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Executive summary

Bonvoisin & Boorman (1992a) applied 16 simple, conceptual daily rainfall-runoff models to
four test catchments to investigate the potential of daily rainfall-runoff modelling as an aid
to the transfer of hydrological information between sites.

In this second phase of the study, six of the best of these models are applied to a new and
larger dataset comprising 25 catchments covering a range of sizes, topographies, soils and
climates. The models have between three and five parameters. Model performance is judged
on the ability of the model to reproduce the basic characteristics of the observed flow regime,
such as the average annual runoff total and the shape of the flow duration curve, rather than
provide a near-exact simulation of the observed response.

The results show that four of the models perform well on the majority of catchments. A
range of both objective and subjective measures of fit were applied to the simulation results.
For a particular model on a particular catchment, the objective measures, apart from BFI,
tend 10 give the same result; the subjective measures are less consistent. The objective and
subjective measures can, but do not necessarily, give the same resull. The distinction
between models that performed well or badly was fairly consistent. There are certain
catchments on which none of the models perform well. On some other catchments, all the
models gave good results. These tended to be the baseflow-dominated catchments. The
relatively good performance on these catchments was almost certainly because of the smaller
variability of their day-to-day flows, and because the faster responding, more impervious
catchments were not well represented using a daily time step.

A regression exercise was carried out in order to derive statistical relationships between the
model parameters of the four models which performed well and mapped physical and climatic
characteristics of the catchments. This exercise gave disappointing results, reflecting the
restricted set of variables used in the FSR catchment characteristics dataset, and highlighting
the need to extend this dataset to include characteristics which can now be derived by
computerised methods.

Future work will involve using model C, the probability-distributed model of Moore (1985),
1o assess the potential for better estimation of flood frequency through continuous simulation
of catchment flows (Spijkers & Naden, 1994). Furthermore, it is likely that the ability of
models to fit the observed flow data was constrained by the time step adopted here; for
instance, flood peaks may have been modelled better had hourly data rather than daily data
been used. Therefore, the future work will also investigate the potential for continuous
simulation at a sub-daily time step, as well as the possibilities of using new digital datasets
for deriving model parameters.
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1. Introduction

Daily rainfall-runoff models are common in hydrology, and Fleming (1975) reviews many
of the existing models. Such models are usually designed with the aim of closely simulating
the catchment response, and tend to be used to generate long sequences of synthetic flow data
from rainfall data, or to assess the effect of changes to the catchment on the flow regime.
Inevitably this often results in a large number of model parameters. However, by relaxing
the goodness-of-fit criteria, simpler models, with few parameters, may be used. Rather than
providing a near exact simulation of the observed response, these models reproduce the basic
characteristics of the flow regime, such as the average annual runoff total and the shape of
the flow duration curve.

Such simple, conceptual models have potential for application in flood estimation techniques.
The Flood Studies Report (FSR; NERC, 1975) uses an event-based rainfall-runoff model,
known as the unit hydrograph and losses model, for estimation of the design flood
hydrograph. This model has three parameters: the unit hydrograph time-to-peak which
determines how quickly the catchment responds to the effective rainfall input, the percentage
runoff which is the ratio of effective rainfall to total rainfall i.e. the proportion of the total
rainfall input which becomes response runoff in the river, and finally, the baseflow which
represents the flow in the river prior to the event.

The percentage runoff component is composed of standard and dynamic parts; the former
representing the normal capacity of the catchment to generate runoff, and the latter
representing the variation in runoff dependent on the state of the catchment prior to the storm,
and on the storm magnitude. There may also be an urban adjustment. The percentage runoff
is the most important component of the unit hydrograph and losses model, yet the most
poorly estimated. Thus, a priority in the enhancement of rainfall-runoff modelling for flood
estimation is better definition of runoff volumes. Poor representation of catchment storage
prior to a rainfall event is one of the main shortcomings in percentage runoff estimation.
This can be improved through continuous simulation of runoff from rainfall using a simple,
conceptual model. The model parameters control the model output from which the actual
percentage runoff can be determined.

This report describes a study, carried out as part of MAFF project FD0404 on hydrograph
estimation procedures, to compare several simple, conceptual daily rainfall-runoff models and
select one for use in future work. The principal objective was to obtain a simple model with
few parameters which could be applied to a large number of gauged catchments, in order to
facilitate the transfer of hydrological information between sites, to assist calibration of the
HOST (Hydrology Of Soil Types) dataset (Boorman et al., 1994), and to examine the changes
in hydrological regime resulting from changes in climate (Arnell & Reynard, 1993).

After this introduction the report is divided into eight sections. The next section considers
the background to the work. Section 3 describes the models used in the study and their
parameters, and Section 4 gives details of the test catchments plus the data requirements:
This is followed by a section considering the methodology. Section 6 describes the results_
of the study, and Section 7 describes attempts to relate model parameters to catchment and
climatic characteristics. Conclusions are drawn in Section 8.



2. Background

This work is the second phase of a study started by Bonvoisin & Boorman (1992a) which
investigated the potential of daily rainfall-runoff modelling as an aid to the transfer of
hydrological information between sites. Bonvoisin and Boorman applied 16 daily rainfall-
runofl models to four test catchments, and assessed the model performance using a specially
developed modelling framework (MIMIC; Bonvoisin and Boorman, 1992b). In this phase,
the best of the models are developed further, and applied to a new and larger dataset
comprising 25 catchments.

MIMIC (Microcomputer-based Interactive package for Model Identification and Calibration)
was developed as a framework for daily rainfall-runoff modelling, though in practice any
timestep may be used. The user is provided with all the graphical and statistical information
necessary for assessment of a rainfall-runoff model and its calibration. The facilities provided
by MIMIC include plots of flow hydrographs together with rainfall input, plots of flow
duration curves, figures on flow volumes and summary flow statistics. It also allows for both
automatic optimisation and manual adjustment of parameters. Whilst the latter facility for
manual adjustment incorporates a subjective element into the modelling, the user can rapidly
assess the model performance and can gain a good understanding of parameter interaction and
sensitivity.



3. Models

Six daily rainfall-runoff models were used in the comparisons, comprising four different
models and variants on two of the models. All of the models were simple, conceptual flow
generation models with inputs of daily rainfall and daily potential evaporation. Each model
consisted of a number of soil moisture stores, with the model parameters controlling the store
sizes and the rate of flow from the stores. The models had four basic components:

. A procedure to determine actual evaporation (AE) from potential evaporation (PE).
The ratio of AE to PE is generally taken to be a function of the water content
of one of the soil moisture stores. Some models use a linear function (i.e. a linear
decline in evaporation as soil moisture content falls below some maximum), whilst
others use a negative exponential function (i.e. the ratio of AE (o PE falls slowly at
first, but more rapidly as the store empties).

. A storage accounting procedure to determine the water content of each soil moisture
store. Store content at the end of a timestep is based on the content at the
beginning of the step (i.e. at the end of the previous timestep), and on inflow and
outflow during the step. The outflow from one store is usually the inflow to another
store. Different models have different procedures for determining outflows, usually
within prescribed limits e.g. some stores can overflow, whilst others can only drain
downwards. Different models have different numbers of stores which may be
combined in different ways. In some cases, the store properties may also Vary across
a catchment.

L] A runoff generation procedure to convert precipitation into runoff. This is either as
direct surface flow or as baseflow. The former is usually through a saturation excess
or infiltration excess model, and the latter as a function of the soil moisture store
content.

L A procedure 1o route the outflow from appropriate soil moisture stores into flow in
the river. This is usually based on a system of linear reservoirs, one from each store.

There are a great many possible combinations of these four basic components, and the
following sections consider each of the six models in detail. The model parameters are
summarised in Table 3.1 at the end of this section.

31 MODEL A

Model A (Figure 3.1) uses a soil moisture deficit (with only one bound of zero), rather than
a soil moisture store (with 2 bound of zero and some maximum). Precipitation is added to
the soil decreasing the deficit. Evaporation and subsurface flow occur from the soil
increasing the deficit. If the soil becomes saturated the excess precipitation becomes overland
flow. The subsurface flow and overland flow are summed and routed through a linear
reservoir to become the catchment outflow. The original model on which this is based
(Bonvoisin & Boorman, 1992a; model 8) included an additional parameter whereby, if the
precipitation exceeded a certain rate, overland flow was generated. However, in practice, this
parameter was found to be redundant.
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Figure 3.1 Model A

The model has five parameters: an evapotranspiration coefficient Ca, subsurface flow
coefficients Cb and Cc, and routing coefficients Crl and Cr2. Bonvoisin & Boorman (1992a)
tried combining the two routing parameters, but this was found to give poorer results. The
model works through the accounting procedure in the following stages:

i Determine the soil moisture deficit, smd (units expressed as a positive value), after
the rainfall, p:

smd, = smd, - p,
where: t and t-1 refer to the present and previous days, respectively.

il. Determine the overland flow, Qo. If the soil moisture deficit is satisfied, the excess
rainfall becomes overland flow, and the soil moisture deficit is reset to zero:

Qol = 'smdi
smd, = 0



iii. Determine the subsurface flow from the soil, Qi. Subsurface flow from the soil
depends on the soil moisture deficit, and also modifies the deficit:

Qi = (b * exp (-Cc * smd)
smd, = smd, + Qi
iv. Determine the evapotranspiration from the soil, AE. The proportion of PE that is

satisfied depends on the soil moisture deficit, and again modifies the deficit:

AE, = PE, *exp (-Ca * smd)
smd, = smd, + AE,
v. Finaily, add the subsurface flow and overland flow and route through a linear

reservoir to calculate the catchment outflow, Q:

Q = Q. + Crl*(Qo, + Qi, - Q.
+ Cr2* (Qol - QOI-I + Qll = Qil-l)

3.2 MODELS Bl & B2

Both these models are variations on one used by Bonvoisin & Boorman (1992a; mode! 15).
The models (Figure 3.2) comprise two soil moisture stores, the lower with a limiting
capacity. Precipitation is added to the upper store, and evapotranspiration occurs from the
upper store at potential rate. Infiltration occurs from the upper store to the lower store,
limited by the content of the upper store and the capacity of the lower store. Unsatisfied
potential evapotranspiration occurs from the lower store at a rate proportional to store
content. Runoff occurs from the upper and lower stores in proportion to their content. In
model Bl a fraction of the baseftow from the lower store is lost to groundwater, before the
remainder is added to the runoff from the upper store to become the catchment outflow. In
model B2 the catchment losses to groundwater are assumed to be zero. These models have
no channel routing component,

Model Bl has five parameters: the capacity of the lower soil moisture store smax, the
infiltration rate Ci, a runoff coefficient K/, a baseflow coefficient K2, and a catchment losses
coefficient CI. Model B2 has four parameters as CI is set to zero i.e. there are no catchment
losses to groundwater. The models work through the accounting procedure in the following
stages:

i Add the rainfall, p, to the upper soil moisture store, su:
su, = su,; + P,
where: t and t-1 refer to the present and previous days, respectively.

il. Determine the evapotranspiration from the upper soil moisture store, AE.
(a) If the store content is greater than PE:

AE, = PE,
su, su, - AE,

]



Evaporation Rainfall
RE? AE p
Upper — Direct
store su Q.
Infiltration Outflow
Q Q
Lower
store, -
capacity _'_ " Baseflow
smax Qb
Losses
Figure 3.2 Models Bl and B2
(b) If the store content is less than PE:
AE, = su,
sy, =0
iii. Determine the infiltration, Qi, from the upper soil moisture store to the lower one.
(a) If the upper store content is greater than the daily infiltration rate, Ci:
Qi, =G
su, = su, - Qi

(b) If the upper store content is less than the daily infiltration rate:

Qi,
su,

su,
0



iv.

vi.

