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1 INTRODUCTION

The TOPKAPI (TOPographic Kinematic
APproximation and Integration) model is a fully-
distributed physically-based hydrologic model with a
simple and parsimonious parameterization which
simulates the rainfall runoff transformation using data
collected by a network of rain-gauges.

The model is based on the idea of combining the
Kinematic approach and the topography of the basin.
Spatial distribution of catchment parameters,
precipitation input and hydrologic response is
achieved horizontally by an orthogonal grid network
and vertically by soil layers at each grid pixel.

Three ‘structurally similar non-linear reservoir
differential equations characterize the TOPKAPI
approach and are used to describe subsurface flow,
overland flow and channel flow. Moreover the
TOPKAPI model includes components representing
the primary processes of the hydrologic cycle:
infiltration,  percolation, evapo-transpiration and
snowmelt, plus a lake/reservoir component, a
parabolic routing component and a groundwater
component.

Being a physically based model, the values of the
model parameters can be easily derived from digital
elevation maps, soil type and land use maps in terms
of topology, slope, soil permeability, soil depth and
superficial roughness. A calibration based on
observed streamflow data is then necessary for ‘fine
tuning’ the model to reproduce the behaviour of the
catchment.

Thanks to its physically based parameters, the
TOPKAPI model can be successfully implemented
also in un-gauged catchments where the model
cannot be calibrated using measured data. In this
case the model parameters can be derived from
thematic maps, literature and experience.

The present paper describes the structure of the
TOPKAPI model and the results obtained in its

Corresponding  authors  address: Gabriele  Coccia,
Department of Earth and Geo-Environmental Sciences,
Bologna University, 1 P.zza di P.ta S.Donato, 40126,
Bologna, ltaly; e-mail: gabriele.cocciad@unibo.it

Cinzia Mazzetti, ProGea Srl, 93 V. Galliera, 40121, Bologna,
Italy; e-mail: cinzia.mazzetti@progea.net

Enriqgue A. Ortiz, HidroGaia, 27 S.L. Avenida Juan de la

Cierva, 46980, Paterna (Valencia), Spain; e-mail:
eortiz@hidrogaia.com
Ezio Todini, Department of Earth and Geo-Environmental

Sciences, Bologna University, 1 P.zza di P.ta S.Donato,
40126, Bologna, ltaly, e-mail: ezio.todini@unibo.it

application within the Distributed Model

Intercomparison Project, Phase 2 (DMIP 2).

2 THE TOPKAPI MODEL
2.1 The Soil Water Component
2.1.1 Basic Assumptions

The fundamental assumptions on which the TOPKAPI

model is based, can be described as follows:

1) Precipitation is assumed to be constant over the
integration domain (namely the single cell), by
means of suitable averaging operations on the
local rainfall data, such as Thiessen polygons
techniques, Block Kriging (de Marsily, 1986;
Matheron, 1970) or others;

2) All the precipitation falling on the soil infiltrates
into it, unless the soil is already saturated in a
particular zone (namely the single cell); this is
equivalent to adopting the saturation mechanism
from below as the sole mechanism for the
formation of overland flow, ignoring on the other
hand the possible activation of the Hortonian
mechanism due to infiltration excess. This
decision is justified by the fact that the infiltration
excess mechanism is characteristic of a local
modeling scale, whereas the saturation excess
mechanism, being linked to a cumulative
phenomenon and conditioned by a lateral
redistribution movement of the water in the soil,
becomes dominant as the scale of the modeling
increases (Bl6schl and Sivapalan, 1995).

3) The slope of the water table is assumed to
coincide with the slope of the ground, unless the
latter is very small (less than 0.01%); this
constitutes the fundamental assumption of the
approximation of the kinematic wave in the De
Saint Venant equations, and it implies the
adoption of a kinematic wave propagation model
with regard to horizontal flow, or drainage, in the
unsaturated area (Henderson and Wooding,
1964; Beven, 1981, 1982; Borah et al., 1980;
Sloan and Moore, 1984; Hurley and Pantelis,
1985; Stagnitti et al., 1986; Steenhuis et al.,
1988);

4) Local transmissivity, like local horizontal flow,
depends on the total water content of the soil, i.e.
it depends on the integral of the water content
profile in a vertical direction;

5) Saturated hydraulic conductivity is constant with
depth in a surface soil layer but much larger than
that of deeper layers; this forms the basis for the
vertical aggregation of the transmissivity, and




therefore of the horizontal flow, as it will be
described in details in the following section.

2.1.2 The Vertical Lumping

The transmissivity of a soil layer in non-saturated
condition is given by the following expression:

T:jk(g(z))dz (1)

Where: L = soil thickness of the layer affected by the
horizontal flow.

k(§(z)) = hydraulic conductivity in non-
saturated conditions.

9= -9, = reduced water content.
lgS - 197‘

9,9 = residual and saturated water content

& = actual water content in the soil.
In accordance with the hypotheses 4) and 5) the
transmissivity given by Eqn. ((1) can be replaced by
the following approximated expression:

7(®)= kL& (2)

where k; = saturated hydraulic conductivity.

L _ .
& :%Ig(z)dz = mean value along the vertical
0

profile of the reduced water content.

a = parameter depending on the
characteristics of the soil (Benning, 1994;
Todini, 1995).

The horizontal flux is calculated as follows, by means
of an approximation of the Brooks and Corey's formula

K(3)=k,3°:
g~ tan(B), LB (ST} ®

where S = slope angle [rad].
a = parameter which depends on the soil
characteristics.

2.1.3 Kinematic Wave Formulation for Sub-
Surface Flow

The analysis of a generic hydraulic system is usually
addressed using the continuity equation and the
dynamic equation. In the TOPKAPI model, the
dynamic equation is represented by an approximate
form expressed by Eqn. (3). Combining Eqgn. (3) with
the equation for continuity of mass, the following
system is obtained:

ot ox

g = tan (B, LO”

Where p is the intensity of precipitation [ms'1].
The model is written in just one direction since it is
assumed that the flow along the slopes is

4 4)

characterized by a preferential direction, which can be
described as the direction of maximum slope.

Eqn. (4) can be rewritten in terms of the actual total
water content in the soil 7:

n=(9 -4 )LO (5)

and making the following substitution:

Co Lk tan(f) (6)
('93 - ‘9r )0! L

The term C represents in physical terms a local
conductivity coefficient, since it depends on soil
parameters for a point position, which encompasses
the effects of hydraulic conductivity and slope, to
which it is directly proportionate, and storage capacity,
to which it is inversely proportionate.

Eqn. (4), rewritten in terms of actual total water
content in the soil, along the vertical profile, leads to
the following Kinematic equation:

on on“
-ty 7
a 7" o (7)
2.1.4 Non-Linear Reservoir Model for the Soil
Water in a Generic Cell

By integrating Eqgn. (7) in the soil over the ith DEM grid
cell, whose space dimension is X, gives:

v,
— = pX - ((js,-’]ims - Cs,»,]nioial) (8)
ot
where: V= volume of water per unit of width [mz].

X = grid cell dimension [m].

The subscript s is introduced here to distinguish this
soil water equation from the ones relevant to the
overland and the drainage network flows and will be
kept from now on. The subscript i is introduced to
highlight that the equation is referred to the ith cell and
it will be omitted from now on.

In the TOPKAPI model, the grid cells are connected
by a tree shaped network; water moves down slope
along this tree shaped flow pathway starting from the
initial cells (without upstream contributing areas)
representing the ‘sources’ towards the outlet.
According to this procedure, and assuming that in
each cell the variation of the vertical water content
along the cell is negligible, the volume of water stored
in each cell (per unit width) can be related to the total
water content, which is equivalent to the free water
volume in depth, by means of the simple expression:

vy, =Xng (9)

Substituting for n in Egn. (8) and writing it for a generic
cell, given the total inflow to the cell, the following non-
linear reservoir equation is obtained:

C,.X

ov. 2 a
a_ls = (pX +Qg +Q;l)_ Y2 Ve (10)
where: Vs = volume of water stored in the ith DEM

grid cell [m?].



pX = preC|p|tat|on on the ith DEM grid cell
[m’s”].

Q! = streamflow entering the active cell i as
overland flow from the
contributing area [m3s'1].

