
1. Introduction

River flow forecasting is very important as a basis for
early flood warning. For forecasts more than 12 hours
ahead, it is necessary to use rainfall data predicted by a
mesoscale weather forecast model as the input to a rain-
fall-runoff model. However, because the grid size of
operational mesoscale forecast models is still too coarse
(16 km at best) to predict catchment-scale rainfall
smaller than 200 km2, this method has not been used
except for a large-scale catchment (Miller & Kim,
1996). One way of constructing river flow forecasts
using mesoscale model output is to disaggregate the
rainfall data onto a smaller grid.

To disaggregate the rainfall data provided by a
mesoscale model, a fine-mesh full-dynamic cloud
model may be used (e.g. Lilly, 1990). However, such a
model requires sophisticated initial conditions and a
supercomputer for calculation, and thus does not pre-
sent a realistic approach for operational use at present.
Another approach to spatial rainfall disaggregation is to
use a ‘diagnostic’ rainfall model capable of estimating
small-scale precipitation using mesoscale meteorologi-
cal data. The basic concept of such models is recalcula-
tion of the rainfall field by introducing the effect of
small-scale topography which is not allowed for in the
large-scale model. This type of model was first pre-
sented by Collier (1975). He demonstrated that the
mean error of the simulated rainfall was 10% over an
area of 1000 km2 and 20% over 100 km2. Bell (1978)
improved this model by introducing cloud physics.
Similar models have been developed by Alpert (1986)
and Sinclair (1994).

The merit of a Collier-type model is simplicity. It
requires only a workstation or a personal computer for
calculation. On the other hand, the weakness of the
model is its treatment of convection. It does not explic-
itly represent the behaviour of individual convective
clouds. The precipitation from convective clouds is cal-
culated by the cumulus parameterisation used in a
large-scale model. However, it is known that the distri-
bution of rainfall is strongly dependent on small-scale
topography, especially for heavy rainfall events (e.g.
Oki et al., 1991); thus this type of model is considered
to be useful for rainfall disaggregation for a storm
event. 

The validity of a Collier-type model and its possible
value for hydrological use has been emphasised by
many workers (Collier, 1975; Bell, 1978; Alpert &
Shafir, 1989; Sinclair, 1994). However, there is no study
that actually attempts river flow forecasting using such
models. In the present study we carry out river flow
forecasting using a rainfall model similar to that devel-
oped by Collier (1975). The rainfall data predicted by
the UK Met Office Mesoscale Model, provided on a
16.8 km grid, are disaggregated onto a 2 km mesh.
River flow is calculated by a grid-based distributed
rainfall-runoff model developed by the Centre for
Ecology and Hydrology (Moore & Bell, 1996; Bell &
Moore, 1998a, 1998b). We investigate a case study of a
thunderstorm event over the Brue catchment in south-
west England using the models. The accuracy of river
flow forecasting with this method is discussed.
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2. Models

2.1. Outline of the procedure

Figure 1 shows the procedure adopted for river flow
forecasting. The UK Met Office Mesoscale Model
employs the Unified Model, which is non-hydrostatic
and compressible, and whose spatial resolution is
0.15 degrees (16.8 km) in the horizontal with 28 levels
in the vertical. An outline of the Unified Model is given
by Cullen (1993). Mesoscale Model predictions of hor-
izontal wind (u–, v–), pressure (p–), temperature (T–), rela-
tive humidity (rh) and rainfall intensity at the surface
(I–) are provided to the rainfall model every 15 minutes.
The rainfall model disaggregates the rainfall data onto a
2 km grid which are then passed to the rainfall-runoff
model configured on the same grid. A simple distrib-
uted rainfall-runoff model is used which employs a soil
water accounting procedure within each 2 km grid
square and an advection-diffusion routing model based
on isochrone and storage concepts (Moore, Bell,
Roberts et al., 1994; Moore & Bell, 1996; Bell & Moore,
1998a, 1998b). The basic formulation of the rainfall-
runoff model is outlined in Appendix A. River flow is
calculated by the model every 15 minutes.