Vil

viii.

ix.

33

Add the infiltrated soil moisture to the lower soil moisture store, sl:
sl, = sl, + Qj,

If the lower soil moisture store is full i.c. the limiting capacity smax is reached,
moisture remains in the upper store:

Determine the residual evapotranspiration from the lower soil moisture store, RE.
Evapotranspiration occurs at a rate proportional to the store content:

RE, = (s}, / smax) * (PE, - AE)
(a) If the lower store content is greater than the residual:

AE, = AE, + RE,
sl, sl, - RE,

(b) If the lower store content is less than the residual:

AE, = AE, + sl
sk, 0

A proportion of moisture from the upper store becomes runoff, Qo:

Qo, K1 * sy,
su, = su, - Qo,

A proportion of moisture from the lower store becomes baseflow, Qb:

Qb,

sl,

K2*sl,
Sl: - th

In model B2 the catchment losses are assumed zero, but in model Bl a fraction of the
baseflow from the lower store is lost:

Qb, = (1.0 - Ch * Qb,

Finally, the outflows from the upper and lower soil moisture stores are summed to
give the catchment outflow, Q:

Q = Qo, + Qb,

MODEL C

Model C (Figure 3.3) is based on Moore's probability-distributed model (PDM; Moore,
1985) which has a soil moisture store, with a capacity varying across the basin, and a
groundwater store. The model is being widely used in flood-forecasting (Moore et ai., 1990;



Moore & Jones, 1991; Moore, 1993),

The distribution of the soil moisture capacity, c, is represented by the reflected power (or
Pareto) distribution:

F(c) =1-(l-c/cmax)® for 0 < ¢ < crmax

where: cmax is the maximum storage capacity at any point within the basin and b is a
dimensionless parameter which defines the degree of spatial heterogeneity. The maximum

amount of water that can be held in storage in the basin, smax, for the reflected power
distribution is:

smax ]com(l - F(c)) . de

cmax /(b + 1)

In the model, precipitation is added to the soil moisture store, and excess precipitation
becomes direct runoff which is routed through two cascading linear reservoirs.
Evapotranspiration from the soil moisture store occurs at a rate proportional to store content,
as does drainage from the soil moisture store to the groundwater store. Baseflow occurs from
the groundwater store and is added to the direct runoff to become the catchment outflow.

Direct
runoff | ]
Evaporaton Rainfall Qo L Ql Bz
AE P sl 2
——— ——
Channel storages
Outflow
- Q
Probability-distributed . - »
soil moismre storage, 7 - c
maximum storage Qi
capacity cems ,
maxinmum amount of ] Baseflow
water held in storage seas - e — f Qb
&5 —
Groundwater
stonage

Figure 3.3 Model C



The model has five parameters: the maximum storage capacity at any point within the basin
cmax, the average maximum amount of water that could be held in storage over the whole
basin smax, a soil drainage coefficient Kb, a groundwater discharge coefficient Growt, and
a channel routing coefficient Srour. cmax and smax together determine the degree of spatial

heterogeneity b as above. The model works through the accounting procedure in the
following stages:

i.

it

Determine the evapotranspiration from the soil moisture store, AE. AE is a function
of the potential evapotranspiration, PE, and the soil moisture content, s, at the end
of the previous timestep:

AE, = {1 - exp (-6.68 * s,, / smax)} * PE,

where: t and t-1 refer to the present and previous days, respectively. This particular
actual evaporation function is taken from Wilmott e al. (1985), and assumes that the
rate of decline of actual evapotranspiration increases as soil moisture deficit increases
(the coefficient of 6.68 is there to ensure that AE = PE when's = smax, though the
actual value of the coefficient is not that important in practice).

Determine the drainage from the soil moisture store to the groundwater store, Qi.
Qi is also a function of the soil moisture content at the end of the previous timestep:

Qi, = Kb *s,, ! smax
Determine the direct runoff, Qo.

(a) If the precipitation, p, is less than that going to AE and Qi, there is no direct
runoff:

Qo, =0

5, =5, + (pl - AEI - Qll)
(b) If the precipitation is greater than that going to AE and Qi, direct runoff does
occur. The critical capacity, Cc, at the end of the previous timestep, below which

all the soil moisture goes to storage is calculated from the reflected power
distribution:

Cer-l Cer}
S = Jo{1-F@©)}.dc= [, {(1-c/cmax)®}.dc
= smax {1 - (1 - Cc,, / cmax)**'}

which yields:

Cc,,

1

cmax * {1 -(1-s,,/smax)''**'}
Therefore the critical capacity at the end of the present timestep is:

ccl = Cct-l + (Pu = AEI - Qll)



vi.

3.4

{(b1) If Cc is less than cmax i.e. the basin is unsaturated, the direct runoff is given by:

QOI = (pl - AE( T Qll) -
smax * {(1 - Ce,, / cmax)®* "y - (1 - Cc,/ cmax) ®*
5 =5, tp- AE’[’ Qiu' ro

(b2) If Cc is greater than cmax i.e. the entire basin has become saturated during the
day, the direct runoff is given by:

It

Qo, (P - AE, - Q1) - (smax - 5,)
5 = smax

Determine the baseflow from the groundwater store, Qb. Qb is a function of the
groundwater store content, gs, at the end of the previous timestep:

Qb, Grout * gs,, / 1000
gs, = B5%. + Qll - le

Route the direct runoff through two cascading linear reservoirs. The reservoirs have
the same routing coefficient Srout.

For the first reservoir:

Ql,

]

Srour * (sl,; + Qo)

]

sl,

SIt-l + Qol - Qll

where: s1 is the content of the first reservoir and Q1 is the outflow from the first
reservoir.

For the second reservoir:
Q2,

52,

Srout * (s2,, + Q1)

szl-l + Qll - Qzl

where: s2 is the content of the second reservoir and Q2 is the outflow from the
second reservoir.

Finally, the outflow from the second linear reservoir is combined with the baseflow
to give the catchment outflow, Q:

Q = Q2 + Qb,

MODELS D1 & D2

These models (Figure 3.4), again variations of one used by Bonvoisin & Boorman (19923;

10



model 16), use the concept of contributing areas, with a range of soil moisture store capacities
from zero to some maximum. The total contents of all the stores translate to a level in the
largest store. Precipitation is immediately subject to evapoltranspiration at the potential rate,
and remaining rainfall is added to the soil moisture stores. Remaining rainfall is also added
to a linear channel storage at a rate proportional to the content of the soil moisture stores.
Unsatisfied potential evaporation and subsurface flow from the soil moisture stores are again
at rates proportional to store content. The subsurface flow is added to the channel storage.
The catchment outflow from the channel storage is also at a rate proportional to store content.

The models have three parameters: the capacity of the largest soil moisture store smax, a
subsurface flow coefficient K7, and a routing coefficient K2. The difference between the two
models lies in the way the subsurface flow from the soil moisture stores is determined.
Model D1 has a non-linear dependence on soil moisture, whilst in model D2 the relationship

is assumed to be linear. The models work through the accounting procedure in the fol lowing
stages:

i. Translate the total contents of all the soil moisture stores, scap, to a level, sl, in the
largest store:

sl, = smax - 2 * scap,,

where: t and t-1 refer to the present and previous days, respectively.

Direct
Evaporation Rainfalt runoff
Qe
‘RE AE P
Store contents — e EE——
atend of _l e >y ) —_
interval - - 7 cs Outflow
during interval /" Contents of
all swres scap, Channe! storage
sl—1 - largest soil
Store contents 4 © rooisture store
stsarof | . smax Subsurface flow
interval Qi
Figure 3.4 Models D1 and D2
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ii.

iii.

iv.

vi.

vii.

Determine the evapotranspiration, AE, from the rainfall, p.
{(a) If the rainfall is greater than PE:

AE, = PE,
REE, =0
P =P PE(

(b) If the rainfall is less than PE:

AE, = p,
RE, = PE, - p,
P, =0

where: RE is the residual evapotranspiration.

Add the remaining rainfall to the soil moisture stores and determine the excess, Qo.
(a) If the soil is saturated all the rainfall is excess:

Qo, =P

(b1) If the soil is unsaturated and the rainfall is greater than the deficit, the soil will
become saturated, reducing the excess:

Qo, = p,-0.5*3g],

(b2) If the soil is unsaturated but rainfall is less than the deficit, the soil will remain
unsaturated, reducing the excess further:

Qo, = 0.5 * p¥ s,

Add the excess to the channel storage, cs:
cs, = ¢s.; + Qo,

Determine the total content of all the soil moisture stores:
scap, = scap, + (p, - Qo)

Satisfy the residual evapotranspiration from the soil moisture stores.