Q! = streamflow entering the active cell i as

upstream

sub-surface flow from
contributing area [m3s'1].
as = parameter which depends on the soil
characteristics.
The volume of water stored in a cell can be related to
the actual total water content by means of the
following equation:

V.=Xv,=X"p (11)

Substituting Eqn. (11) into Eqgn. (10) the differential
equation for the soil component can be written as:

the upstream

on 1 ) C

- X + u + u |_~s g 12
P (p 0, +0; ) i (12)

In general Eqn. (12) can be written as:

on

—=a-b7° 13
Py n (13)

PX2+Q3+qu O in C, c=a,
a= 5 === b= :
X X X

Eqn. (13) can be solved analytically or numerically by
means of the Runge-Kutta method.

2.1.5 Soil Water Balance

For the ith cell at each time step, the soil water
balance can be calculated as follows:

Vi (6, +dT) =V, (t,)
dT
Q! = outflow from the ith cell during the time

o' =(px*+ 0 +0")- (14)

where:

mterval dT [m s ]

pX = water falling on the ith cell during the
time interval dT [m S ]

y, =volume of water stored in the soil [m ]

In case of saturation of the soil cell the volume of
water that exceeds the soil can be computed as
follows:

Vexf, =V, (to +dT)-Vsat,

where: Vexfs = saturation excess volume for the ith
cell [m 1.

Vsats = saturated soil water storage for the ith
cell [m 1.

2.1.6 Subsurface Flow in a Cell with General
Inclination

If we consider a pixel with slope equal to tgB; in x
direction and slope equal to tgf. in y direction the Eqn.
(4) should be modified in the following way:

tan (182 ) Qo
= tan 1+ ——=< |k, LO 15

q (ﬂl{ tan (ﬂl) s (15)
As a consequence also the local conductivity
coefficient Cs will be modified:

t Lk
C. = tan(B)| 1+ an“”z)] : (16)

tan(f,) ) ( ) L
with: . _;, tan(5,) (17)

' tan(f3,)

The coefficient os will be called soil drainage
coefficient. Eqgn. (13) representing the non-linear
reservoir for the subsurface flow component will be
modified in the following way:

a—nza—asbnc (18)
ot

From Eqn. (18) the total outflow Qo from the soil is
computed. Then the outflow is partitioned between the
downstream cell and the channel network, according
to the flow partition coefficient.

2.2 The Surface Water Component

The input to the surface water model is the
precipitation excess resulting from the saturation of
the surface soil layer. In addition, water in the soil can
exfiltrate on the surface as return flow due to a sudden
change in hill slope or soil properties, and thus it can
also feed the overland flow. The subsurface flow and
the overland flow together feed the channel along the
drainage network.

Overland flow routing is described similarly to the soil
component, according to the kinematic approach
(Wooding, 1965), in which the momentum equation is
approximated by means of the Manning's formula.
For a general cell, the kinematic wave approximation
for overland flow is described as:

&, &,
a ° &

[ (19)
=—(tanﬂ)2 h,3 =C,h,%

where: h, = water depth over the ground surface [m].

ro = saturation excess resulting from the
solution of the soil water balance either as
precipitation or exflltratlon from the soil in
absence of rainfall [ms™].

go = horizontal flow on the ground surface,
correspondlng to a streamflow per unit of
width [m s ]

no = Manning’s friction coeff|C|ent for the
surface roughness [m s]

oo = exponent that derives from using
Manning’s formula, equal to 5/3.



o _ tan(p)”

" = coefficient relevant to

i
Manning’s formula for overland flow.
A subscript o denotes the overland flow. Eqn. (19),
leads to the following kinematic equation:

Oh, =y —-C dha_) (20)

a  ° % ox

By analogy with what was done for the soil, assuming
the surface water depth constant over the cell and
integrating the kinematic equation over the longitudinal
dimension, the non-linear reservoir equation for the
overland flow for the ith cell can be obtained as:

Vo xw, - ooy (21)
where V, = surface water volume in the cell [m3].

W, = width of the surface (free of the
channel) [m].
The subscript i is introduced here to highlight that Eqn.
(21) was written for the ith DEM grid cell and it will be
omitted from now on. The volume of water stored on
the surface of each cell can be written through a
simple expression:

V,= XW h, (22)

Substituting Eqn. (22) into Eqn. (21) the differential
equation for the surface component can be written as:

A, =7, —&hfo (23)
a X
In general Eqn. (23) can be written as:
oh .
© =q-bh, (24)
t
g = L Vexf  C, tan(ﬂ)% c=q,
¢ Xw, dT X n,X

where: Vex = precipitation excess [m3]
Eqn. (23) can be solved numerically (Runge-Kutta) or
analytically.

2.2.1 Surface Water Balance

For the ith cell at each time step, the surface water
balance can be calculated as follows:

YV, (4 +dT) -V, (%)
dr
where: Q;’= outflow from the ith cell during the time

0! ={r, xw,)

(25)

interval T [m3s'1].

roXW, = inflow into the ith cell during the time
interval dT [ms'1].

V= volume of water on the surface [m3].

Up to this point it has been implicitly assumed that the
entire overland flow from a cell flows into the
downstream cell immediately. However, this is not
entirely true since note has to be taken of the

depletion caused by the drainage network. Thus, for
the cells in the channel network, the overland flow is
still evaluated by Eqn. (23), but it is then partitioned
between the channel and the downstream cell. This
allows determination of the amount of overland flow
feeding the drainage channel network.

2.2.2 Overland Flow in a Cell with General
Inclination

If we consider a pixel with slope equal to tgB; in x
direction and slope equal to tgf. in y direction the Eqn.
(19) should be modified in the following way:

1

1 1
g, =——(tan p)2| 1+ (%jz hs (26)
n, tan f3,
1
o, =1 J{tan—(ﬂz)y 27)
tan(f3,)

The coefficient oo will be called surface drainage
coefficient. Eqgn. (13) representing the non-linear
reservoir for the overland flow component will be
modified in the following way:

Oh

o

ot

From Eqn. (28) the total outflow Qot from the overland
flow is computed. Then the outflow is partitioned
between the downstream cell and the channel network
according to the flow partition coefficient.

=a—-o,bh; (28)

2.3 The Channel Component

In the TOPKAPI model, different kinds of channel
cross section geometries can be set; following, a
rectangular cross section will be used as an example
to describe the channel component structure.

2.3.1 Channels with Rectangular Cross Sections

The channel flow is described similarly to the surface
component, although in this case the channel is
assumed to be tree shaped with reaches having
rectangular cross sections.

The kinematic wave approximation for the channel
flow is described according to the kinematic approach
in which the momentum equation is approximated by
means of the Manning’s formula:

ﬁ;c :(rc +ch)_qc

1 A % 5
q. :n\/g[cxj Bxyc3

c X

(29)

where: y. = water depth in the channel reach [m].

re = lateral drainage input, including the
surface runoff and the soil drainage
reaching the channel [m33'1].

Q“ = inflow from the channel reach of the

upper cell [m’s™].



gc = horizontal flow in the channel [m3s'1].
ne = Manning’s friction coefficient [m™’s].
So = bed slope.

A, =wetarea [m2], C_ = wet contour [m]
B_ = width of the channel reach [m].

A subscript ¢ denotes the channel flow. Eqn. (29) ,
rewritten in terms of water depth in the channel reach,
Y, leads to the following equation:

%oos
\/g[ij 3BV)’§ (30)
n \C ’

X

v, _ W)
g—(Vch)

With simple substitutions we obtain the following

equation that describes the non-linear reservoir
equation for the channel flow for the ith cell:
7 5
ov Sy [ B 1 2
c:(r‘*Q:)_\/_o( XJ — (31)
In general Eqn. (31) can be written as:
ov, .
=a-bVf (32)
ot ¢
2,
a=r,+0; b:\/g LY =2
n, C,[' X% 3

where: A4.'=B-y, = wet area at the beginning of
the computation time step [m2].
C,'=2y, +B = wet contour at the

beginning of the computation time step [m].
The channel width B is increasing as a function of the
area drained by the jth cell on the basis of geo-
morphological considerations.

