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TOPMODEL’s Subsurface Flow Sensitivity
to Spatially Distributed Groundwater Recharge Rate
and Soil Depth

Abbingigkeit der Grundwasserstrimung von der rinwmlich verteilten

Grundwasserneubildungsrate und Bodenmiichtigkeit in TOPMODEL

Ch. RucH?)
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1. Introduction

The physically based distributed models of the water cycle such as CATFLOW
(T. MAURER, 1997), IHDM (A. CALVER, 1988) or SHE (M. B. ABOTT et al., 1986) are
very complex and need large amount of distributed information. It is recognised that
with the present quality of available field data, many parameters will loose some of
their direct physical interpretation (K. J. BEVEN, 1989, B. G. GRAYSON et al., 1992). Their
utilisation is limited to few really well instrumented experimental watersheds. In most
catchments it is thus necessary to develop different hypotheses on the one hand to sim-
plify process description using for example HAUDE formula (W. HAUDE, 1955) for
ETP calculation instead of the PENMAN formula (H. L. PENMANN, 1950) and on the
second hand to describe the spatial variations of data and parameters like pedo-trans-
fer-functions to obtain spatial soil retention and conductivity curves. Thus this modelling
way is characterised by a really complex water cycle process description which is sim-
plified each time when data and parameters are not available.

'} Mag. Christophe RucH, Institute for Hydrogeology and Geothermics, JOANNEUM RESEARCH,
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Another modelling way is to voluntary simplify the model, 1.e. the concept, and
increase step by step the perception level by adding information into the model. This
is illustrated in this paper by using the conceptual model TOPMODEL (K. J. BEVEN &
M. J. KIRKBY, 1979, K. ]. BEVEN et al., 1995). This model is semi-distributed: the only

2. TOPMODEL presentation

TOPMODEL simulations are based on the variable contributing area concept intro-
duced by P. Cappus (1960) and J. D. HEWLETT (1961). The basic assumptions that govern
TOPMODEL are:

1. that the dynamics of the saturated zone can be approximated by successive steady
state representations,

2. that the hydraulic gradient of the saturated zone can be approximated by the local
surface slope, tanf,

3. that the downslope transmissivity with depth is an exponential function of storage
deficit. Note that this assumption has been relaxed in B. AMBROISE et al. (1996a) with
other downslope transmissivity.

The subsurface outflow from each grid cell is then calculated as (for complete develop-
ment see K. J. BEVEN, 1995):

gi =R;-a;=To; tanf; exp (— Isn—l) )
with:

tanp; the local slope.

From this double equality we obtain the saturation deficit equation:

R;. 4
S;=—m; In{——"—"—1, 2
i=mm (Toitan[.’)i) @
§__L1Am..1n(_Ri'_ai_) 3)
B iAEl ' To; tanf; /|

Furthermore we define the local topographic index A; first proposed by M. J. KIRKBY
(1975) and the local soil topographic index 7; proposed by K. J. BEVEN (1986) as:
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xizln(mnﬂi), 4
Yi=Ai—InTo; (5)

and for the mean values:

1=.lﬁ1n(i), ©

iafsl \tanp;
?=‘——21an )
A S
Using these equations we obtain:
Si
;T =—InR;, 8
j— _ 1 lA
§+y:—i—ZInRi, 9)
A =1
with
- i S:
E= L1y 2 (10)
1A f=1

Finally the subsurface flow expression is:
(1)

In the original TOPMODEL formulation, because of the lack of spatial data, every
parameter is considered spatially constant. This means that R; = R, m;=m and
Ko, =Ko, thus To; = To.

Fora spatla]ly homogeneous groundwater recharge we have (see the difference eq. 8):

S

1
—+Y, =
>t

+7. : (12)

=i

Thus, subsurface flow calculated when the parameters are spatially homogeneous
is given as:

QA+ expl)-exp- 5. (13

where A is the watershed area

A
A= Zli ca;. (14)

This concept is really efficient in many cases. The relative simplicity of the
TOPMODEL structure certainly explains a part of its success. The topography
introduced in the TOPMODEL through the topographic index explains nearly the entire
spatial dynamic of the saturated zone. It is clear that topography plays a key role in



the water movement in a catchment. But it is not the only controlling factor. This could
be the reason why TOPMODEL conductivity is grld scale sensitive (P. QUINN et al,,

1991, D. M. WoLock & C. V. PRICE, 1994, W. H. ZHANG & D. R. MONTGOMERY
1994, G. M. SAULNIER, 1996).

3. Introducing spatial groundwater recharge data

When local groundwater recharge data are available subsurface flow is calculated
as:

Qb 21 - CXP<_’Yl) exp(— _) Zl a;* R;. (15)

_1
=0 glnR (16)

We note with a prime all the new quantities calculated with the mean recharge rate
and we study differences resulting from this modification. Recalling eq. 2 we now obtain:

S, Rea |\ = S
Thus
i-i:—lnﬁ'mmi (18a)
m m

- -
> 3 —InR + L Y InR; =0 (18b)

choosing R’ calculated from eq. 16. We recognise that this choice leads to modification
of local storage deficit values but not its mean value. Because R; has been replaced by R,
the new expression for subsurface flow calculation is:

Qb =A exp(-7) eXp(— %) (19)
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The groundwater recharge rate values are not used for the soil topographic index
calculation and consequently 7' =7. The new subsurface flow is calculated as from the
original TOPMODEL employing mean values, assuming a homogeneous recharge
rate R. For the subsurface flow difference we have:

le — Qb = ZIiaiR[ - ZliaiRi =AR'- ZliaiRi (20a)
i=1 =1 i=1
with Qy, calculated with the local values and Q' with the mean value. Finally we have:
Qb-Qy=A(R-R) (20b)
with
R'=1 lea R, 1)

the geographic mean R; value. Thus a difference will allways exist if we use the loga-
rithmic mean value of recharge rate.