Evapotranspiration from the soil moisture stores occurs at a rate proportional to
content:

RE, = RE, * (smax - sl) / smax
AE, = AE, + RE,
scap, = scap, - RE,

Determine the subsurface flow, Qi, from the soil moisture stores. Subsurface flow
from the soil moisture stores occurs at a rate proportional to content. In model D1
it is proportional to the square of the content:

Qi, = K1 * scap]

12



but in model D2 it is linear:
Qi = K! * scap,

(a) If the soil moisture store capacity is greater than the subsurface flow:
scap, = scap, - Qi

(b) If the soil moisture store capacity is less than the subsurface flow:

Qi, = scap,
scap, 0

vili.  Add the subsurface flow to the channel storage:
CS, = ¢s, + Qj

ix. Finally, route the channel storage to calculate the catchment outflow, Q. The outflow
from the channel storage occurs at a rate proportional to content:

Q = K2 * cs,

(a) If the channel storage is greater than the outflow:
cs, = cs, -

(b) If the channel storage is less than the outflow:

Q = s,

cs, =0
35 SUMMARY

Table 3.1 summarises the number and names of the model parameters for each of the six
models.

Table 3.1 Summary of model parameters

Model No. of Parameters and units

parameters . ) 3 4 5
A 5 Ca [mm') Cb fmmday'} Cc [mm) Crl [-] Cr2 [-]
Bl 5 smax (mm]  Ci ([mmday") K1 [day') K2 [day”) Cl[-]
B2 4 smax [mm]  Ci [mmday’'] K1 [day") K2 [day”)
C 5 cmax [mm]  smax [mm) Kb [day?) Grout {day") Srout [day']
D1 3 smax (mm]  KI {mm'day'] K2 [day"']
D2 3 smax [mm] K7 [day"] K2 [day)

13



4. Catchments and data

4.1 CATCHMENTS

Twenty-five catchments from around Great Britain, listed in Table 4.1, were used in the
model comparison exercise. The locations of the catchments are shown in Figure 4.1. The
catchments all have complete flow records for the 10-year period 1980-89, with low or
average flows measured (o an acceptable accuracy and minimal artificial influences on their
flow regimes. They also have good coverage of long-term daily raingauges. The catchments
cover a variety of sizes, topographies, soils and climates, and were chosen to represent a wide
range of hydrological regimes.

Table 4.1 provides details of physical and climatic characteristics of the catchments as
described in the FSR. The catchment areas range from 25 km? to i616 km?, whilst the
topographic indices of mainstream length and channel slope range from 7km to 117 km, and
0.64 m km 10 22.20 m km', respectively. On more than half of the catchments one of the
five WRAP (Winter Rainfall Acceptance Potential) classes dominates, whilst on the others
two or three of the classes are found in fairly equal proportions. The climatic index SAAR
(Standard Annual Average Rainfall) varies from 595 mm to 2162 mm. Two of the
catchments (19001 and 38021) have significant urban fractions, whilst another two (21018 and
40007) have significant areas draining through lakes or reservoirs. Baseflow indices (BFI;
Gustard et al., 1992) show the ratio of baseflow to total flow (i.e. the higher the BFI, the less
the day-to-day variability in flow)} and range from 0.21 to 0.96.

14



Table 4.1 Catchment characteristics for basins used in this study

Caxchmem (thems) AREA MSL Si1083 1 b7 b ] L2 5 soIL SAAR  URBAN LAKE BFl MORECS
km? km  mkm! rom
11001 Don at 1273.0116.80 3.44 0.00 0.73 0.10 0.00 0.17 035 064 0.00 0.00 0.67 30 31
Parkhill(*)
19001 Almond at 369.0 42,00 5.81 0.00 0.00 0.00 080 0.20 046 99 0.11 0.04 038 S7
Craigichall(*)
21018 Lyne Water at 1750 27.50 6.36 0.00 000 0.80 0.02 0.13 042 1007 0.00 0.10 0.59 57

Lyne Saton{*)

24004 Bedbum Beck  74.9 14.00 2220 0.00 000 000 041 0.59 048 950 0.00 0.00 045 79
at Bedburmn(*)

25006  Greta at B6.1 17.89 11.68 000 0.00 0.00 000 1.00 0.50 1259 000 0.00 021 BS
Rutherford
Bridge(*)

28008 Dove at 399.0 48.80 4.59 047 000 001 021 031 032 1020 0.00 0.00 061 115
Rochester Weir

29003 LudatLouth 552 745 6.12 092 0.00 0.00 008 000 017 729 0.01 000 090 102
32003 Harpers Brook 74,3 2400 3.79 0.00 0.00 0.05 095 000 045 620 0.00 0.00 049 127

at Old Mill
Bridge

34004 Wensum at 561.0 6620 0.64 0.68 000 0.32 000 000 023 668 0.04 000 073 130
Cotessey Mill

37005 Colr(ljcat 2382 4160 1.58 0.01 027 0.72 0.00 0.00 0.37 595 000 0.00 053 153
Lexden

38021 Turkey Brook 42.2 1270 5.28 0.00 0.00 0.00 1.00 000 045 661 0.11 000 0.21 161
at Albany Park

39008 "Ishal;nhzsm 16162 77.00 1.30 0.39 009 0.28 024 0.00 031 755 0.06 000 0.68 148 149
ynsham

39019 %mboumat 2341 21.30 238 0.85 0.01 000 0.14 000 €19 737 000 0.00 096 159
aw

40007 Medway at 255.1 2594 247 000 000 002 098 0.00 045 852 0.02 0.18 050 1713
Chafford Weir

42003 Lymingtonat 98.9 14.80 4.67 053 000 0.03 044 000 029 8§72 0.00 0.00 036 182
Brockenhurst
Park

43005 Avon at 323.7 3850 1.62 1.00 0.00 0.00 0.00 000 0.15 768 0.00 0.00 091 169
Amesbury

47001 Tamar at 916.9 6340 175 0.00 054 0.00 0.44 002 037 1240 0.00 0.02 046 177
Gunnislake

48004 Warlegganat 253 10.00 17.48 0.00 0.25 0.00 0.00 0.75 045 1512 000 0.00 0.72 187
Trengoffe

54008 ;errt\)eum 11344 7590 3.16 0.01 0.84 0.03 007 0.05 032 878 .01 0.00 0.57 135
‘enbury

54016 Roden at 259.0 40.20 0.92 0.50 0.03 0.00 047 0.00 030 713 0.00 0.00 0.61 124
Rodington

57004 Cynon at 106.0 25.8¢ 7.30 000 000 030 0.00 070 047 1759 004 0.00 042 145
Abercynon(*)

58009 E:rcnny al 62.5 13.05 7.67 030 030 0.38 000 0.02 030 1382 005 0.00 0.58 155
epers
Lodge(*}

66011 Conwy at Cwm344.5 29.04 17.20 0.00 0.5! 000 0.00 0.49 0.40 2162 0.00 008 0.29 112
Llanerch(*)

76005 Eden at Temple616.4 56.79 4.05 0.00 0.00 0.00 0.30 0.70 049 1216 000 000 0.37 84
Sowerby(*)

79006 Nith at 4710 51.90 348 000 0.00 0.14 0.06 0830 047 1579 000 0.00 034 69
Drumianrig(*)

— T e —

where: AREA is catchment ares, MSL is mainstream length, S108S is channel slope, S1-85 are frictions of catchment in
WRAP s0il classes 1-5, SOIL is the soil index, S is average annual rainfall over period 1941-70, URBAN is
fraction of cawchment in urban development, LAKE is fraction of catthment draining rough sigaificant lake, BFI is
baseflow index and MORECS is Met. Office MORECS square number. For further definiton see FSR (NERC, 1975).
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Figure 4.1 Locations of catchments used in this study
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4.2 DATA

One of the aims of the model comparison study was to use data that were readily available
and required minimum processing before application. The data requirements for each of the
25 catchments were daily rainfall from gauges on and near the catchment, daily river flow
at the catchment gauging station and daily potential evaporation (PE) for the catchment. A
number of catchments, all in the north and west of the UK, were often affected by snowfall
and snowmelt. Consequently, it was necessary to adjust the rainfalls of these catchments
(indicated by an asterisk after the catchment name and location in Table 4. 1), and for this
purpose daily temperature data were also collected for these catchments. All data were
collected for both a model calibration period and a model validation period. The calibration
period spanned 1981 1o 1983 with 1980 used as a warm-up year; the validation period
spanned 1934 to 1989 with 1983 used as the warm-up year to make maximum use of the data.

Catchment average daily rainfall data were derived from daily point values obtained from the
UK Met. Office-supplied rainfall archive at the Institute of Hydrology. The procedure uses
the triangle method of Jones (1983), whereby all the working raingauges falling within a
quadrilateral bounding the catchment are used to calculate the daily catchment average
rainfall. The number of gauges contributing can vary from day to day. This procedure is
described in detail in Boorman & Houghton-Carr (1992).

Daily river flow data were extracted from the National Water Archive at the Institute of
Hydrology.

PE data were derived from the monthly MORECS (Thompson et al., 1981) dataset for grass.
Each of the catchments was assigned to a 40 km by 40 km MORECS box as indicated in
Table 4.1. Where a catchment covered two boxes, the area-weighted average PE was used.
The monthly box values were applied to the catchments without correction for any differences
between the altitudes of the boxes and the altitudes of the catchments. The monthly PE
values were converted to daily values by simply dividing by the number of days in the month.