2.3.2 Channel Water Balance

For the ith cell at each time step, the channel water

balance can be calculated as follows:
Vit +dT)-V (¢

Q:l:(”cXW"‘Q:)_ C(O d].? C(O)

(33)

where:  Q“= outflow m37].

re X\W, = inflow from the lateral cells [m33'1].
Q" = inflow from the upper cell [m33'1].

V, = volume of water in the channel [m3].

2.4 Analytical Solution of the Non-Linear
Reservoir Ordinary Differential Equation
(ODE)

As described in the previous paragraphs, the
TOPKAPI model formulation leads to three tree-
shaped cascades of non-linear reservoirs, each of
which is described by a “structurally similar’ ordinary
differential equation (ODE) to be solved in time. In the
first version of the TOPKAPI model (Todini and
Ciarapica, 2001), the solution of the ODE for each
single reservoir representing the soil, the surface and

the channel network, was based upon a variable step
fifth order Runge-Kutta numerical algorithm due to
Cash and Karp (1990). Nowadays, it has been found
that the non-linear reservoir equation can be solved
analytically based on an appropriate approximation
(Liu and Todini, 2001).

2.5 The Muskingum-Cunge-Todini Routing
Method

In the TOPKAPI model it is possible to use the
Muskingum-Cunge-Todini  (MCT) (Todini, 2007)
routing method as an alternative to the Kinematic non-
linear reservoir for channels with slope smaller than
0.1%, namely channels where the Kinematic
approximation of De Saint-Venant equations does not
hold.

The Muskingum-Cunge (MC) routing method (Cunge,
1969; Ponce and Yevjevich, 1978; Koussis, 1980,
1983; Miller and Cunge, 1975; Wienmann and
Laurenson, 1979) is actually a lumped Kinematic wave
routing method, in which the Kinematic wave equation
is transformed into an equivalent diffusive wave
equation by matching the physical diffusion to the
numerical diffusion resulting from the imperfectly
centered finite difference scheme (Smith, 1980; Tang
and Samuels, 1999). Thus the MC method accounts
for both the convection and diffusion of the flood wave.
The routing parameters can be linked to physical
channel properties and flow characteristics (Cunge,
1969), and when these parameters are recalculated
and updated as a function of local flow values for each
computational cell, the routing parameters are varying
in time (Prince,1995). The MCT algorithm, is basically
a variable parameter MC corrected for its typical mass
balance error (Todini, 2007).

2.6 The Evapo-Transpiration Component

The evapo-transpiration is taken into account as water
loss, subtracted from the soil's water balance. A
simplified technique is used to calculate evapo-
transpiration starting from air temperature and from
other  topographic, geographic and climatic
information. The effects of the vapour pressure and
wind speed are explicitly ignored. In the TOPKAPI
model, the evapo-transpiration is evaluated at the
DEM grid scale.

2.6.1 Empirical Equation for Computing the
Reference Potential Evapo-Transpiration

An empirical equation, that relates the reference
potential evapo-transpiration ETom, to the
compensation factor Wta, to the mean recorded
temperature of the month T and the maximum number
of hours of sunshine N of the month, was developed.
The reference potential evapo-transpiration is
computed on a monthly basis using one of the
available simplified expressions such as for instance
the one due to Thornthwaite and Mather (1955). The
developed relationship is linear in temperature (and
hence additive) and allows the unbundling of the
monthly results on daily or hourly basis, while most



other empirical equations are ill-suited for time
intervals shorter than one month.

The relation used, which is structurally similar to the
radiation method formula (Doorembos et al., 1984) in
which the air temperature is taken as an index of

radiation, is:
ET,, =a+pNW,T, (34)

Where: ETom = reference evapo-transpiration for a
monthly time step (computed using
Thornthwaite’s formula) [mm]

a, 3 = regression coefficients to be estimated

Tm = area mean air temperature averaged
over a month [°C]

N = monthly mean of the maximum number
of daily hours of sunshine (tabulated as a
function of latitude)

Wi = weighting factor, it can be either
obtained from tables or approximated by a
fitted parabola:

W =AT*+BT +C

ta

A, B, C = coefficients to be estimated

T = mean monthly temperature [°C]
For a given time step At and a given crop culture, the
potential evapo-transpiration value is computed as:
At
ETy =K@+ PN, Ty) 35— s (35)
ETy, = reference evapo-transpiration for a
specified time step At [mm].
K. = crop factor.
a, B = regression coefficients.
T, = pixel mean air temperature averaged
over At [°C].

where:

2.6.2 Estimation of the Average Monthly Potential
Evapo-Transpiration According to
Thornthwaite

The values of the potential evapo-transpiration can be
computed for a given DEM grid according to
Thornthwaite, by means of the following formula:

ET,, (i) = 16a(i)[10%i)} (36)
| _@N_(z) . = m 1514
ali)= 30 12 b_z[ 5 }

i=1
¢=0.49239+1792x10°b-771x1077 6> +675x107° b

where: ETmo(i) = average monthly potential evapo-

transpiration [mm/month].

T(i) = monthly-average air temperature for ith
month [° C ].

n(i) = number of days in month i.

N(@() = Mean Daily Duration of Maximum
Possible Sunshine Hours (in ‘Crop Water

Requirements’ FAO
Drainage Paper 24).

Irrigation  and

2.6.3 Computation of the Actual Evapo-
Transpiration

The potential evapo-transpiration is corrected as a
function of the actual soil moisture content, to obtain
the actual evapo-transpiration (ETa):

ETa=0

for V < ﬁl Vsat
ETa:ETOVL for ﬂthat SVSﬂ2Vtat
ETa = ET, otherwise
where: V, Vs = actual and saturation volume of

water into the soil [m?].
1, B2 = parameters to be fixed.

2.7 The Snow Accumulation and Snow Melting
Component

The snowmelt module of the TOPKAPI model is driven
by a radiation estimate based upon the air
temperature measurements; in practice, the inputs to
the module are the precipitation, the temperature, and
the same radiation approximation which was used in
the evapo-transpiration module.

The snowmelt module consists of the following steps.

2.7.1 Estimation of Solar Radiation

The estimation of the solar radiation at the DEM is
performed by re-converting the latent heat and the
sensible heat, assumed equals to the reference
evapo-transpiration back into radiation, by means of a
conversion factor Ce (Kcal Kg™):

C, =606.5-0.695(T-T,) (37)

where: Cer = conversion factor [Kcal Kg'1].

To = fusion temperature of ice [273 °K].

T = air temperature [° K].
In addition, to account for albedo, which plays an
extremely important role in snowmelt, it is necessary
to apply an efficiency factor which will be assumed
approximately as n=0.6 for clear sky and n=0.8 for
overcast conditions. Moreover, a coefficient np.g is
used to take in account the radiation efficiency; it
depends on the sun height with respect to the terrain
slope. This leads to the following estimate for the
driving radiation term:

Rad =2n,1,,[606.5-0.695(T —T,)|ET,  (38)

where: Rad = radiation term.
na1 = efficiency factor for albedo.
nrad = radiation efficiency factor.

ET, = potential evapo-transpiration.

2.7.2 Computation of the Solid and Liquid
Percentage of Precipitation

The percentage of liquid precipitation is calculated by
means of a function of the air temperature:



I (39)

Figure 1 - Percentage of liquid precipitation for Ts=0

where o is equal to 0.3 (derived by experimental data)
and the value of Ts (which generally ranges between
271 and 275 °K) must be derived, as previously
mentioned, by plotting the frequency of the status of
historically recorded precipitation as a function of air
temperature.

2.7.3 Estimation of the Water and Energy
Budgets on the Hypothesis of Zero
Snowmelt

The water equivalent mass (Z) is estimated with the
following simple mass balance equation:
Z, ,=Z,+P (40)

t+At

where P is the precipitation.

