
need to recalibrate TOPMODEL when DEM resolution
changes is thus markedly reduced using the dimension-
less framework.

Finally, the dimensionless Tl offers an interesting bridge
between the two rescaling strategies developed within the
classical TOPMODEL framework to reduce recalibration

(22). The principles and results of TOPMODEL are totally Weén DEM resolution changes, namely the rescaling of
preserved in doing so but this reformulation offers severaltfansmissivity and the rescaling of the Tl distribution.

advantages. It firstly helps giving the units of all the vari-

ables (see Tabld), what is lacking in most papers about AcknowledgementsThis paper benefited from fruitful discussions
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