Daily temperature data were obtained from the Met. Office for ten catchments (indicated in
Table 4.1). The names and altitudes of the meteorological sites from which the temperature
records were collected are listed in Table 4.2, together with the catchment numbers and mean
catchment altitudes. The mean caichment altitude was calculated as the mean of the
maximum catchment altitude and the altitude of the gauging station. The temperature data
were corrected for the mean catchment altitude using a lapse rate of 0.6°C per 100 m, and
were then used to adjust the rainfalls for these catchments to aliow for snowfall and snowmelt
using Harding & Moore’s snowmelt model (1988, 1992). The model was not calibrated, and
the same parameters were used for all catchments. The parameters used in the snowmelt
model were the same as those in the Yorkshire flow forecasting system implementation
(Harding & Moore, 1992), and are given in Table 4.3. The mode}l assumes that precipitation
falls as snow when the temperature falls below some critical threshold, and that the snowpack
begins to melt once another temperature threshold is passed. The melt rate is 4 mm°C'day™,
felt to be appropriate for most UK conditions. The model invokes an areal depletion curve
to allow shallow packs to cover only a fraction of the basin area.
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Table 4.2 Temperature records collected for catchments affected by snow
Catchment  Mean altitude Temperature Altitude
m site m
11001 452 [nveruric 54
19001 271 Widdybank 513
21018 365 Widdybank 513
24004 320 Widdybank 513
25006 410 Widdybank 513
57004 304 Cilfyndd 194
58009 154 Cilfyndd 194
66011 534 Alwen 33s
76005 521 Eskdzlemuir 242
79006 389 Eskdalemuir 242
Table 4.3 Parameters of snowmelt model
Parameter Description Units Value
Terit Temperature threshold below which precipitation °C 1.0
iS snow
Tmelt Critica! temperature above which melt occurs °C 0.0
Kmele Melt factor mm*C 'day"' 4.0
Sc Critical water content below which only a mm 100.0
proportion of the basin is snow-covered
S» Maximum liquid water content as a proportion of 0.04
total
Kl Storage time constant for lower orifice 0.15
K2 Storage time constant for upper orifice 0.85
—_— — e
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5. Methodology

In the model comparison study, the six daily rainfall-runoff models were applied to each of

- 25 catchments using the MIMIC software package. Firstly, the model parameters for each

of the 25 catchments were estimated for the calibration period (1981 o0 1983, with 1980 as
a warm-up year). These model parameters were then used with the validation dataset (1984
to 1989, with 1983 as the warm-up year). Model evaluation was based on a comparison of
features of the observed and simulated flows during the calibration and validation periods.

5.1 METHODS OF FITTING

The classical approach to fitting a conceptual model to observed data to obtain an optimum
parameter set involves minimising an objective function, generally by automatic optimisation
techniques e.g. Rosenbrock (1960). The MIMIC software package offers two different
objective functions in the automatic optimisation process: least squares and least squares of
logarithms (Gan & Burges, 1990). In practice it makes little difference which of the objective
functions is used. This is because, in general, most of the problems associated with
optimisation are concerned with locating the global minimum in a parameter space that
contains numerous local minima. The advantage of daily rainfall-runoff modelling within the
MIMIC framework is that the objective function is regarded as a tool to aid fitting and assess
the models, rather then the criterion by which fit is judged. Therefore, the objective
functions are standardised by dividing by the number of days in the modelling period, in
order to make calibration and validation results from each catchment comparable.

The least squares function Obj, is given by:

N
3" (Qobs, ~ Qsim)?
Obj, =

N

where: Qobs; is the observed flow on day i, Qsim, is the simulated flow onday i and N is the
total number of days. This objective function evaluates the sum of the squares of the
residuals, and may give good fits to long periods of low flows but poor fits to higher and
more peaky portions of the hydrograph.

The least squares of logarithms function Obj, is given by:

N
Y (logQobs, — logQsim,)?
Obj, = 7

N

This objective function evaluates the sum of the squares of the residuals of the logarithms of
the flows and prevents the optimisation becoming biassed towards the largest flows.
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For the purpose of calibration i.e. estimation of parameters, all the models were fitted to all
the catchments using a two-stage approach. Firstly, starting with reasonably sensible
parameter values chosen by the user based on an understanding of the behaviour of both the
model and the catchment type, an automatic Rosenbrock (1960) optimisation procedure was
invoked minimising the least squares objective function. The second stage involved manual
adjustment, by a systematic trial-and-error process, of the optimised parameters where it was
felt 1o be necessary. This was used either to obtain a better visual fit between the observed
and simulated flows, or a closer match between the observed and simulated annual runoff
totals. Another reason to use manual adjustment was to force a more realistic division
between baseflow and surface runoff, as for some of the groundwater-dominated catchments
the optimised model parameters sometimes implied that baseflow contributed only a small
proportion of the total runoff. Alternatively, manual adjustment was used to adjust the model
parameters from unrealistic values produced by the automatic optimisation to more reasonable
ones. The final values of the objective function were noted, and the corresponding values of
the least squares of logarithms objective function were also evaluated,

Standardising the objective functions enables comparison of the results from the calibration
and validation datasets for each catchment; however, these results are not comparable across
catchments because the objective functions are not normalised. Therefore, the Nash-Sutcliffe
(1970) efficiency criterion was also calculated. This criterion is normalised and has the form:

N
Y (Qobs, — Qsim))?
Eff. = 1.0~

N

¥ (Qobs, — Qbar)?

where: Qbar is the observed mean daily flow over the N day period. As the optimisation
procedure was designed to minimise the objective function, it was also designed to maximise
efficiency. Therefore, in this instance, the efficiency is acting as a form of normalised least
squares objective function. The efficiency criterion is biassed towards large discharges, but
is widely used, and gives an objective indication of model performance. A perfect agreement
between the observed and simulated flows yields an efficiency of 1.0, whilst a negative
efficiency represents a lack of agreement worse than if the simulated flows were replaced with
the observed mean daily flow.

5.2 METHODS OF ASSESSMENT

Model performance was assessed by comparing a selection of both quantitative (objective)
criteria and qualitative (subjective) criteria for both the calibration and validation periods,
with the aim of searching for consistency in what constitutes a good model.

The first objective criteria considered were the objective functions themselves, and the Nash-
Sutcliffe efficiency criterion. Other quantitative measures of model performance were the
percentage error in the average annual runoff total {(A runoff / Observed runoff) * 100} and
the relative error in the BFI {A BFI} (where A runoff is Simulated runoff minus Observed
runoff, and A BFI is Simulated BFl minus Observed BFI). Both the signed and absolute
errors were examined. The aim was to answer the following questions:
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. Does a catchment with a high efficiency have small quantifiable errors?

. Did the models consistently overpredict or underpredict the flow, and how
large were the errors regardless of sign?

° Are results consistent between the calibration and validation periods, in
particular for the objective functions?

Three subjective criteria were used: comparisons of observed and simulated flow duration
curves, observed and simulated monthly flows, and observed and simulated daily flows for
two example years (1982 in the calibration period and 1987 in the validation period). The
model performance under each criterion for each catchment was judged independently by each
of the authors, the highest marks being given to the best performances. The first stage of the
analysis of the results investigated whether the authors’ judgements were the same.
Correlations between the three criteria were also carried out, with a view to resolving the
following questions:

L Does a catchment where the monthly flow regime is simulated well also have
a well simulated daily flow regime, and does a catchment where the daily
flow regime is simulated well also have a well simulated flow duration curve?

° Does a catchment with a well simulated flow duration curve reflect well
simulated daily and monthly flows? : ‘

L Are results consistent between the calibration and validation periods?

The final part of the analysis of the results involved comparing the different methods of
assessment. [t seemed unlikely that any single index would be suitable for describing how
well a particular model performed, but one of the aims of this part of the study was to
determine whether there were certain individual measures, or sets of measures, which could
be examined for a definitive assessment of model performance i.e.:

L For a particular model on a particular catchment, did ail the objective
measures give the same results, and all the subjective measures give the same
results, and did those results agree?

. For a particular objective or subjective measure on a particular catchment,
was the distinction clear and consistent between models that performed well
and models that performed badly?

. Were there certain catchment types on which none of the models performed
well, and others on which all of the models gave good results?

The full results from each model are included as appendices. For the most part, the analysis

- of the results involved evaluating correlations between the various criteria, for both the

complete dataset (all six models on all 25 catchments) and each model individually. The
figures quoted are correlation coefficients significant at the 95 % level. Visual examination .
of plots of each criterion against each of the other criteria (referred to later as X-Y plots) was

also carried out to ensure that the relationships implied by high correlation coefficients were
indeed reasonable.
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6. Model assessment

This section describes the model results and assessment in some detail, considering first the
quantitative (objective) criteria, and then the qualitative (subjective) criteria. Table 6.1 sets
out the naming convention used in these sections. The full model results and optimum
parameter sets are given in the appendices, as outlined below. The X-Y plots of each
criterion against each of the other criteria are given in Appendix B.1; plots are provided for
both the complete dataset and the individual models.

The final sets of model parameters for each of the models are shown in Appendix A.1,
together with the objective functions and the Nash-Sutcliffe efficiency criterion calculated over
both the calibration and validation periods. Catchments where some manual adjustment took
place are indicated by an asterisk, and it should be remembered therefore that the given
objective functions and efficiencies are not necessarily the minimum objective functions and
the maximum efficiencies. Appendix A.2 shows, for each model, the observed and simulated
average annual runoff totals in mm calculated over both the calibration and validation periods,
together with the corresponding percentage errors. The match between the observed and
simulated average annual runoff totals was considered during manual adjustment of the
optimised model parameters. Appendix A.3 shows, for each model, the observed and
simulated BFIs calculated over both the calibration and validation periods, together with the
corresponding percentage and relative errors. Appendix A.4 shows, for each catchment,
histograms of the observed and simulated monthly mean runoffs in mm from each model for
the calibration and validation periods. Similarly, Appendix A.5 shows, for each catchment,
plots of the observed and simulated daily mean flows in cumecs from each model for two
example years: 1982 during the calibration period and 1987 during the validation period. The
residual, calculated as simulated minus observed flow, is also shown. Appendix A.6 shows,
for each catchment, the observed and simulated flow duration curves from each model for the
calibration and validation periods. The matches between the observed and simulated daily
flows and the observed and simulated flow duration curves were also considered during
manual adjustment of the optimised model parameters.

Table 6.1 Naming conventions (* highest marks awarded to best fits from consideration of
calibration and validation periods together)

———— — ———
Abbreviation Meaning
COBJI Least squares objective function for calibration period
COBI2 Least squares of logarithms objective function for calibration period
CEFF Nash-Sutcliffe efficiency criterion for calibration period
CANRO Percentage error in average annual runoff total for calibration period
CBFI Relative error in BFI for calibration period
YOBJ1 Least squares objective function for validation period
VOBI2 Least squares of logarithms objective function for validation period
VEFF Nash-Suwliffe efficiency criterion for validation period
VANRO Percentage error in average annual runioff total for validation period
VBFI Relative error in BFI for validation period
MON Quality of simulaied monthly flow regime"
HYD Quality of simulated daily flow regime®
FDC Quality of simulated flow duration curve’
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6.1 QUANTITATIVE (OBJECTIVE) CRITERIA

The quantitative criteria considered fell into two groupings: firstly, the objective functions
which were not normalised, and which could therefore only be compared between the
calibration and validation periods for a particular catchment; and secondly, the remaining
objective criteria which were normalised, and which could therefore be compared between
catchments.