2.2. Formulation of the rainfall model

The concept of the rainfall model used in this study is
the same as that in Collier (1975), Bell (1978), Alpert
(1986) and Sinclair (1994), which calculates the rainfall
field by adding the effects of small-scale topography

not treated in the Mesoscale Model. The modification
here is the introduction of a terrain-following coordi-
nate system to support the raindrop drift calculation.
First of all, the continuity equation of the raindrop
mixing ratio (the mass of raindrops per unit mass of dry
air), Qr, is given by (e.g. Kessler, 1969):

(1)

where x, y and z are the space coordinates increasing
eastward, northward and upward respectively, t is time,
u, v and w are the wind components, ρ is the density of
air, Vr is the fall speed of raindrops, P1 and E1 are the
production and evaporation rates of Qr respectively.
Physical quantities in equation (1) can be separated into
mesoscale fields (denoted by overbars) and small-scale
perturbations (denoted by primes) as: 

(2)

In equation (2) air density and wind components
involved in advection are approximated by those in the
mesoscale field. The terminal velocity of raindrops, Vr,
is not separated because the raindrops produced by the
mesoscale forcing and those formed by the small-scale
perturbation are assumed to fall together with the same
speed. Here Q

—
r satisfies the following equation:

Thus equation (2) is reduced to:

(3)

Assuming a steady state then:

(4)

In the present model we consider the effects of small-
scale topography as the perturbation. Thus Qr′ here
represents the deviation of raindrop mixing ratio
caused by additional condensation (P′1) and evapora-
tion (E′1) due to small-scale topographic forcing. The
steady-state assumption implies that the distribution of
Qr′ instantaneously adjusts to the mesoscale field.
Strictly speaking this is not correct. However, because
the parameters given by the Mesoscale Model are not
so exact as to calculate the rainfall variation within the
time-step (15 minutes), this assumption is considered to
be acceptable. 

Because the values of u–, v–, w– and ρ– are directly pro-
vided from the Mesoscale Model, equation (4) can be
solved for Q′r numerically when Vr, Q

—
r, P′1 and E′1 are

parameterised. This equation is solved here on the ter-
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Figure 1. Procedure for river flow forecasting.
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rain-following coordinate system to support the rain-
drop drift calculation. The coordinate transformation,
parameterisations for Vr, Q

—
r, P′1 and E′1, and numerical

schemes are given in Appendix B. Finally, rainfall
intensity, I, is calculated as:

(5)

The horizontal domain of the calculation is 40 km and
36 km in the x and the y direction, respectively. In
order to avoid the underestimation of drifting rain-
drops near the lateral boundaries, the region of 20 km
by 16 km near the centre of the domain is used for the
assessment (the region shown in Figure 2(b)). The hor-
izontal grid size is 2 km in both directions. The top of
the vertical domain is at the 10 km level, and the verti-
cal layer is divided into 20. Variables in the Mesoscale
Model are interpolated onto a 2 km grid using the mul-
tiquadric method (Moore, May, Jones et al., 1994)
before they are passed to the rainfall model. The gradi-
ent of Qr′ is assumed to be zero at all the boundaries.

3. Case study

3.1. Description of the catchment

The Brue catchment in Somerset, England, is used in a
case study to assess the approach. Figure 2 shows the
location and the topography of the Brue catchment.
The drainage area of the catchment is 135 km2. It
includes hills rising to about 150 m to the east, whilst
the western part is relatively low-lying. This catchment
has been the focus of the Hydrological Radar
Experiment, HYREX (Moore, Carrington, Jones et al.,
1994). The catchment is equipped with 49 recording
raingauges and is continuously scanned by two opera-
tional radars to the west and south. The dense rain-
gauge network provides the opportunity to evaluate
the performance of the rainfall model with significant
accuracy.

3.2. The event of 7 June 1996

On 7 June 1996 the weather in England was unstable.
An episode of thundery rain was observed from morn-
ing to midnight. In the evening after 1800 GMT, strong
thunderstorms passed over south England and rainfall
in excess of 20 mm was observed around the Brue
catchment. Figure 3 shows the sea-level pressure at
1800 GMT on 7 June 1996. There are two fronts across
Britain with thunderstorms developing. 