The water equivalent at the end of the time step is
identified with a star, because it is a tentative value
which does not yet account for the eventual snowmelt.
Similarly to the mass, the energy is estimated in the
following way, by computing the increase (or
decrease) of total energy (E):

E., =E +Rad+C,T-[l-F(T)]-P+

t+At

(41)
+le,t, v, +C, (T-T,)- P-F(1)
where: Cs= specific heat of ice
Cir = latent heat of fusion of water
Csa = specific heat of water

2.7.4 Estimation of Snowmelt and Updating of
Mass and Energy Budgets

If the total available energy is smaller or equal to that
required to maintain the total mass in the solid phase

at the temperature To i.e: C Z T, >E, , , it means

that the available energy is not sufficient to melt part of
the accumulated snow, and therefore:

RA\'m = O
Zin = Zt*+At (42)
Et+At = Et*+At

where: Rsm = snowmelt [mm]

If the total available energy is larger than that required
to maintain the total mass in the solid phase at the
temperature Ty, it means that part of the accumulated
snow will melt, and therefore the following energy
balance equation holds:

C, (Z;rm -R,, )To = E;At - (CSIT ot sz )Rsm (43)

from which the snowmelt and the mass and energy
state variables can be computed as:

R = E;At — CsiTOZtiAt
sm le
. (44)
ZH—At = ZH—At - Rsm
Et+At = Ez*+Az - (CsiTO + C_l/’ )Rsm

2.8 The Percolation Component

For the deep aquifer flow, the response time related to
the vertical transport of water through the thick soil
above this aquifer is so large that horizontal flow in the
aquifer can be assumed to be almost constant with no
significant response on one specific storm event in a
catchment (Todini, 1995). Nevertheless, the TOPKAPI
model accounts for water percolation towards the
deeper subsoil layers even though it does not
contribute to the streamflow.

It is assumed that percolation starts if the soil moisture
content of the upper soil layer exceeds its field
capacity. The percolation rate from the upper soil layer
is assumed to increase as a function of the soil water
content, according to an experimentally determined
power law (Clapp and Hornberger, 1978; Liu et al.,
2005).

P,,:ksv( d jp (45)

VSLJ t

where: P, = percolation [mm]
ksy = vertical soil saturated hydraulic
conductivity

v = volume of water [ms]

vsat = local saturation volume [m3]

ap = exponent depending on the type of the
soil (ap = 11 for sand; o, = 25 for clay)

3 APPLICATION OF THE TOPKAPI
WITHIN THE DMIP 2 PROJECT

MODEL

Within the DMIP 2 Project, the TOPKAPI model has
been applied to the Sierra Nevada basins: the
American River and the Carson River. These basins
are geographically close, but their hydrological
regimes are quite different; the Carson River basin is a
high altitude basin with a snow dominated regime,
while the American River drains an area that is lower
in elevation with precipitation falling as rain and mixed
snow and rain (Jefon et al., 1996), Details on the
basins features are available in (Smith et al., 2006).

3.1 Data Description

TOPKAPI model input is made of a few data: the
Digital Elevation Model, the soil type grid, the land use
grid and the hydro-meteorological data, such as rain



and temperature grids, or rain gauge and thermometer
measurements, and observed streamflow.

3.1.1 Digital Elevation Model

The resolution of the used DEM was set to 250 m
resolution, with UTM coordinates reference system
(Figures 2 and 4); this resolution has been adopted for
all the terrain maps. The DEM has been treated by
some pre-processors that allows to eliminate the false
outlets and the sinks. The formers are the cells on the
basin boundary with elevation lower than the
surrounding cells and different from the real outlet cell,
which corresponds to the basin closure; these cells
would generate inexistent points of outflow. The latters
are the cells inside the basin with elevation lower than
the surrounding cells. This situation is not allowed
because each cell needs one outflow direction defined
by the elevation. In both cases the elevation cell is set
equal to the elevation of the lowest neighbouring cell.
So the flow direction and the basin closure cell are
uniquely indentified.

Moreover, the DEM was ‘excavated’ next to the river
bed to help the pre-processor indentifying the stream
network, which is automatically estimated with
excellent precision.

3.1.2 Soil Type

The soil type classes were defined by the data
developed by Miller and White (1998) and available on
line at the Penn State Center for Environmental
Informatics Database, dbwww.essc.psu.edu. The grids
contain the dominant soil texture class for each
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Figure 2 — DEM grid of the American River

of the 11 standard soil layers derived from State Soll
Geographic (STASGO) soil data, compiled by the
Natural Resources Conservation Service (NRCS) of
the U.S. Department of Agriculture. Soil parameters
value has been assigned for every SATSGO soail
texture class, using the USDA soil texture class index
by referring to the USDA parameters table for the

Green-Ampt  (Maidment, 1993) infiltration model
(Table 3).
For both the basins, areas with the same layers

alternation have been identified looking at the grids of
the 11 soil layers. Hence, another soil classification
based on those new soil classes (Tables 1 and 2) has

been defined. The corresponding soil type grids are
shown in Figure 3 and Figure 5.
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Figure 3 — Soil Type grid of the American River

a Fime

Figure 4, 5 — DEM grid (left) and Soil type grid (right) of the Carson
River

Table 1 — Soil Type Classes used on the Carson River, alternation of
the SATSGO soil texture classes

Class (1 (2|3 |4|5|6 |7 |8]9

0-5 6a [3a|3a|3a|1a|3a|16a|3a | 3a
05-10 [12a|3a |2a |3a|1a|3a |16a|3a | 3a
10-20 |12a|12a|3a | 3a|1a | 3a |16a| 3a | 3a
20-30 |12a|12a|3a |3a | 1a |6a [16a| 3a | 3a
30-40 [12a(12a| 3a | 3a |16a| 6a |16a| 3a | 3a
40-60 |16a|16a| 3a | 3a (16a| 6a |16a| 3a | 3a
60-80 [15a|15a| 3a | 3a |15a| 6a |16a| 3a | 3a
80-100 (15a|15a| 3a | 3a |15a|16a|16a| 3a |15a

Depth Layers [cm]

100-150 |15a|15a| 3a [15a|15a|15a|16a|16a|15a

Table 2 — Soil Type Classes used on the American River, alternation
of the SATSGO soil texture classes

Class (1 (2|3 |4 (5|6 |7 |[8]|9/ 1011

0-5 3a|6a|3a|6a|3a|3a|6a|16al3a|6a|4a
5-10 3a|6a|3a|6a|3a|3a|6a|16a|3a|4a|6a
10-20 [3a|4a |6a |6a|3a|3a|6a|16a|3a|4a|6a
20-30 |3a|4a|6a|6a|3a|3a|6a|16a|3a|4a |6a
30-40 | 3a |16a|6a |6a|3a |3a|6a |16a| 3a |16a| 6a
40-60 |3a (16a|4a |9a | 3a|3a|9a |16a| 3a |16a| 9a
60-80 | 3a |16a|16a|9a | 3a | 3a | 9a [16a|16a|15a| 9a
80-100 | 3a |15a|15a| 9a | 3a |15a|15a|16a|15a|15a|15a
100-150 |16a|15a(15a| 9a |15a|15a|15a|16a|15a|15a|15a

Depth Layers [cm]