Objective functions

Table 6.2 shows the significant (at the 95 % level) correlation coefficients between the least
squares and least squares of logarithms objective functions for the calibration and validation
periods for both the complete dataset and the individual models.

Table 6.2 Significant correlations of least squares objective function and least squares of
logarithms objective function over calibration and validation periods for each model and total
dataset

Model Criterion COBJ1 COBJ2 VOBJ1 VYOBJ2
A COBJ1 1.00 - 0.99 -
n=25 COBJ2 - 1.00 - 0.96
VOBJ1 0.99 - 1.00 -
VOBI2 - 0.96 - 1.00
Bl COBI1 1.00 - 0.98 -
n=25 COBJ2 - 1.00 - 0.94
VOBIJ1 0.98 - 1.00 -
VOBIJ2 - 0.94 - 1.00
B2 COBJI1 1.00 - 0.99 -
n=25 COBJ2 - 1.00 - 098
VOBIJ1 0.99 - 1.00 -
VYOBI2 - 0.98 - 1.00
C COBIJi 1.00 - 0.99 -
n=25 COBJ2 - 1.00 - 0.48
VOBJ1 0.99 - 1.00 -
YOBI2 - 0.48 - 1.00
Dl COBl 1.00 - 0.99 -
n=2S$ COBJ2 - 1.00 - 0.7
VOBIJ1 0.99 - 1.00 -
vOBI2 - 0.71 - 1.00
D2 COBIJ1 1.00 0.51 0.99 0.51
n=25 COBJ2 0.51 1.00 0.51 0.97
VOBJ1 0.99 0.51 1.00 0.51
YOBI2 0.51 0.97 0.51 1.00
TOTAL COBIJI 1.00 031 0.99 -
n=150 COBIJ2 0.31 1.00 0.29 0.48
VOBIJ1 0.99 0.29 1.00 -
VOBI2 - 0.48 - 1.00
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The least squares objective functions between the calibration and validation periods were
highly correlated (0.99) for both the complete dataset and from considering each model
separately. The least squares of logarithms objective functions between the calibration and
validation periods were also correlated (0.48) for the complete dataset, but this lower figure
reflects the comparatively poor fits for models C (0.48) and DI {0.71); correlation
coefficients for the other four models were greater than 0.94. A significant correlation (0.51)
was found between the least squares objective functions and the least squares of logarithms
objective functions for model D2, but visual examination of the X-Y plot suggested that this
relationship was heavily influenced by a single point, and that there was no relationship
between the values from the two objective functions. However, the catchments with the
lowest values for both objective functions are the same; these are the baseflow-dominated
catchments. The reason for this consistency is presumably because the objective functions
do not differ all that much when the range of flows is quite small; the consistency disappears
as the range of flows increases.

Because they are normalised, the other three quantitative criteria can be compared between
catchments. The Nash-Sutcliffe efficiency criterion can be used to assess model performance
in general terms, whilst the percentage error in average annual runoff total and the relative
error in BFI are potentially more specific indicators of the quality of the performance. (It
was felt that the percentage errors gave a distorted view of the simulated BFI figures eg.a
0.1 overestimation on an observed BFI of 0.2 gives a considerably higher percentage error
than a 0.1 overestimation on an observed BFI of 0.8; therefore, whilst the percentage errors
are supplied for completeness, it is the relative errors which are felt more appropriate for
comparing model performances). Table 6.3 shows the significant (at the 95 % level)
correlation coefficients between these three criteria for the calibration and validation periods
for both the complete dataset and the individual models.

Nash-Sutcliffe efficiency criterion

The efficiency criteria between the calibration and validation periods were highly correlated
(0.84) for the complete dataset; similar figures were obtained from considering each model
separately, though with comparatively poor agreements for models B2 (0.70) and C (0.61).
For all the models, there is generally a spread of efficiencies from around 0.50 to 0.90.
Particular catchments had consistently low efficiencies, most notably 29003 (negative for
model B2), 38021 and 42003 (negative for model D1). Similarly other catchments had
consistently high efficiencies, in particular 39019, 43005 and 48004; these are all baseflow-
dominated catchments (as is 29003). This suggests that catchments with high efficiencies tend
to be those with high baseflows.
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Table 6.3 Significant correlations of Nash-Sutcliffe efficiency criterion, percentage error in
average annual runoff total and relative error in BFI over calibration and validation periods
Sfor each model and total dataset

Model Criterion CEFF CANRO CBFI VEFF VANRO VBF1
A CEFF 1.00 -0.70 - 0.82 - -
n=25 CANRO -0.70 1.00 - -0.64 - -
CBFl - - 1.00 -0.40 - 0.90
VEFF 0.82 —-0.64 -0.40 1.00 - -0.38
VANRO - - - - 1.00 -
VBFI - 0.90 -0.38 - 1.00
Bl CEFF 1.00 -0.58 - 0.88 -0.48 -
n=25 CANRO -0.58 1.00 - -0.43 0.56 -
CBFl1 - - 1.00 - - 0.89
VEFF 0.88 -043 - 1.00 -0.47 -
VANRO -0.48 0.56 - -0.47 1.00 -
VBFI - - 0.89 - - 1.00
B2 CEFF 1.00 - - 0.70 - -
n=25 CANRO - 1.00 - -—0.48 0.50 -
CBFI - - 1.00 - - 0.87
VEFF 0.70 -0.48 - 1.00 ~0.59 -
VANRO - 0.50 - -0.59 1.00 -
VBFI] - 0.87 - . 1.00
C CEFF 1.00 . - 0.61 - -
n=25 CANRO - 1.00 - - 0.79 -
CBH - - 1.00 - - 0.95
VEFF 0.61 - - 1.00 - -
VANRO - 0.79 - - 1.00 -
VBFI - - 0.9s - - 1.00
DI CEFF 1.00 -0.45 0.53 0.93 =045 0.40
n=25 CANRO -0.45 1.00 - ~0.44 0.50 -
CBFI 0.53 - 1.00 046 - 0.85
VEFF 0.93 -0.44 0.46 1.00 -044 -
VANRO —0.45 0.50 - -0.44 1.00 -0.48
VBF1 0.40 - 0.85 - ~0.48 1.00
D2 CEFF 1.00 -0.59 - 0.86 -0.61 -
n=25 CANRO -0.59 1.00 - —0.42 - .
CBH - - 1.00 - - 0.90
VEFF 0.86 -0.42 - 1.00 -0.64 -
VANRO -0.61 - - —-0.64 1.00 -
VBFI - - 0.90 - - 1.00
TOTAL  CEFF 1.00 -0.44 - 0.84 -041 -
n=150 CANRO ~0.44 1.00 - —0.41 04 -
CBF1 - - 1.00 - -0.18 0.90
YEFF 0.84 -0.41 - 1.00 ~0.45 -
VANRO -0.41 0.44 -0.18 —0.45 1.00 -0.22
VBFI - - 0.90 - -0 1.00
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Percentage error in average annual runoff total

In contrast to the efficiency, the percentage errors in the average annual runoff total between
the calibration and validation periods were not particularly highly correlated (0.44) for the
complete dataset. Similarly poor figures were obtained from considering each model
separately: models A and D2 showed no significant correlation, though model C was as high
as 0.79, and the others ranged between 0.50 and 0.56. The range of values of percentage
errors was -30.4% (model Bl) to 40.8% (model D2) in the calibration period, and -30.2%
(model C) to 32.5% (model D2) in the validation period, though the majority of percentage
errors were within plus or minus 10%. Except for model B2, the average annual runoff totals
tended 10 be underestimated on the majority of catchments in both the calibration and
validation periods. The catchments which tended to consistently have the largest errors were
those with low values for the efficiency criterion e.g. 29003, 38021 and 42003, as would be
expected, though models B2 and C performed well on 29003. There are several catchments
on which some of the models perform well, and others badly e.g. 32003, a low lying
impervious catchment on the edge of the East Anglian fenland, has notably low percentage
errors with models Bl and D1, but notably high ones with models C and D2. Those
catchments which tended to consistently have the smallest errors were 25006, 28008, 34004,
37005, 39019 and 47001; these include several baseflow-dominated catchments.

These results suggest that the catchments with the smallest percentage errors tended to be
those with the highest efficiencies, whilst the catchments with the largest percentage errors
tended to be those with the lowest efficiencies, and this relationship is confirmed by the
correlation coefficients between these two measures in Table 6.6, particularly for model D2
(calibration -0.59, validation -0.64).

Relative error in BFI

Observed BFls in the calibration period ranged from 0.198 for the responsive, partly-
urbanised catchment 38021 to 0.971 for the baseflow-dominated catchment 39019. Observed
BFIs during the validation period tended to be slightly higher. The relative errors in the BFI
between the calibration and validation periods were highly correlated (0.90) for the complete
dataset. Similar figures were obtained from considering each model separately, ranging from
0.85 for model D1 to 0.95 for model C. The range of values of relative errors was -0, 180
(model B1) to 0.258 (model A) in the calibration period, and -0.152 (model D2) to 0.256
(model D1} in the validation period, though the majority of the relative errors were within
plus or minus 10%. For all the models, BFI tended to be overestimated on the majority of
catchments. Over half the catchments produced a poor result with a large relative error for
at least one of the models, and the catchments which performed worst for each mode! varied.
Catchments 24004 and 34004 had fairly consistently bad results, though 34004 had a
particularly good result for model C. Similarly, nearly half the catchments produced a good
result with a small relative error for at least one of the models, and the catchments which
performed best for each model varied. Catchments 29003, 39008, 39019, 43005 and 48004
had fairly consistently good results; these include some of the baseflow-dominated catchments.