Figure 4(a) is the radar-echo pattern at 2000 GMT
derived from the Wardon Hill radar located 40 km
south of the Brue catchment. A cluster of radar echoes
passed through southern England, with the direction of
storm movement from south-southwest to north-
northeast. The development and movement of the clus-
ter are successfully forecast by the Mesoscale Model
(Figure 4(b)). However, the cluster consists of one large
and weak cell in the model forecast, while it is actually
composed of several small and strong cells as indicated
by the radar observation. In addition, the cluster has
already passed the Brue catchment in the Mesoscale
Model forecast, while it is still over the catchment as
indicated by the radar observation. 

For the evaluation of model performance, the following
three measures are used: the root mean square error
(rmse), the correlation coefficient (rc) and the goodness
of fit (R2). The definitions of the measures are given in
Appendix C. 

The initial condition of the Mesoscale Model forecast is
the analysis at 1200 GMT on 7 June 1996. Rainfall fore-
casts are made every 15 minutes until 2200 GMT on 8
June 1996. River flow forecasts are constructed using
rainfall model output for the 48-hour period starting at
1200 GMT on 7 June 1996. The parameters used in the
rainfall-runoff model have been calibrated using the
observed flow from 0000 GMT on 1 April to 0000

River flow forecasting
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Figure 2. (a) The location of the Brue catchment within the UK. (b) Topography and raingauge network within the Brue catch-
ment. (Hatched area: higher than 75 m; black area: higher than 150 m; the open circles denote raingauges.)
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GMT on 7 June 1996. In order to minimise the effect of
initial conditions, the rainfall-runoff model had been
run for one month using raingauge data before being
used for forecasting.

3.3. Forecast result

Figure 5 compares the horizontal distribution of total
rainfall from 1200 GMT to 2200 GMT on 7 June. The
raingauge observations indicate that the rainfall is dis-
tributed in a band running from south-southwest to

north-northeast with the maximum rainfall reaching
37.5 mm. By comparison, the rainfall is distributed
almost uniformly in the Mesoscale Model. This is
because the grid size of the Mesoscale Model is too
coarse to predict the rainfall distribution within the
catchment. However, the band-shaped rainfall pattern
is predicted by the rainfall model although the band is
located slightly to the west of that observed. The max-
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Figure 3. Surface sea-level pressure at 1800 GMT on 7 June
1996. Contours are drawn every 4 hPa.

Figure 4. Rainfall intensity at 2000 GMT on 7 June 1996 (a)
derived from Wardon Hill C-band radar and (b) forecast by
the Mesoscale Model. Contours are drawn every 4 mm h–1. 

Figure 5. Distribution of total rainfall from 1200 GMT to
2200 GMT on 7 June 1996 using raingauges, the Mesoscale
Model and the rainfall model.



imum rainfall from the rainfall model is 27.5 mm,
which is 26.7% smaller than the observed amount. 

Figure 6 compares the time variation of the hourly
catchment average rainfall based on the raingauges, the
Mesoscale Model and the rainfall model. The raingauge
data are interpolated onto the 2 km grid using the mul-
tiquadric method and the catchment average rainfall
obtained as the area-weighted mean rainfall of all the
grid rainfalls. A strong peak in rainfall which reaches 9
mm h–1 is observed by the raingauges at 2100 GMT.
The existence of the peak is forecast by the Mesoscale
Model, but its intensity is much weaker and it appears
an hour earlier than the raingauge observation. This is
consistent with Figure 4 which shows that the cluster
of strong echoes is forecast as a weak rainfall region
which has passed over the Brue catchment earlier than
that observed. With the use of the rainfall model, the
underestimation of the rainfall peak is slightly cor-
rected. It should be noted that the rainfall from the
rainfall model indicates larger values especially when
heavy rainfall is predicted. This reflects the fact that the
low-level air is moist and favourable for orographic
enhancement when rainfall is strong. However, the
peak in the model rainfall is still weaker and the timing
is earlier than that indicated by the raingauge data. 