Table 3 — Parameters value assigned to the STASGO soil texture classes

Soil Texture Class Description Ken [ms™] 9, 9, n a Ko [ms™]
1a Sand 5.42756E-05 | 0.3791 | 0.0497 | 2.8797 | 11.1000 | 5.42756E-08
2a Loamy sand 1.30568E-05 | 0.3832 | 0.0431 | 1.7778 | 11.7600 | 1.30568E-08
3a Sandy loam 3.99694E-06 | 0.3885 | 0.0413 | 1.4139 | 12.8000 | 3.99694E-09
4a Silt loam 2.92556E-06 | 0.4440 | 0.0603 | 1.6949 | 13.7800 | 2.92556E-09
5a Silt 5.60222E-06 | 0.5038 | 0.0486 | 1.6748 | 13.6000 | 5.60222E-09
6a Loam 1.23781E-06 | 0.4005 | 0.0586 | 1.4869 | 18.0000 | 1.23781E-09
7a Sandy clay loam | 1.40475E-06 | 0.4766 | 0.0909 | 1.4923 | 20.0400 | 1.40475E-09
8a Silty clay loam 1.40547E-06 | 0.3886 | 0.0689 | 1.3050 | 17.2400 | 1.40547E-09
9a Clay loam 7.91543E-07 | 0.4385 | 0.0825 | 1.3884 | 18.5000 | 7.91543E-10
10a Sandy clay 1.97124E-06 | 0.4030 | 0.0825 | 1.2063 | 23.8000 | 1.97124E-09
11a Silty clay 1.78997E-06 | 0.5051 | 0.1024 | 1.3598 | 23.8000 | 1.78997E-09
12a Clay 2.02196E-06 | 0.4801 | 0.0962 | 1.2100 | 25.8000 | 2.02196E-09
15a Bedrock
16a Other 7.53998E-06 | 0.4326 | 0.0688 | 1.5741 | 17.5183 | 7.53998E-09
Table 4 — Parameters value of the land use, or vegetation, classes used in both the basins
CROP FACTORS
MANNING
NAME ID COEFFICIENT JAN | FEB | MAR | APR | MAY | JUN | JUL | AUG | SEP | OCT | NOV | DEC
WATER 0 0.03 1.05 | 1.05 | 1.05 | 1.05 | 1.05 | 1.05 | 1.05 | 1.05 | 1.05 | 1.05 | 1.05 | 1.05
EVERGREEN
NEEDLELEAF FOREST 1 0.22 0.90 | 0.90 | 0.90 | 0.90 | 0.90 | 0.90 | 0.90 | 0.90 | 0.90 | 0.90 | 0.90 | 0.90
DECIDUOUS
BROADLEAF FOREST 4 0.28 0.60 | 0.70 | 0.95 | 1.05 | 1.05 | 0.80 | 0.80 | 0.80 | 0.80 | 1.20 | 1.10 | 0.60
MIXED FOREST 0.28 0.75 | 1.00 | 0.90 | 0.95 | 1.20 | 0.85 | 0.85 | 0.85 | 0.85 | 1.05 | 1.00 | 0.75
WOODLAND 6 0.16 0.75 | 1.00 | 0.90 | 0.95 | 1.20 | 0.85 | 0.85 | 0.85 | 0.85 | 1.05 | 1.00 | 0.75
WOODED
GRASSLAND 7 0.10 0.80 | 1.05 | 1.10 | 1.10 | 1.10 | 0.80 | 0.90 | 0.80 | 0.80 | 1.00 | 1.00 | 0.90
CLOSED SHRUBLAND 0.10 0.60 | 0.65 | 0.70 | 0.75 | 0.80 | 0.80 | 0.85 | 0.85 | 0.85 | 0.80 | 0.80 | 0.60
OPEN SHRUBLAND 9 0.10 0.60 | 0.65 | 0.70 | 0.75 | 0.80 | 0.80 | 0.85 | 0.85 | 0.85 | 0.80 | 0.80 | 0.60
GRASSLAND 10 0.10 0.80 | 1.05 | 1.10 | 1.10 | 1.10 | 0.80 | 0.90 | 0.80 | 0.80 | 1.00 | 1.00 | 0.90
CROPLAND 1" 0.10 0.70 | 1.00 | 1.10 | 1.20 | 1.35 | 1.20 | 1.10 | 0.90 | 1.30 | 1.25 | 1.20 | 0.75

3.1.3 Land Use

The land use grids provided by the DMIP 2 have been
used without modifications (Figures 6 and 7). The
TOPKAPI model needs, for each land use class, the
roughness parameter (Manning coefficient) and the
crop factor values for every month. In Table 4 the
parameters assigned for each land use class are
shown.
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Figure 6 — Land Use grid of the American River
3.1.4 Hydro-Meteorological Data

Available meteorological data were hourly rain and
temperature  grids  between 01/01/1987 and
31/12/2002, produced from the NOAA’a National
Weather Service, with a 4 km resolution. For the

Carson river, the hydrological data were the observed
streamflow in two measurement stations, namely
Markleeville, CA and Gardnerville, NV, between

o

" .fl" e
YO
e | N :: "
- =
R

Figure 7, 8 — Land Use grid (left) and Stream gage and SNOTEL site
(right) of the Carson River

01/10/1990 and 30/09/1997 and the snow water
equivalent data measured in four stations, namely
Blue Lake, Ebbetts Pass, Poison Flats and Spratt
Creek, during the same period (Figure 8). For the
American river, the hydrological data were the
observed streamflow at the measurement station of



North Fork Dam, CA between 01/10/1988 and
30/09/1997 and the snow water equivalent data
measured in two stations, namely Blue Canyon and
Huysink, during the same period (Figure 9).
Summarizing, the available data allow to calibrate the
model during a long period of about 10 years. The
remaining 5 years of meteorological data will be used
for the model validation. The validation period data
have been submitted to the DMIP 2, but the results
are not available, yet. The next paragraphs will only
discuss the calibration results.
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N?_Iﬂ:l Fork Dam
&
Figure 9 — Stream gage and SNOTEL site on the American River
3.2 Model Calibration

The model calibration was performed at a 1-hour time-
step using the hydrometerological dataset previously
described.

The initial soil saturation percentage was set to the
same value of 0.9 for all cells at the beginning of the
calibration period. It was assumed that no snow or
surface water was over the slopes and the water
depth in a generic channel cell increased linearly with
the channel width. The observed streamflow data
were available since October 1, 1990 for the Carson
River and since October 1, 1989 for the American
River; the meteorological dataset until these dates
was used as model ‘warm-up’ period, so it is
reasonable to assume that at the beginning of the
calibration period, the simulated catchment state was
representative of the real state.

The initial values of the soil parameters for each soll
class are illustrated in Tables 5 and 6.

The soil calibrated parameter values are shown in
Tables 7 and 8 and they were obtained by a ‘trial and
error’ method based on the comparison between the
simulated and the observed streamflows.

The roughness of channel flow was estimated by
referring to Chow (1959), Barnes (1967) and

Table 5 — Uncalibrated soil parameters value, Carson River

Maidment (1993), according to the Strahler channel
order (Strahler, 1957) (Table 9).

The evapo-transpiration and snowmelt
parameters are shown in Table 10.

Using the calibrated model parameter values, the
TOPKAPI could be validated using the dataset related
to the period between October 1, 1997 and December
31, 2002.

As shown in Tables 5, 6, 7 and 8, the parameters
which have been most modified during the calibration
were the horizontal and vertical saturated conductivity
and the thickness of the soil, while the land use
parameters, the surface and channel roughness have
not be changed with respect to the initial values.

The snow formation threshold was imposed greater
than 0 and similar values of the evapotranspiration
parameters were used in both basins.

3.3 Calibration Results

modules

In this paragraph, the calibration results obtained for
the streamflow measurement station available on the
American River (North Fork Dam) and the two
available on the Carson River (Gardnerville and
Markleeville) will be discussed. The results are
illustrated by figures depicting the comparison
between the observed streamflow series, the
simulated streamflow series with  calibrated
parameters and the simulated streamflow series with
uncalibrated parameters.

Each figure corresponds to a main event or a
significant long term simulation period (Tables 10 and
16). For all the selected events, the following
evaluation indexes are calculated: Percent Bias (PB),
Correlation Coefficient (r), Modified Correlation
Coefficient (rmoq), Nash-Sutcliffe Efficiency (NS) (Smith
et al., 2004) and Explained Variance (EV). The same
indexes are shown for the overall data and for
individual year.

Moreover, an events analysis is computed considering
the main events for the whole calibration period
(Tables 12 and 18) and computing the following event
evaluation indexes: Percent Absolute Event Runoff
Error (ER), Percent Absolute Peak Error (EP), Percent
Absolute Peak Time Error (ET) (Smith et al., 2004).