The BFI results were highly inconsistent across the models, with most of the catchments
giving good results with some models, and bad results with the others. Baseflow-dominated
catchments showed a mixture of both large and small relative errors, as did some of the more
impervious catchments. Although some low correlations exist between the relative errors in
the BFIs and the other criteria, these tend not to be consistent across the models.
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Analysis of the results enables the questions posed in Section 5 to be answered:

° A catchment with a high efficiency does tend to have a small percentage error
in estimation of the average annual runoff total, but the relative error in
estimation of the BFI can be either large or small.

. The average annual runoff totals tended to be underestimated on the majority
of catchments (except for model B2). The BFIs tended to be overestimated
on the majority of catchments.

. The quantitative criteria were significantly and generally highly correlated
between the calibration and validation periods. There was no correlation
between the two objective functions themselves.

An alternative way of assessing the models is by relative performance i.e. rank, and Table
6.4 shows the means, standard deviations and ranks of all the quantitative criteria for the
calibration and validation periods for both the complete dataset and the individual models.

Means and standard deviations of the least squares objective function are found to be slightly
lower in the validation period than in the calibration period, whilst for the least squares of
logarithms objective function the opposite is the case. Additionally, the mode! rank order
between the means is quite variable both between the calibration and validation periods, and
between the two objective functions themselves e.g. the mean for model C ranks top for one
objective function, but only fourth for the other, whilst the mean for model B1 is consistently
fifth or sixth. Overall, on the basis of the objective functions alone, model C appears to
perform best and model Bl worst, with little to choose between the others.

Means and standard deviations of the efficiency tend to be higher in the calibration period
than in the validation period. The model rank order between the means is generally consistent
between the calibration and validation periods. Overall, on the basis of the efficiency
criterion alone, model C appears to perform best, followed by model A. Model Bl performs
worst, although model D1 is nearly as bad, with little to choose between the other two. The
objective functions and efficiency criterion are therefore reasonably consistent about which
models give the best and worst performances.

For models A, B1, C, and D1, the means and standard deviations of the absolute percentage
errors in the average annual runoff total tend to be higher in the validation period than in the
calibration period; the reverse is true for models B2 and D2. The errors for models A and
Bl were less than 5% in the calibration period; all other errors in the calibration period and
errors in the validation period ranged between 5% and 10%. The model rank order between
the means is fairly consistent between the calibration and validation periods, Overall, on the
basis of the absolute percentage errors alone, model A appears to perform best, followed by
models Bl, B2, C, D1 and D2 in that order.

For half the models (Bl, D1 and D2) the means and standard deviations of the absolute
relative errors in the BFI tend to be higher in the validation period than in the calibration
period; the reverse is true for the other three models (A, B2 and C). For all the models
except model A, the relative errors were between 5% and 10%; for model A they were
around 11%. The model rank order between the means is consistent between the calibration
and validation periods. Overall, on the basis of the absolute relative errors alone, model C
performs best, followed by models B2, B1, D1, D2 and A in that order.
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Summary of model performance on basis of quantitative criteria

Model C ranks top in three of the four quantitative categories: the lowest average objective
function, the highest average efficiency, and the smallest average relative errors in the BFI.
Model A performed best in the other category, having the smatlest average percentage errors
in the average annual runoff total, whilst model C only ranked fourth for this criterion. On
the basis of the quantitative criteria alone, models A and C perform about equally on average.
Model B1 performs worst overall, though it did rank second for the estimation of the annual
average runoff totals. There is little to choose between the other three models: B2, D1 and
D2.

The quantitative performance criteria suggest that the best model performances tend to be
achieved on the baseflow-dominated catchments, with the exception of 29003. The reasons
for this include the smaller variability in flow regime of the baseflow-dominated catchments,
and the fact that the flashier catchments may be less well represented by a model with a daily
timestep. Catchments 29003, 38021 and 42003 show consistently bad results for all the
models, and investigation shows that there are specific reasons why these catchments may not
be suitable for such a modelling exercise: 29003 is a chalk catchment with a highly unusual
anthropogenic flow regime (short-term spikes caused by mill regulation upstream); 38021 is
a very responsive partly urbanised catchment; 42003 is a catchment where there may be
problems with the observed water balance as comparison of the observed rainfall, potential
evaporation and runoff suggests that the rainfall input is too high.

6.2 QUALITATIVE (SUBJECTIVE) CRITERIA

The three qualitative criteria considered were the simulated monthly flows, daily flows and
flow duration curves. Model performance for each catchment was judged by the authors, the
higher marks being given to the better performances. There was relatively little variation in
the quality of the simulated monthly flows, so these were assessed jointly by the authors.
However, for the qualities of the simulated daily flows and simulated flow duration curves,
it was felt necessary for the authors to make independent assessments. Therefore, the analysis
considered whether the authors judgements were the same, before moving on to the standard
statistical and correlation analysis, in which the average marks were taken.

Monthly flow regime

All the models simulated the monthly mean flows reasonably well, with similar patterns found
in both the calibration and validation periods. There are a few instances of over-estimation
and under-estimation, usually in the Spring and Autumn, and there is a tendency for greater
errors in the validation period, but differences are small. The joint marks awarded to each
model on each catchment for the quality of the simulated monthty flow are given in Table
6.5. Table 6.6 shows the significant (at the 95 % level) correlation coefficients between the
quality of the monthly flows and the other quantitative and qualitative criteria for the
calibration and validation periods for both the complete dataset and the individual models.
There were some significant correlations between the quality of the monthly flows and the
other qualitative critetia, but visual examination of the X-Y plots failed to support the implied
relationships. However, there were some relationships with the quantitative criteria; namely
a positive trend with the efficiency, except for model D1, and a negative trend with the
percentage errors in the average annual runoff total. The best results were obtained from the
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baseflow-dominated catchments, with high efficiencies and small errors. All the models
performed badly on 29003, 38021 and 42003, identified in the previous section as potential
problem catchments.

Table 6.5 Scores awarded for quality of simulated monthly flow regime

Model
Catchment A B! B2 C D1 D2
11001 kX, 2.5 2.5 3.0 KN 3.0
19001 35 2.5 3.0 s 35 30
21018 4.0 30 3.0 2.5 30 3.0
24004 3.0 i.5 1.5 2.0 2.0 2.0
25006 35 2.5 2.5 30 3.0 35
28008 35 2.5 3.0 35 3.0 3.0 .
29003 1.5 1.5 1.0 1.0 1.5 1.0
32003 2.5 25 2.0 1.5 2.5 2.5
34004 40 3.5 30 4.0 35 3.0
37005 3.0 2.0 3.0 3.0 s 30
38021 1.5 1.5 2.5 3.0 1.5 1.5
39008 s 2.0 2.0 3.0 2.5 30
39019 4.0 3.0 3.0 4.0 3.0 4.0
40007 .30 1.5 2.5 30 2.5 2.0
42003 1.0 1.0 1.5 1.0 2.0 20
43005 3.0 jo 2.5 35 35 4.0
47001 4.0 s 35 3.0 3.0 35
48004 2.5 3.0 5 3.0 35 3.0
54008 30 2.0 2.5 2.5 2.5 2.5
54016 30 3.0 2.5 3.0 2.5 2.5
57004 kX 1) 3.0 35 2.5 30 30
58009 2.5 30 3.0 2.5 25 35
66011 30 30 2.5 3.0 3.0 35
76005 2.5 30 2.5 2.0 2.0 2.0
79006 5 2.5 1.5 2.0 2.5 3.0

Daily flow regime

Table 6.7a shows marks from each of the authors awarded to each model on each catchment
for the quality of the daily flows. The average marks show that author 1 (range 2.48 for
models Bl and B2 to 2.72 for models C and D1) tended to be more conservative in marking
than author 2 (range 1.60 for model B1 to 3.12 for model A) i.e. on average author 1 marked
higher than author 2 for poor performances, but lower for high performances. The model
rank order on the basis of these marks also varies between the authors. Both agree that
models B1 and B2 are worst, but whilst author 2 places model A first, author 1 places it only
fourth, upsetting the otherwise near identical rank order. To investigate the differences in
marks between the authors further, Table 6.7b shows the correlation coefficients between the
marks awarded to each model by each author.
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Table 6.7b Correlations between scores awarded by two judges for quality of simulated
daily flow regime

Model A B1 B2 C D1 D2 TOTAL

r 0.58 057 - . 0.73 - 0.67

where: 1 is correlation coefficient between marks awarded by author 1
and marks awarded by author 2.

Significant correlations are obtained for models A, Bl and DI (0.58, 0.57 and 0.73
respectively), suggesting that even though the actual assigned marks may have differed
between the authors, there was reasonable agreement on the quality of performance i.e. on
the best performances and the worst performances. However, for models B2, C and D2 there
were no significant correlations, suggesting that the authors’ judgments on what differences
between the simulated and observed hydrographs were or were not acceptable sometimes
differed quite considerably. For example, model B2 tends to miss occasional peaks and
produce hydrographs that rise and fall too sharply compared to the observed flows; for five
particuiar catchments (19001, 32003, 37005, 40007 and 47001) author 1 felt that the overall
model performance justified good marks, but author 2 felt these features were quite
unacceptable and gave poor marks. Conversely, model C can produce extremely smoothed
hydrographs which fail to reproduce the details of the observed flows even though they bear
some resemblance to the basic shape; for three catchments (39008, 39019 and 43005) author
1 felt the representation of the observed hydrographs was not adequate and gave poor marks,
but author 2 felt the overall model performance justified good marks. These observations go
to illustrate the subjective nature of interpreting hydrological model performance.

All the models simulated the daily flows less well than the monthly flows; the models did
produce regimes that differed from catchment to catchment, but details tended to be poorly
simulated. The extent to which they managed to reproduce the general regime varied
considerably both between models and between catchments for a particular model. For all
the models there was little obvious visual difference in performance between the example
calibration and vatidation years; for some catchments the fit was rather worse in the validation
year (e.g. model A on 21018), whilst for others it was rather better (e.g. model C on 54008).
All the models nearly always underestimated high flow peaks; some peaks were missed
entirely, but in most cases peaks existed but were too small, and the underestimation of high
flow peaks was particularly bad in Summer and Autumn. This may be due to the models
failing to simulate the runoff generation process adequately: too little of the catchment may
be assumed to be saturated and able to respond rapidly to rainfall, or alternatively, it may be
caused by problems with the input rainfall which is assumed to be falling evenly throughout
the day over the whole catchment i.e. in reality the rainfall may be localised in one part of
the catchment, or may have fallen in just a few hours. In practice, the answer is probably
a combination of both these factors. Additionally, the high frequency day-to-day fluctuations
were not reproduced at all well as the models miss what rapid runoff occurs, usually from
the limited saturated area adjacent to the river channel. Furthermore, poor model
performances with respect to both timing and magnitude on catchments in the north and west
may be caused, not by inadequacies in the models, but by errors in the adjustment of
estimated catchment rainfalls for snowmelt. Table 6.6 shows the significant (at the 95 %
level) correlation coefficients between the average quality of the daily flows and the other
criteria for the calibration and validation periods for both the complete dataset and the
individual models. There were some significant correlations between the quality of the daily
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flows and the other criteria, but again visual examination of the X-Y plots failed to support
the implied relationships.