The model performance in terms of catchment average
rainfall and rainfall distributions is summarised in
Table 1. The error in the total rainfall amount is –29%
for the Mesoscale Model. This underestimation is cor-
rected by the rainfall model, reducing the error to
–19.7%. The error in the maximum hourly rainfall is
also reduced from –36.7% to –28.9%. R2 and the rmse
statistics for the time variation of catchment-average
rainfall are slightly improved by the rainfall model. A
negative correlation coefficient is obtained for the rain-
fall distribution of the Mesoscale Model, but this
becomes positive for the rainfall model with a value of
0.21. The rmse for the distribution of the total rainfall,
which is relative to the interpolated raingauge data on
the 32 grid points in the catchment, reduces by 1.1 mm
(5%) with the use of the rainfall model. 

Figure 7 shows the observed and rainfall-runoff model
predicted hydrographs for the 48-hour period starting
1200 GMT on 7 June. The forecast hydrograph
obtained using raingauge data is slightly different from
the observed flow. This is due in part to the calibration
error of the rainfall-runoff model. The hydrographs
produced using Mesoscale Model and rainfall model
outputs begin to rise earlier than the observed flow,
reflecting the overestimation of rainfall before 1800
GMT (Figure 6). However, the time of the peak flow is
nearer to that observed than when raingauge data are
used. This is because the model calibration error offsets
the error of the rainfall prediction. Performance mea-
sures for flow forecasts are shown in Table 2. The error

River flow forecasting

Figure 6. Time variation of hourly catchment-average rain-
fall using raingauge data and forecasts from the Mesoscale
Model and the rainfall model for the period 1200 UTC on 7
June to 1200 UTC on 9 June 1996.

Table 1. Performance measures for catchment-average rainfall and for the distribution of total rainfall from 1200
GMT to 2200 GMT on 7 June 1996. The rmse and R2 statistics for the catchment-average rainfall are calculated
over 41 data values in the period. The rmse and rc statistics for the rainfall distribution are computed over 32 grid-
points within the catchment.

Data type Catchment-average rainfall Rainfall distribution

Total Hourly R2 rmse rc rmse
amount maximum
(Error) (Error)

Raingauge 21.3 mm 9.0 mm – – – –  
Mesoscale Model 15.1 mm 5.7 mm

(–29.0%) (–36.7%) 0.32 4.1 mm  –0.39 9.7 mm  
Rainfall model 17.1 mm 6.4 mm

(–19.7%) (–28.9%) 0.35 4.0 mm 0.21 8.6 mm  
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in the total amount of flow is –30.8% for the Mesoscale
Model prediction. With the use of the rainfall model,
the error decreases to –11.9%. The peak flow error is
–10.6% when raingauge data are used, –54.0% using
the Mesoscale Model data and –39.8% using the rainfall
model data. The error in the rainfall model prediction is
attributed to the underestimation of the maximum
rainfall intensity (Figure 6). The goodness of fit, R2, is
considerably improved by the rainfall model, which
reflects the small error in forecasting the total flow
amount.

4. Summary and discussion

River flow forecasts were produced for the thunder-
storm event on 7 June 1996 over the Brue catchment in
southeast England. The rainfall forecasts from the UK
Met Office Mesoscale Model, provided on a 16.8 km
grid, were disaggregated onto a 2 km grid using a rain-
fall model which adds the effect of finer-scale topogra-
phy to the Mesoscale Model output. River flow was
forecast using a distributed rainfall-runoff model con-

figured on the same 2 km grid. The results obtained
indicate that the error in the predicted total amount of
flow is –11.9%, while that of the peak flow is –39.8%.

The rainfall model has the effect of reducing the error
in the maximum rainfall intensity from the Mesoscale
Model (Figure 6). It strengthens the rainfall especially
when heavy rainfall is predicted, because the low-level
air is moist and favourable for orographic enhancement
during the strong rainfall period. However, the maxi-
mum rainfall intensity from the rainfall model is still
smaller than that from the raingauges. As shown in
Figure 4, the Mesoscale Model forecasts a cluster of
convective cells as a broad and weak rainfall region. It
is considered that not only the effect of small-scale
topography but also the behaviour of such convective
cells contributed to the strong peak. Introduction of
the behaviour of the convective cells into the rainfall
model is necessary for further reduction of the error. 

The rainfall model successfully forecasts the band-
shaped rainfall region within the catchment, although
the predicted band was located slightly to the west of
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Figure 7. Hydrographs of observed flow and those forecast using raingauge data, the Mesoscale Model output and the rainfall
model output for 7 June 1996.