Class | Depth[m] 9, 9, Ken [ms™] n a Ko [ms™]
1 0.6 0.4576 | 0.0839 3.80E-06 1.3545 | 22.39 | 3.80E-09
2 0.6 0.4490 | 0.0779 | 4.19E-06 1.3654 | 20.87 | 4.19E-09
3 1.5 0.3883 | 0.0414 | 4.30E-06 14260 | 12.77 | 4.30E-09
4 1.0 0.2331 | 0.0413 | 4.00E-06 14139 | 12.80 | 4.00E-09
5 0.6 0.4058 | 0.0592 3.09E-05 | 22269 | 14.31 3.09E-08
6 1.0 0.4045 | 0.0572 3.05E-06 1.4897 | 16.86 | 3.05E-09
7 1.5 0.4326 | 0.0688 7.54E-06 15741 | 17.52 | 7.54E-09
8 1.5 0.4032 | 0.0505 5.18E-06 14673 | 14.37 | 5.18E-09
9 0.8 0.3885 | 0.0413 | 4.00E-06 14139 | 12.80 | 4.00E-09

10



Table 6 — Uncalibrated soil parameters value, American River

Class | Depth[m] 9 9, Ken [ms™] n a Ko [ms™]
1 1.5 0.4032 0.0505 5.18E-06 1.4673 14.37 5.18E-09
2 0.8 0.4314 0.0654 5.60E-06 1.5934 16.64 5.60E-09
3 0.8 0.4179 0.0594 3.58E-06 1.5516 16.17 3.58E-09
4 1.5 0.4283 0.0762 9.10E-07 1.4146 18.37 9.11E-10
5 1.0 0.3885 0.0413 4.00E-06 1.4139 12.80 4.00E-09
6 0.8 0.3885 0.0413 4.00E-06 1.4139 12.80 4.00E-09
7 0.8 0.4195 0.0706 1.01E-06 1.4376 18.25 1.01E-09
8 1.5 0.4326 0.0688 7.54E-06 1.5741 17.52 7.54E-09
9 0.8 0.3995 0.0482 4.88E-06 1.4540 13.98 4.88E-09
10 0.6 0.4347 0.0644 5.09E-06 1.6172 16.00 5.09E-09
1 0.8 0.4222 0.0707 1.12E-06 1.4506 17.99 1.12E-09
Table 7 — Calibrated soil parameters value, Carson River
Class Depth [m] LR 9, Ksh [ms"] n o Ksv [ms"]
1 0.80 0.4576 0.0839 6.42E-05 2.5000 22.39 2.53E-07
2 1.10 0.4490 0.0779 1.50E-04 2.5000 20.87 2.63E-06
3 1.75 0.3883 0.0414 7.27E-05 2.5000 12.77 2.86E-07
4 1.15 0.2331 0.0413 1.35E-04 2.5000 12.80 5.99E-07
5 0.85 0.4058 0.0592 5.22E-04 2.5000 14.31 1.37E-06
6 1.15 0.4045 0.0572 3.44E-05 2.5000 16.86 4.64E-07
7 1.25 0.4326 0.0688 1.27E-04 2.5000 17.52 5.02E-07
8 1.70 0.4032 0.0505 8.75E-05 2.5000 14.37 3.45E-07
9 1.00 0.3885 0.0413 6.76E-05 2.5000 12.80 1.78E-07
Table 8 — Calibrated soil parameters value, American River
Class Depth [m] LA 9, Ksn [ms"] n a Ksv [ms"]
1 0.93 0.4032 0.0505 3.35E-05 2.5000 14.37 4.23E-08
2 1.00 0.4314 0.0654 5.47E-04 2.5000 16.64 3.25E-07
3 0.79 0.4179 0.0594 7.67E-05 2.5000 16.17 1.51E-07
4 0.88 0.4283 0.0762 1.82E-04 2.5000 18.37 2.73E-07
5 0.75 0.3885 0.0413 2.50E-05 2.5000 12.80 3.49E-08
6 0.65 0.3885 0.0413 2.50E-05 2.5000 12.80 3.49E-08
7 0.78 0.4195 0.0706 7.63E-05 2.5000 18.25 9.26E-07
8 1.15 0.4326 0.0688 1.05E-04 2.5000 17.52 2.25E-06
9 1.10 0.3995 0.0482 9.71E-05 2.5000 13.98 1.22E-07
10 0.70 0.4347 0.0644 1.02E-04 2.5000 16.00 7.65E-07
1 0.90 0.4222 0.0707 2.24E-05 2.5000 17.99 1.68E-07

Tables 9,10 — Channel (left) and Evapo-transpiration and Snowmelt (right) parameters value, Carson River and American River

Carson River and American River Carson River | American River
Strahler Order 1 2 3 4 5 6 B1 0.30 0.30
Manning Coefficient [0.075|0.065(0.055|0.050(0.045|0.040( 0.035 B2 0.90 0.85
River Bed Angle 16 | 22 | 27 | 32 | 3.7 | 45 Ts [°C] 1.5 1.8

The availability of the Snow Water Equivalent (SWE)
measurement allows to evaluate the model capability
to reproduce the snow accumulation and melting
process. For the Carson River this component is
critical, because the mean elevation is greater than
2000 m and the hydrological process is driven mainly
by the snow accumulation and melting process. The
following evaluation indexes for the SWE comparison
are computed: Bias, Root Mean Square Error (RMSE),
Correlation Coefficient (r) and Modified Correlation
Coefficient (rmod)-

3.3.1 American River

American River at North Fork Dam is rich of events
during the calibration period; its hydrological regime is

various and it includes many rain and mixed rain and
snow events. The events reported in Table 10 are
shown in the Figures 10-19 and along with their
evaluation indexes are shown. The comparison
between the calibrated and uncalibrated series and
the respective indexes reveals that the uncalibrated
model overestimates the flood events; the calibrated
model evaluation indexes, instead, are good both in
individual flood events and in long-term periods. The
calibration of the model allows to well reproduce the
flood and the low water events. In Figures 11 and 15,
the snow melting process is visible and the modeled
behavior is very similar to the observed one.
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Table 10 — American River: events and corresponding figures

Start Time End Time Peak [mss'1] Figure
07/03/1989 00:00 | 15/03/1989 00:00 334 10
01/03/1989 00:00 | 13/05/1989 00:00 334 11
01/03/1991 00:00 | 08/03/1991 00:00 507 12
07/01/1995 00:00 | 19/01/1995 00:00 751 13
09/03/1995 00:00 | 13/03/1995 00:00 631 14
06/04/1995 00:00 | 19/06/1995 00:00 463 15
04/02/1996 00:00 | 09/02/1996 00:00 550 16
16/01/1996 00:00 | 26/05/1996 00:00 550 17
26/12/1996 00:00 | 05/01/1997 00:00 1818 18
04/12/1996 00:00 | 12/02/1997 00:00 1818 19

Figure 10

Figure 11

Figure 12

192|

-11.66|

0.971|
0.909|
0.677|
0.941|

Uncalibrated ‘

1752 |
83.11 |
0719 |
0242 |
-5.371 |
-4.579 |

168 |
51.39 |
0933 |
0.890 |
0733 |
0858 |

Calibrated | Uncalibrated

192]
7611|
0.688)
0.354|
-4.850|
-1.648]

Calibrated | Uncalibrated

166 |
30181 |
0.756 |
0274 |
7.756 |
-3.459 |

Calibrated |
N° Data 288 288
PB [%] 24.18 81.73
r 0.832 0671
Timod 0652 0343
NS 0579 2.468
EV 0.690 -1.198

Figure 13
Calibrated | Uncalibrated
N° Data % %
PB [%] -3.93 108.48
r 0.979 0.839
Tmod 0.880 0.370
¢ NS 0035 5630
EV 0.941 1.343

Figure 14

Zalibrated | Uncalibrated ‘

| N-Data } 1776 | 1776 |
| Pe% | 1261 | -150 |
[ 0.930 | 0.760 |
[ 0.842 | 0.359 |
| ns | 0.620 | -1.265 |
| = | 0.864 | -1.265 |

Figure 15

Calibrated | Uncalibrated

| opata | 120 | 120 |
| sre | 511 | 87.69 |
[ 0.968 | 0.766 |
[ 0.803 | 0.208 |
| ns | 0.877 | -6.773 |
| v | 0881 | -5.461 |

Figure 16
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Calibrated ‘ Uncalibrat -d ‘
3144 | 3144
-028 | 618 |

Table 11 — American River: yearly and overall statistics for North Fork
Dam measurement station

03898 |
0.365 |
0.790 |
0.802 |

072 |
0.232 |
-6.030 |
5604 |

YEAR|N° Data [Peak [n°s"]|PB [%]] r | fmoa | NS | EV
1989 | 8308 334 27.0 095 092 087 090
1990 | 8759 89| 55.0 090 071 047 069
1991 | 7052 507] 61.00 093 078 068 079
1992 | 8783 164 93.8] 0.86] 062 0.11] 047
1993 | 8711 4871 94 092 088 084 o084
1994 | 8759 129] 106.3] 0.82] 0.47] -0.90] -0.15
1995 | 8759 751 -16.6] 0920 0.80] 083 085
1996 | 8783 738) 04 091 o083 083 083
1997 | 6527 1818] -9.3 0.98] 097 095 095
ALL | 75936 1818] 12.9) 0.94 089 o088 0.89

The yearly and overall indexes (Table 11) show that
the flood events are well reproduced on the whole
calibration period and they are worst in years without
significant flood events and better when the yearly
peak is large.