Although there was considerable variation in performance both between models and between
catchments for a particular model, there were as usual some catchments on which the models
tended to perform consistently well or consistently badly, as judged by the authors. The
models performed badly on 11001, 29003, 34004 and 39019, and well on 28008, 37005,
47001, 66011 and 79006. It is difficult to find a property common to the catchments within
the two groups but which distinguishes between the groups. For example, 28008, 37005 and
47001 were all noted as having particularly low percentage errors in the average annual
runoff totals, as were 34004 and 39019; 47001 was also noted as having a particularly well
simulated monthly flow, as were 34004 and 39019; 29003 had a notably low efficiency whilst
39019 had a notably high one; 34004 had particularly high relative errors in the BFIs whilst
39019 had particularly low ones. There is little consistency, and this is most probably a
reflection of the subjective nature of the scoring. However, it is clear that it is on the
catchments with the higher BFIs (greater than around 0.65) that the models appear to perform
worse, and the more quickly responding, impervious catchments on which they appear to
perform better, though this is not supported by any significant correlations between the
quality of the daily flow and the relative errors in BFI as might be expected. This result is
against the trend set for the previous criteria, where the models had tended to give the best
results on the baseflow-dominated catchments.

Flow duration curve

Table 6.8a shows marks from each of the authors awarded to each model on each catchment
for the quality of the flow duration curve. The average marks show that author 1 (range 2.00
for model B1 to 2.72 for model D2) again tended to be more conservative in marking than
author 2 (range 1.40 for model B! to 2.60 for model D2) i.e. on average author 1 marked
higher than author 2 for poor performances, though marks for high performances were very
similar. The model rank order on the basis of these marks is fairly consistent between
authors. Both agree that model D2 is best, followed by models A and D1, then by models
B2 and C, and that model B is worst. This similarity in marks and rank order is in contrast
to that for the daily flows, and Table 6.8b shows the correlation coefficients between the
marks awarded to each model by each author.

Table 6.8b Correlations between scores awarded by two judges for quality of simulated
flow duration curve

Model A Bl B C DI D2 TOTAL

r 087 071 059 0.77 064 065 0.67

where:  ris correlation coefficient between marks awarded by author 1
and marks awarded by author 2.

Significant correlations are obtained from all the models, ranging from 0.59 for mode! B2 to
0.87 for model A, confirming the similarity in views on quality of performance. The
discrepancy between the authors’ judgements of the daily flows, and the similarity between
their judgements of the flow duration curves, suggests that assessment of the latter is easiet.
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When assessing daily flows it is necessary to compare the baseflow, all the peaks and the
speed of rise and fall of the hydrographs, whilst for flow duration curves there are just the
extreme flows and the middle range of flow to consider. Hence, there is likely to be more
agreement between different judges. Quality of the flow duration curve is likely to provide
a better qualitative measure of model performance than quality of the monthly flow (too little
variation), and quality of the daily flow (too much variation).

Table 6.6 shows the significant (at the 95 % level) correlation coefficients between the
average quality of the flow duration curves and the other criteria for the calibration and
validation periods for both the complete dataset and the individual models. There were some
significant correlations between the quality of the flow duration curves and the other
qualitative criteria, but these were not supported by visual examination of the X-Y plots.

For all the models, the simulated flow duration curves in the calibration period tended to be
more accurate than those in the validation period. For models C, D1 and D2 the models
tended to underestimate both low flows (below the flow exceeded 95 % of the time) and high
flows (above the flow exceeded 1% of the time), and overestimate intermediate flows (around
the flow exceeded 50% of the time). Model A tended to underestimate low flows, but
overestimate intermediate and high flows. Models Bl and B2 again performed exceedingly
badly on the majority of catchments: the simulated flow duration curves are characterised by
a distinct and abrupt bend somewhere in the middle of the curve (usually just on the high flow
side of the flow exceeded 50% of the time), and extreme underestimation at the low flow end.
The underestimation of low flows for models A, C, D1 and D2 suggests that the models are
not simulating the slow release of water during dry periods particularly well. The over- or
under-estimation of the high flows for the same models reflects the poor simulation of flood
peaks, as already described for the daily flows. The quality of the flow duration curves for
models B1 and B2 clearly reflects the poor quality of the simulated daily flows. It is worth
noting that whilst models which simulate the day-to-day flow variability of a catchment well,
also tend to give a good flow duration curve (e.g. model D2 on 25006), the reverse is not
necessarily true i.e. models which produce a good simulated flow duration curve on a
particular catchment do not necessarily produce a good daily simulated flow (e.g. model A
on 34004). However assessment of the quality of the daily flow appears more subjective than
assessment of the quality of the flow duration curve.

The catchments on which the models were noted to perform consistently well, as judged by
the authors, were 34004, 39019 and 43005. These are catchments with high efficiencies, low
percentage errors in the average annual runoff totals as well as good simulated monthly flows.
The latter two catchments, with BFIs greater than 0.90, had low relative errors in the BFIs
whilst 34004, with a BFI of 0.73, had a high error. The former two catchments were noted
as having badly simulated daily flows, reiterating that the catchments which have a good
simulated flow duration curve do not necessarily have a good daily simulated flow.
Conversely, there were several catchments on which the models were noted to perform
consistently badly, as judged by the authors, namely 24004, 25006, 38021, 42003, 48004,
54008, 66011, 76005 and 79006. This group includes both high efficiency (48004) and low
efficiency (42003) catchments, catchments with both low (25006) and high (38021) percentage
errors in the average annual runoff totals, catchments with both low (38021) and high (24004)
relative errors in the BFIs, and catchments with both good (66011) and bad (54008) simulated
daily and monthly flows. It is also worth noting that it is the catchments with the highest
BFls (greater than around 0.70) on which the models appear to perform best, and the more
impervious catchments on which they appear to perform worse i.e. the opposite of the
relationship for the daily flows, and similar to the results prior to that.
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To summarise: the quality of the monthly flow was the worst differentiator between model
performance, with all the models assessed to be performing reasonably well. In contrast the
quality of the daily flow showed most variation between models, but was so subjective that
the two authors sometimes disagreed on what constituted a good or bad model performance.
The quality of the flow duration curve showed enough variation, and the authors’ judgements
agreed enough, to make the criterion more meaningful. However, most users would probably
feel more comfortable with a model that simulates day-to-day variation well, rather than a
model that simulates the monthly mean flow or the flow duration curve well. The quality of
the simulations of the daily flows probably does explain much of the inconsistent BFI results,
because calculation of BFI depends on separation of the daily flow hydrograph.

Again, the questions presented in Section 5 can be considered:

L A catchment where the monthly flow regime is simulated well can have, but
does not necessarily have, a well simulated daily flow regime. Similarly a
catchment where the daily flow regime is simulated well can have, and
indeed tends to have, a well simulated flow duration curve.

° However, a catchment with a well simulated flow duration curve does not
necessarily have well simulated daily and monthly flows.

L The simulated monthly flow regimes were of similar, good quality in the
calibration and validation periods. The simulated daily flow regimes were
sometimes better in the calibration period, and sometimes better in the
validation period. The simulated flow duration curves tended to be much
better in the calibration period.

The models can also be assessed by relative performance i.e. rank, and Table 6.9 shows the
means, standard deviations and ranks of all the qualitative criteria for the individual models.

Table 6.9 Means, standard deviations and ranks of each model based on selected qualitative
{subjective) criteria

Model MON HYD FDC
Mean St. Rank Mean St Rank Mean St. Rank

Dev. Dev. Dev.
A 2.98 0.78 1 2.84 0.69 1 2.24 0.89 3
Bl 2.48 0.68 6 204 0.75 6 1.70 0.72 6
B2 2.54 0.66 5 2.10 0.75 5 1.82 0.71 5
C 2.72 0.79 4 276 0.61 3 2.10 0.89 4
D1 272 0.60 3 2.84 0.76 2 2.30 0.65 2
D2 2.80 0.74 2 2.70 0.68 4 2.66 0.57 1
TOTAL 27 0.72 - 2.55 0.78 - 2.14 0.80 -

= - 1 -
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All the models simulated the monthly flow regime reasonably well, but, overall, model A
performed best, followed by model D2. Model Bl performed worst with model B2 nearly
as bad. Models C and D1 scored the same. The results for the simulation of the daily flow
regime suggest that models B1 and B2, which do badly on the majority of catchments, are
not performing as well as models A, C, D1 and D2, which simulate the observed flow
hydrographs to an acceptable standard for nearly all the catchments. Overall, models A and
Di performed best, followed by models C, D2, B2 and B1 in that order. For the simulated
flow duration curve, models A, C, D1 and D2 perform to an acceptable standard on more
than half the catchments, whilst models B1 and B2 reach this standard only on a small handful
of catchments. Overall, model D2 performed best, followed by models D1, A, C, B2 and
Bl in that order.

Summary of model performance on basis of qualitative criteria

Model A ranks top in two of the three categories: the highest average scores for the monthly
and daily flows. Model D1 also had a very high average score for the daily flows. Model
D2 had the highest average score for the flow duration curves. On the basis of the qualitative
criteria alone, model A performs best on average, closely followed by models D1 and D2.
Models Bl and B2 are worst.