Table 2. Comparison of the river flow from 1200 GMT on 7 June to 1200 GMT on 9 June. The rmse and R2 are
calculated over 193 data values in this period.

Data types Total amount of flow Peak flow R2 rmse
(Error) (Error) 

Observation 2.93 × 105 m3 6.94 m3 s–1 – –  
Predicted using raingauges 3.20 × 105 m3 6.20 m3 s–1

(9.1%) (–10.6%) 0.87 1.34 m3 s–1

Predicted using Mesoscale Model 2.03 × 105 m3 3.19 m3 s–1

(–30.8%) (–54.0%) 0.63 2.24 m3 s–1

Predicted using rainfall model 2.58 × 105 m3 4.18 m3 s–1

(–11.9%) (–39.8%) 0.81 1.54 m3 s–1



that observed (Figure 5). In addition, the correlation
coefficient relative to the observed rainfall pattern
changes from negative to positive under the influence
of the rainfall model (Table 1). This fact suggests that
the rainfall model is a useful tool in estimating the rain-
fall pattern within the catchment. The slight difference
in the location of the band is considered to be caused by
the effect of convective cells; probably, the eastern side
of the band, which is not predicted by the rainfall
model, was produced by the passage of convective cells. 

The total amount of flow is well forecast by the models
(Table 2). This is due to the total amount of rainfall
during the storm also being predicted well (Table 1).
The result is not unexpected because other workers
also show good results for the simulation of 3-hour to
24-hour total rainfall using similar models (Collier,
1975; Bell, 1978; Alpert & Shafir, 1989; Sinclair, 1994).
The good result in this case is due to the fact that the
errors in the rainfall peak are offset by the overestima-
tion of the rainfall before 1800 GMT (Figure 5). More
case studies are needed to support this result. On the
other hand, the error in the peak flow is relatively large.
This is apparently due to the underestimation of the
maximum rainfall intensity. As discussed above, it is
considered that the behaviour of convective cells is the
main cause for this error.

This study is the first demonstration of river flow fore-
casting for a small catchment using mesoscale model
output. The result here is for a moderately hilly catch-
ment. It is likely that the rainfall model will be of even
greater use for mountainous catchments where strong
orographic rainfall is experienced. Results from further
case studies are needed to clarify whether or not this
approach is useful for early flood warning.

Appendix A. Formulation of the rainfall-runoff
model

The rainfall-runoff model used in this study is of a dis-
tributed type which employs a simple soil water
accounting procedure within each 2 km grid square and
an advection-diffusion routing model based on
isochrone and storage concepts. Generation of runoff
from a given grid-square is accomplished by conceptu-
alising the grid-square as a simple storage. The key ele-
ment in the conceptualisation is that the depth of the
store representing water absorption capacity is deter-
mined by the average terrain gradient within the square
as measured from a digital terrain model (DTM).
Specifically, the following linkage function is used to
relate maximum storage capacity, Smax, to the average
terrain gradient, a–, within a grid-square:

The parameters amax and cmax are upper limits of gradi-
ent and storage capacity respectively and act as
‘regional parameters’ for the catchment. A measure-
ment of average terrain gradient for each grid square of
the catchment is obtained from the DTM.

A grid storage loses water in three possible ways. If the
storage is fully saturated from previous rainfall then
any net addition of water spills over and contributes
‘direct runoff’ to the fast catchment response. Drainage
from the base of the store is controlled by the volume
of water in store and contributes to the slow catchment
response. Thirdly, water is lost via evaporation to the
atmosphere. Specifically, a water balance is maintained
as follows for each grid square and time interval of
duration ∆t. Evaporation loss occurs at the rate, Ea,
which is related to the potential evaporation rate, E,
through the relation:

where D = Smax – S is the storage deficit and D* is the
threshold deficit below which evaporation occurs at the
potential rate. The value of D* is common across grid
squares. 

Drainage from the grid storage, which contributes to
the slow catchment response, occurs at the rate:

where kd is the storage constant and the exponent β is a
parameter (set here to 3).