The event statistic indexes (Table 13) confirm the
good behavior of the model on the flood events,
showing a great improvement after the model
calibration.

Figure 17

Calibrated | Uncalibrated

2508 N° Data 240

PB [%] -11.41

r 0.964

Fmod 0.887

NS 0.901

= EV 0914

Figure 18

Table 12 — American River: selected events for event statistics

Event Start Time End Time Peak [mss'1]
1 08/03/1989 00:00 10/03/1989 00:00 331
2 11/03/1989 08:00 13/03/1989 00:00 334
3 24/03/1989 00:00 28/03/1989 00:00 294
4 01/03/1991 00:00 08/03/1991 00:00 507
5 20/01/1993 00:00 22/01/1993 00:00 374
6 22/01/1993 00:00 24/01/1993 00:00 484
7 07/01/1995 00:00 13/01/1995 00:00 751
8 13/01/1995 00:00 17/01/1995 00:00 532
9 09/03/1995 00:00 10/03/1995 19:00 615
10 10/03/1995 19:00 13/03/1995 14:00 632
11 01/05/1995 03:00 04/05/1995 00:00 463
12 04/02/1996 00:00 09/02/1996 00:00 550
13 01/01/1997 00:00 05/01/1997 00:00 1818

Table 13 — American River: event statistics for

Calib ated ‘ Uncalibrated ‘
1680 | 1680 |
1323 | 57.11 |
2.964 | 0.847 |

measurement station
North Fork Dam - American River
Calibrated Uncalibrated
N° Events 13 13
ER [%] 13.43 78.77
EP [%] 17.18 101.45
ET [h] 4.00 7.31

2.954 | 0.508 |
2.921 | -0.075 |
2.027 | 0.045 |

Figure 19

North Fork Dam

Table 14 — American River: Snow Water Equivalent statistics for Blue
Canyon measurement station

Blue Canyon - American River - 1610 m
N°Data | BIAS [mm] | RMSE [mm] r 'mop
1988 105 -23.6 38.6 | 0.922 0.789
1989 163 -35.4 48.4 | 0.987 0.742
1990 131 -32.4 51.1] 0.913 0.664
1991 243 -3.9 15.4 | 0.978 0.807
1992 112 -4.7 46.9 0.59 0.39
1993 325 -23.6 52.9 | 0.988 0.772
1994 318 -29.6 57.8 | 0.885 0.291
1995 337 -57.2 128.7 | 0.224 0.054
1996 362 -9.3 29.2 | 0.889 0.518
ALL 2419 -24 62.9 | 0.848 0.589
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Table 15 — American River: Snow Water Equivalent statistics for

Huysink measurement station

Table 16 — Carson River: events and corresponding figures for both

the calibration stations, respectively Gardnerville and Markleevilee

Huysink - American River - 2012 m Start Time End Time Peak [mzs"] Figure
N°Data | BIAS [mm] | RMSE [mm] r T'op 05/01/1993 00:00 | 26/07/1993 00:00 74 - 84 20, 25
1988 137 -287 316 | 0.542| 0.268 09/03/1995 00:00 | 13/03/199500:00 | 168 - 167 21,26
1989 202 -153 229.8 | 0.766| 0.753 24/04/1995 00:00 | 24/07/199500:00 | 113 - 145 22, 27
1990 208 -116 1774| 069| 033 22/04/1996 00:00 | 18/06/1996 00:00 | 200 - 221 23,28
1991 313 -92.6 157.5| 0.708 | 0.324 25/12/1996 00:00 | 12/01/1997 00:00 527 29
1992 225 -145 221.7 | 0.339| 0.187 16/03/1997 00:00 | 26/06/1997 00:00 61-63 24,30
1993 276 -34.3 205.5| 0.909 | 0.858
1994 300 -134 222.3| 0.663| 0.208
1995 230 -174 347.9| 0.875] 0.422
1996 365 -122 246 | 0.791| 0.462 catorated | Uncalbrated
ALL 2576 -115 224.6 0.81 0.697 N° Data 4847 4347
PB [%] -0.82 7032
r 0906 0825
The show accumulation and melting module of the e
TOPKAPI model is simple and it requires only one

parameter: the snow formation temperature threshold.
The American River basin mean elevation is low and
in winter the temperature is often close to 0° C, so the
uncertainty about the real status of the precipitation is
high and some rain events are mistaken for snow
events and vice versa; this behavior is clearly visible in
Figure 13. The SWE statics evaluation indexes
(Tables 14 and 15) are not so good, especially for the
lower measurement station, Blue Canyon.
Nevertheless, due to the low elevation of the basin,
the snow accumulation and melting component is not
very significant, hence the TOPKAPI model well
reproduces the flood events for the most part of the
period of simulation.

3.3.2 Carson River

The Carson River hydrological regime is mainly
determined by the snow accumulation and melting
process; on the whole calibration period there are few
great floods events and the snow melting during the
spring and summer seasons is the main event in many
years. In this basin, the making process of the flood
events is influenced mainly by the quantity of snow
that melts and infiltrates in the soil. This quantity is
significant for the determination of the soil saturation
state: if it is underestimated and a significant rain
event occurs, the consequent flood event will be
underestimated and the opposite happens when the
soil saturation is overestimated.

On this river the model behavior is variable: in some
years the snow melting occurs late (Figures 20 and
25), in other years it is on time (Figures 24 and 30) or
in advance (Figure 22 and 27). Nevertheless, the
individual event evaluation indexes are quite good and
similar are the events statistics (Tables 19 and 21)
and the yearly and overall statistics indexes (Table 17
and 20); also on this basin the years with the main
floods events have better results.

Where the elevation is high, the temperature is often
lower than 0° C, and the precipitation is often snow;
this is the reason of the good SWE indexes (Tables
22-25), especially on the higher measurement
stations.

EV 0.673 -4.283

Figure 20

Calibrated | Uncalibrated

96 95

1282 10007

r 0.305 0.415

N Tt 0.694 0.110

= i NS 0615 73505
i P EV 0645 43540

Figure 21

Calibrated | Uncalibrated
2184 2134
-5.70 7760

F 0.869 0.528

Timod 0.862 0119

N§ 0713 -20.213

EV 0741 -15.110

Figure 22
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.z Uncalibrated
N° Data 1368 1368

PB [%] 10.51 74.64

r 0.920 0817

[ 0.804 0158

NS 0.787 -21.192

EV 0.523 -15.344

Figure 23

Table 17 — Carson River at Gardnerville: yearly and overall statistics

YEAR | N° Data | Peak [m°s™"][PB[%]| r | rmoa | NS | EV
1991 8755 38| 882 085 047 -0.72] -0.23
1992 | 8776 27| 137.8] 0.94] 0.44] -2.12] -0.55
1993 | 8756 84 -1.7] 092 083 0.81 0.81
1994 | 8758 31 79.3] 092 050 -0.46 0.02)
1995 | 8520 167 -19.2] 0.95] 0.81 0.86] 0.89
1996 | 8685 221 3.5 093 0.86 0.86 0.8
1997 | 6415 527 0.8 090 0.72] 0.80] 0.80]
ALL | 60869 527| 13.9 0.89 0.81] 0.79] 0.80

Calibrated | Uncalibrated

N°® Data 2448 2448
PB [%] 2111 52.28
r 0934 0768
Fmas 0.669 0.188
NS 0328 -12.388
EV 0.880 -10.358

Figure 24

The model behavior on both the measurement
stations is similar. The Markleeville station is upstream
with respect to the Gardnerville station and it includes
the main event registered on the whole calibration
period (Figure 29), missed by the Gardnerville station.
This event is underestimated by the model and it has
a different shape, probably due to the presence of the
snow.

It has to be noticed that the calibration at Gardnerville
is the best one as well for Markleeville. This means
that the TOPKAPI model is able to well reproduce the
behavior of the river also in points different from the
calibration one. This is a great feature of the TOPKAPI
model and it highlights the physical bases of the

model and the respect of the physical meaning of the
parameters.