From eq. 20a, we recognise that another mean value for the recharge rate would be R
For this new choice we have now (we denote with double prime the new values):

Si S LRy InR; (22)
m m
and
§" §_ || 1 R R
=-==-IR IAEh]R InR" +R. (23)

The right expression from eq. 231s not equal to zero anymore compared to the result
from eq. 18b. The choice of R' has been made so that the subsurface flow is not modi-
fied (see eq. 20a). The subsurface flow is obtained:

Q,=Qv=A exp(—?”) exp(— Sﬁ) =A exp(—?) exp(— %) exp(ln_R" - lnﬁl) (24)
thus
Q=Q" == A exp(—y) exp (25)

with R’ defined in eq. 16 and R" in eq. 21.

In the catchment Hohenhansl (eastern Styria, Austria) measured soil water content
data under forest and meadow shows great temporal differences that could partly explain
the spatial variation in the saturated zone. It would now be possible to take the influence
of landuse changes on the groundwater recharge into account in the TOPMODEL
simulations.
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This also means that in the original TOPMODEL formulatlon i.e. with homogeneous
groundwater recharge, we don’t take into account in the R'/Rratio or that this ratio
is always equal to 1 (compare eq. 13 and eq. 25). In the next part we will consider a spatially
homogeneous recharge rate when information about the spatial variation is not available
or local values have been replaced by a mean value following procedures discussed before.

4. Introducing spatial soil depth data

The parameter m used in TOPMODEL is ambivalent. On the one hand, m can be
seen as a parameter scaling the recession curve decrease (B. AMBROISE et al., 1996). This
means that when the master recession curve for a catchment under study is known,
it is possible to set the value of m so that there is no need to calibrate it. If only a single
event is simulated, them value is determined from the recession curve of that particular
event. On the other hand, m is the parameter that scales the exponential rate of decrease
of the saturated conductivity with increasing deficit. 63 % or the total transmissivity
of the profile is above a depth (expressed as a defizit) equal to m; 86 % of the total
transmussivity is above a deficit equal to 2 /. This justifies that the parameter m can
be seen as an index of the effective depth for rapid downslope flows (G. M. SAULNIER
et al,, 1997). This means that also the parameter m can vary greatly within the catchment.
Let us now illustrate how spatial m; values would influence the subsurface flow cal-
culation and the TOPMODEL algorithms (again new values are noted with a prime).

Recalling eq. 9 and eq. 13, subsurface flow is now calculated as:

Qb = A exp(-Y) exp(=§). (26)

Remembering the & definition, the suitable expression for the m value is:
m =13 m;, (27)

The transmissivity obtained by introducing m'is:
!

T)'zTo'izﬁrrTl'=%-E>-mi=%-Toi. (28)
Further wie obtain:
L R.a- . .
S —ln(_Il{—al) = —ln(%) + % : (29)
m To tanp; m 1
my
Y= In(ﬁ) +M (30)
and for the mean values:
s 1 & m;\ %
P 11I1 ﬁ)"‘&, (1)
(32)
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Thus the subsurface flow is:

Qb=A exp(T >exp( S) A exp(T) exp(-£) = Qo (33)

It can be recognised from eq. 33 that the subsurface value is not modified. This means
that we can calculate the subsurface flow using the mean value m' and we don’t need
to calculate the subsurface outflow from each cell.

From eq. 31 and 32 another expression for average m' value would be (by comparison
with the groundwater recharge rate):

m'==—) In(m; 34
Inm 1A121 m;) (34)

Local values are still defined with eq. (28), eq. (29) and eq. (30) but for the mean values
noted with a double prime there is no difference anymore so that:
rall

:sz andY =%. (35)

Again the total subsurface flow is not modified. The mean value in eq. 34 is estimated
better as the one in eq. 27 because more values are unaltered ¥, S and Qy,. Thus, the
algorithms used in the original TOPMODEL version to calculate ¥, Sdon’t need to be
modified so that spatial soil depth could easily be incorporated in TOPMODEL frame-

work.

5. Conclusion

We have illustrated in the present work how spatial parameters could be introduced
in the semi-distributed model TOPMODEL. It was the main goal to see their influence
on subsurface flow simulation and to keep TOPMODEL algorithms as simple as possible.
Two really different results are obtained:

Introducing spatial soil depth has no impact on subsurface flow simulation. The soil
depth is needed for the soil topographic index and the saturation deficit calculation. How-
ever we have shown that using the mean soil depth value defined in eq. 34 will not modify
these two quantities and permits to calculate subsurface flow in a simple manner, i.e.
without calculating each grid cell subsurface outtlow.

Introducing groundwater spatial recharge modifies subsurface flow calculation in
comparison with the original TOPMODEL formulation, i.e. with homogeneous ground-
water recharge rate. For this reason, we should use spatial information that could be
gained for example through landuse cartography.

Thus TOPMODEL could be of more widespread applicability if the groundwater
spatial pattern would be taken into account. The subsurface flow calculation algorithm
would still be simple enough because the only modification is the introduction of the
ratio: R'/R (see eq. 25). This ratio also illustrates the error that is made at each time
stepin the orlgma] TOPMODEL for subsurface flow calculation with spatially homo-
geneous groundwater recharge values.

Detailed evaluation of this error will be done for the Hohenhansl catchment. It is
expected that this error will be of less importance for the winter months, 1.e. when the
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