The direct runoff rate is calculated as:

q = max(0, S – Smax) + I ∆t

where I is the rainfall rate and the updated water stor-
age is given by:

S = max(0, S + I ∆t – Ea  ∆t – d ∆t) 

The construction of isochrones – lines joining points of
equal time of travel to the basin outlet – has been
achieved by assuming that water travels with only two
velocities depending on whether it is associated with a
hillslope or in a river channel. Each isochrone strip is
represented by a discrete kinematic wave to introduce
diffusion into the isochrone formulation. Specifically,
the n isochrone strips are replaced by a cascade of n
reaches, with the outflow from the kth reach at time t
represented by:

River flow forecasting
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Here, rt
k is the outflow rate from the kth isochrone

strip calculated for the interval (t-1, t) and serves as the
lateral inflow to the kth reach. The flow rate qt

l corre-
sponds to the total outflow from the catchment. The
parameter θ is related to the kinematic wave speed.

In the present context  rt
k relates to direct runoff or

drainage depending on whether the routing model is
used to represent the fast or slow pathway to the catch-
ment outlet. The approach adopted here routes direct
runoff and drainage separately using two parallel kine-
matic wave models, characterised by different wave
speeds θs and θb respectively, but sharing the same spa-
tial discretisation defined by the set of isochrones. The
routing parameters θs and θb and drainage parameter kd
are estimated by calibration to give the best model fit.

Appendix B. The terrain-following coordinate
and parameterisations 

Equation (4) is transformed into the terrain-following
coordinate system as follows. The vertical coordinate,
ζ, is defined as:

where Zs(x, y) is the elevation at the ground and Zt is
the depth of the model domain. Equation (4) can be
rewritten in the (x, y, ζ) system as:

(B1)

where:

The transformation rate between water vapour and
raindrops due to the topographic effect, Pc, following
Sinclair (1994), is given by:

where Qs is the saturation mixing ratio of water vapour,
L is the latent heat of condensation, R is the gas con-
stant for dry air, Rv is the gas contant for water vapour,
cp is the specific heat at constant pressure, g is the accel-
eration due to gravity, w′ is the vertical velocity due to
small scale topography, and:

The parameter λ1 represents the dependence of Pc on
the relative humidity (rh). It is assumed that condensa-
tion occurs when w′ > 0 and raindrops evaporate when
w′ is negative. Thus:

and

If it is assumed that an orographic updraught is pro-
portional to the inner product between the horizontal
wind vector (Vs) and the gradient of topography (��Zs),
w′ can be written as the difference between the
updraught due to the ‘real’ topography and that due to
the Mesoscale Model topography. Thus:

where Zs is the height of topography for the rainfall
model and Zm is that for the Mesoscale Model. In the
present study the geopotential height at the ground
level of the Mesoscale Model is used for Zm. The para-
meter λ2 defines the vertical profile of the orographic
updraught, given by Sinclair (1994) as:

where ps is the pressure at the ground, pt = 200 hPa and
γ = 0.7.

For the fall speed of raindrops, the formulation of
Ogura & Takahashi (1971) is used:

(B2)

The raindrop mixing ratio in the Mesoscale Model, Q
—

r,
is related to the rainfall intensity in the Mesoscale
Model, I–, by:

(B3)

Here I– is assumed to be constant in the vertical direc-
tion. Equations (B1), (B2) and (B3) are solved by an
iteration method. Specifically equation (B1) is replaced
by a finite-difference equation and integrated in time
until the left hand side (∂Qr′/∂t) becomes zero. At 
every step of this integration, the values of Qr and Vr
are estimated from equations (B2) and (B3) by the
Newton-Raphson method. A forward scheme in time
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and an upstream scheme in space are used for the
integration.

Appendix C. Definition of performance
measures

The definition of rmse is:

where Qn and qn are the observed and forecast value at
the time n or the point n. The summation is computed
over N values in space or time.

The correlation coefficient, rc, is defined as:

where Q
—

and q– are the mean of the observations and
forecasts, respectively, over the N points. Criterion rc is
only used for evaluation of the rainfall distribution.

The goodness of fit, R2, is defined as:

This can be interpreted as the proportion of variance in
the observations accounted for by the model forecasts.
This criterion is used for the evaluation of the forecast
hyetograph and hydrograph.
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