Table 18 — Carson River: selected events for event statistics, for both
the calibration stations, respectively Gardnerville and Markleeville

Event Start Time End Time Peak [m3s'1]
1 09/03/1995 00:00 10/03/1995 14:00 124 - 153
2 10/03/1995 14:00 12/03/1995 00:00 168 — 167
3 01/05/1995 00:00 04/05/1995 00:00 105 - 134
4 15/05/1996 15:00 18/05/1996 00:00 200 - 221
5 26/12/1996 00:00 06/01/1997 00:00 NA - 527
Table 19 - Carson River: event statistics for Gardnerville

measurement station

Gardnerville - Carson River
Calibrated Uncalibrated
N° Events 4 4
ER [%] 6.26 329.48
EP [%] 38.34 699.20
ET [h] 1.50 2.75
Calibrated | Uncalibrated
N° Data 4846 4846
PB [%] 572 59.27
r 0.901 0.791
Tnos 0760 0279
NS 0.726 -4.042
EV 0.731 3555

Figure 25

_ Caligrated | Uncalisrated
§° Data o6 23

B[] -33.32 268 54

r 0785 0.7

Mz 0604 0118

NS 0126 -42 276

EY 0.334 28743

Figure 26
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Figure 27

Figure 28

Table 20 — Carson River at Markleerville:

*| calibrated | uncalibrated

N° Data 2184 84
PB [%] 1518 s878
v 0855 0534
Tt 0.683 0153
NS 0508 0430
EV 0.728 6423

<alibrated | Uncalibrated

N° Data 1360 1368
PB [%] 017 6050
r 0.387 0756
[ 074 0168
NS 0.784 -14.818
EV 0.784 13,356

yearly and overall statistics

Figure 30

Table 21 -

Carson River:

measurement station

Calibrated | Unealibrated

2339 2338

1525 4910

r 0925 0.685

Tanaz 0.662 0.172
NS 047e -11.975
EV 0634 -10.367

event statistics for

Markleeville - Carson River

Calibrated Uncalibrated
N° Events 5 5
ER [%] 24.75 211.43
EP [%] 30.28 382.71
ET [h] 7.20 7.80

Markleeville

Table 22 — Carson River: Snow Water Equivalent statistics for Spratt
Creek measurement station

YEAR| N° Data | Peak [m®s"] [PB [%]] r fmod | NS EV Spratt Creek - Carson River - 1864 m
1991 | 8743 39] 102.3 0.84 0.44] -1.28] -0.46 N°Data | BIAS [mm] | RMSE [mm] r Mmon
1992 | 8782 27| 160.5 0.93] 0.0 -3.51 -1.02 1990 364 17.2 38| 0.893| 0.468
1993 | 8757 74 358 092 079 079 079 1991 364 37.4 64.7] 0739] 026
1994 | 8733 32| 110.0] 0.94 047 -1.20] -0.23 1992 365 10.4 27.2| 0.964] 0.558
1995 | 8253 168]  -7.7] 0.96] 092 0.91 092 1993 364 1104 198.5] 0.863| 0.424
1996 | 8669 2000 19.2] 0.93 091 o0.84 086 1994 364 15.4 334| 094] 0559
1997 | 4997 385 13.5 0.94] 0.83 0.88 0.88 1995 364 95 1609 0.762] 0.242
ALL | 59125 385 28.0 091 091 079 082 1996 365 472 845| 076] 0283
ALL | 2915 49.7 108.7 | 0.832] 0.354
Zalibrated | Uncalibrated
N° Data 432 432
PB [ 1'39:: gaﬂz? Table 23 — Carson River: Snow Water Equivalent statistics for Poison
r; Lh2s D;g: Flats measurement station
N§ 0.732 7741 Poison Flats - Carson River - 2358 m
EV 0781 7241 N°Data | BIAS [mm] | RMSE [mm] r f'vop
1990 364 0.9 6.9 0.998| 0.988
1991 364 24.1 46.7| 0.963] 0.793
1992 365 14.5 27.7] 0.994] 0.769
1993 364 3.2 41.1] 0989 0.983
1994 363 1.1 23.4] 0978 0941
1995 364 -20.1 69.4| 0973] o0.868
1996 365 12.6 407] 0974 0.934
ALL | 2914 12.2 56.9] 0957 0916

Figure 29
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Table 24 — Carson River: Snow Water Equivalent statistics for Ebbets
Pass measurement station

Ebbets Pass - Carson River - 2672 m
N°Data | BIAS [nm] | RMSE [mm] r 'mop
1990 364 -11.7 26.3 | 0.988 0.974
1991 364 45.2 99.1 ] 0.955 0.717
1992 365 11.3 21.9 ] 0.997 0.946
1993 364 70.9 112.6 | 0.989 0.901
1994 364 37.1 51.6 | 0.996 0.843
1995 364 -6.7 37.9 ] 0.999 0.97
1996 365 6.1 36.3 ] 0.996 0.993
ALL 2915 22.4 65.8 | 0.991 0.964

Table 25 — Carson River: Snow Water Equivalent statistics for Blue
Lakes measurement station

Blue Lakes - Carson River - 2456 m
N°Data | BIAS [nm] | RMSE [mm] r 'mop
1990 364 -52.2 105.9 | 0.822 0.665
1991 364 -2.7 52.2' | 0.969 0.893
1992 365 -17.2 69.7 | 0.933 0.918
1993 364 -38.7 160.3 | 0.941 0.929
1994 364 2.3 79.7 | 0.907 0.794
1995 364 -58.6 203 | 0.949 0.921
1996 365 -16.6 116.2 | 0.938 0.937
ALL 2915 -19 118.7 | 0.953 0.943

4 CONCLUSION

The hydrological physically based and fully distributed
TOPKAPI model has been applied to the Sierra
Nevada basins within the DMIP 2 Project. The two
used basins are quite different: Carson River basin
has an high mean elevation and its hydrological
regime is mainly influenced by the snow melting
process; American River basin is lower and it has a
more complex hydrological regime with many flood
events during the year and the snow melting process
is less significant.

On the American River the streamflow series is well
reproduced, even if, due to the winter temperature,
often close to 0° C, some rain events are mistaken for
snow events and vice versa. Nevertheless, both the
overall and the event evaluation indexes are optimal.
Carson River basin’s mean elevation is high and the
snow melting process is the main component of its
hydrological regime; the accuracy of the model snow
melting module is a critical factor to obtain good model
performance. One of the tests requested in the DMIP
2 modeling instruction was to calibrate the model at
the downstream section, Gardnerville, without using
the observed streamflow data at the upstream section,
Markleeville, and afterwards it was requested to
calibrate the model at Markleeville. The model has
been calibrated at Gardnerville and the simulation at
Markleeville was produced. This simulation well
reproduces the river behavior and calibrating at
Markleeville best results are not obtained. The
possibility to have simulations also in ungauged
interior points of the basin is one of the distributed
model benefits with respect to a non distributed model.
The obtained results demonstrate that the TOPKAPI

model is capable to reproduce these simulations with
good performance.

Another benefit of the distributed models is the ability
to reproduce streamflow also in entirely ungauged
basins, using the parameters value available in
literature. In this application, the comparison between
the calibrated and uncalibrated simulations shows that
using literature parameters value gives poor
performance and that flood events are always
overestimated; this is mainly due to the low values of
the horizontal and vertical conductivities. The sub-
surface flow occurs in the superficial soil layer, not
composed by compact terrain, as the literature
parameters value referred to. Hence, it is reasonable
to use, as uncalibrated parameters, values of
horizontal and vertical conductivities greater than the
literature ones. Good knowledge and experience on
calibrating the model allows to obtain good
performance also in ungauged basins. The
comparison between calibrated and uncalibrated soil
parameters (Tables 5 and 7 for Carson River and
Tables 6 and 8 for American River) shows that the
calibration concerned mainly the soil thickness and
conductivities, The latters are about 1 or 2 orders of
magnitude greater than the uncalibrated values and
this is a common behavior encountered in most of the
model applications. Thus, often is sufficient to
increase these values without calibrating the model to
obtain reasonable performances.
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