The baseflow-dominated catchments, i.e. the catchments with the least variable flows, tend
to have the better monthly flows and flow duration curves, but the worst daily flows.
However, the inability of the models to reproduce the entire daily flow hydrographs properly
on the baseflow-dominated catchments is probably the result of a combination of factors: it
is likely that the models fail to simulate the runoff generation process properly, particularly
the slow release of water during dry periods, and additionally there may be problems with
the input rainfall (spatially, temporally or through conversion to and from snow). These
reasons would also account for the failure of the models to simulate the larger flow peaks
properly. The problem catchments, 29003, 38021 and 42003, continued to perform badly.

6.3 SUMMARY

For a model to be judged to perform well it should closely reproduce the basic properties of
the flow regime, characterised by average annual runoff totals, monthly flows, daily flows,
flow duration curves and BFls, on a large number of catchments of varied sizes,
topographies, soils and climates. Tables 6.10 and 6.11 summarise the results. Table 6.10
shows the model ranks for each performance criterion, together with the overall rank, whilst
Table 6.11 lists the catchments and performance criteria, and highlights those catchments
which were noted as having consistently particularly good or bad results.
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Table 6.10

Assessment of model performance

Model

OBIJ1

Quantitative rank

EFF

ANRO BF1

Qualitative rank

MON

HYD

FDC

Overall rank

BI
B2

D1
D2

L B = N

[= B B PR = Y 8]

LA h B D —

M OB =N WO

S RV R Y -

oA O -

— N B h O W

W e A N -

Table 6.11

Assessment of catchment performance

Catchment

OBJ1

Quantitative rank

EF¥F

ANRO

BFI

MON

Qualitative rank

HYD

FDC

11001
19001
21018
24004
25006
28008
29003
32003
34004
37005
38021
39008
39019
40007
42003
43005
47001
48004
54008
54016
57004
58009
66011
76005
79006

GOOD
GOOD
BAD
GOOD
GOoD
BAD

GOOD
BAD

GOOD

BAD

GOOD

BAD
GOOD
GOOD

BAD
BAD
GOOD

GOOD

GOCD
BAD
GOOD
BAD
BAD

BAD
BAD
BAD

Of the quantitative measures, the Nash-Sutcliffe efficiency criterion and the percentage errors
in the average annual runoff total tended to agree with each other, whilst the relative errors
in the BFIs tended to be far too inconsistent to be of real use. Of the qualitative criteria, the
quality of the simulated monthly flow did not discriminate enough between model
performances, though in general agreed with the efficiency criterion and the percentage errors
in the average annual runoff total. The quality of the simulated daily flow was too subjective
a measure, with the authors disagreeing on what constituted a good or bad performance.
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Marks for the quality of the simulated flow duration curve were more consistent. No model
performed well in all of the assessment categories. Models Bl and B2 were clearly
inappropriate, but, of the other four, where one model performed well, all tended to.

Deciding which of the performance criteria are the most important is difficult. For instance,
does it matter that a model may tend to simulate daily flows well but flow duration curves
badly, or that another model may tend to give low quantifiable errors, but simulate qualitative
criteria poorly? Ultimately the relative importance of the performance criteria will depend
on what the model will be used for. Therefore, which is considered the best model will vary
i.e. model D2 gives by far the best simulated flow duration curves, but model A has the best
simulated daily flows, and modet C has the highest average efficiency. The minimum
requirement for a good model performance is probably a high efficiency and a well simulated
daily flow; well simulated average annual runoff totals, monthly flows and flow duration
curves should be a natural consequence. Overall, the 5-parameter models A and C performed
best and models B1 and B2 worst (five and four parameters respectively); the 3-parameter
models D1 and D2 also performed acceptably in many of the categories.

To resolve the outstanding points from Section 5, it can be concluded that

L4 For a particular model on a particular catchment, the objective measures
apart from the BFIs (and also excluding the objective functions) tend to give
the same result; the subjective measures are less consistent. The objective
and subjective measures can, but do not necessarily, give the same result.

L The distinction between models that performed well or badly was fairly
consistent. Models Bl and B2 were earmarked as inappropriate at a
relatively early stage, and this was confirmed after consideration of the
quality of the simulated daily flows and flow duration curves.

L There are certain catchments on which none of the models perform well, in
particular 29003, 38021 and 42003. On some others, all the models gave
good results (except sometimes for simulation of the daily flow regime); these
tended to be the baseflow-dominated catchments.

The next section briefly considers the relationships between the model parameters and
measured descriptive indices of the catchments, in order to assess the likely ease of parameter
estimation at ungauged sites. '
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7  Model parameter estimation

Bonvoisin and Boorman (1992a) found that with results from only four catchments it was not
possible to derive statistical relationships between model parameters and mapped physical or
climatic characteristics of the catchments. It is necessary to do this in order to extend the use
of such models to ungauged catchments, and this section describes the brief investigation
carried out to see if such relationships could be derived. Models A, C, D1 and D2, all of
which performed adequately on the majority of catchments, were used. Correlation
coefficients between the model parameters and selected FSR catchment characteristics were
determined. Because of the large range of values for most of the variables, both the
catchment characteristics and the model parameters were transformed by taking common
logarithms (i.¢. to base 10). Since the LAKE and URBAN terms often have zero values, 1.0
was added before taking the logarithm; hence for these variables, if the original term was
zero, the transformed term will also be zero.

The correlations of the transformed catchment characteristics are given in Table 7.1. The
figures quoted are significant at the 95% level. The most significant correlations are between
catchment area and mainstream length (0.94), and between the SOIL index and BFI (-0.72).
Channel slope is correlated with area (-0.58), mainstream length (-0.60), and SAAR (0.60).
These findings, from the set of 25 catchments used here, reflect those from the much larger
FSR dataset (FSR 1, 4(312), Table 4.8). LAKE and URBAN are not significantly correlated
with any variables, and were not used further in the regression analysis because so few of the
catchments in the dataset were affected (only nine out of 25 were at all urbanised and just
three of those were more than 5% urbanised; only five out of 25 had significant lakes).

Table 7.1 Significant correlations of log-transformed catchment characteristics from 25
catchments used in study

AREA MSL §1085 soIL SAAR URBAN  LAKE BF1

AREA 1.00 0.94 -0.58 - - - - -
MSL 0.94 1.00 -0.60 - - - - -
51085 -0.58 -0.60 1.00 0.47 0.60 - - .41
SOIL - - 0.47 1.00 0.43 - - £0.72
SAAR - - 0.60 0.4} 1.00 - - -
URBAN - - - - - 1.00 - -
LAKE - - . - - - 1.00 -
BFI - - 041 0.72 . - - 1.00

Although correlations were initially carried out on the complete set of 25 catchments, further
analyses were done, omitting the three catchments which performed consistently badly (i.e.
25003, 38021 and 42003). Tables 7.2-7.5 show the correlation matrices for each model
parameter, the catchment characteristics and the other model parameters, for both the
complete dataset and the reduced dataset. Again only correlation coefficients significant at
the 95 % level are quoted. In the following sections the relationships between the model
parameters and catchment characteristics are grouped by parameter function.
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Table 7.2a Significant correlations of log-transformed model parameters and log-
transformed catchment characteristics for model A

AREA MSL S51085 SOIL SAAR  BFl Ca Cb Ce Cri Cr2

Ca - - - - 040 1.00 - 0.53 - -
-] [l [-] 10.54] [-] [-0.58] 11.00] [ [0.67) Il [-]
Cb - - - - 0.44 - - 1.00 - - 0.52
[-] (-] (-] 3] i -] (1 [Lo0) [} (-] [0.62]
Ce - - - 0.67 - 0.70 0.53 - 1.00 . -
I (-] 1 [0.70) 1 {061 0671 (-] [100) [ [
Cri - - - - - - - - . 1.00 -
i-] (-] [-] [ [-] [-) I- I-] [ (1.00} I-]
Cr2 - - 042 044 054 - 0.52 - - 1.00

[-] [-] (-1 [0.50} [051] [0.66) []1 [0.62] [] (] {1.00)

wnere; op igure 1n eacn pamr refers w -catchment dataset an 1gures in brackets refer (o the reduce
dataset of 22 catchments

Table 7.2b Significant correlations of log-transformed model parameters and log-
transformed catchment characteristics for model C

AREA MSL S1085 SOIL SAAR BFI  ¢mar smar Kb Grout Srout

cmax - - - - - - 1.00 . - - -
(] (] [ [-] [-] (1 [100] [ {] [-) i-]
smax - 0.42 - 042 049 045 - 1.00 - - -
] [] (-] -] [0.51 {0.55] [ [1.00] [] [-1 [-0.48]
Kb - - 0.55 - 0.76 - - - 1.00 - -
[-] (1 (059 -] [084] [} [-] (1 [.00] [ (-]
Grout - - - - - - - - - 1.00 -
[0.51) (1 [047) [053] [ (-] (-] [] -1 [1.00] [0.50]
Srout - . 050 068 041 0.6] - - - - 1.00

g [-] [0.50] ([0.82] [0.48) [0.71} [] [©048) [-] [0.50] (1.00)

where: lOp 1gire mn eacl pair relers to =catchment taset an 1gures 1n brackets refer to [ u
dataset of 22 cachments

Table 7.2¢ Significant correlations of log-transformed model parameters and log-
transformed catchment characteristics for model D1

AREA MSL  S1085 SOIL  SAAR  BFI smax 78 K2
smax - - - - 0.60 - 1.00 0.91 -
-] H 047 -] (0.66] [0.59] [1.00] [0.88] [0.52)
k! - - . ; 0.72 ; 0.91 1.00 .
(-] (-] [0.52) - [0.78] [ (0.88]  [1.00] [0.58]
K2 - ; . 0.82 0.49 0.60 - . 1.00
-] ) (0.46)  [0.80] (048] [0.63] {0.52] [0.58]  [1.00]

ere: top figure in each pair refers to 25-cawchment dataset and figures tn brackets refer to the redu
dataset of 22 catchments
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Table 7.2d Significant correlations of log-transformed model parameters and log-
iransformed catchment characteristics for model D2

AREA  MSL 51085 SOIL _ SAAR _ BF —smar K7 %]

Smax : - T30 . 16 - T00 0% 037
-] [-] [0.43] -] 067 [0.51] [(1.00) (077}  [0.54]

Kl . . ] 0.57 . 078 1.00 0.51
[-1 (- (-] I-] [0.57] [ (0.77]  [1.00] (0.64)

K2 . . 0.41 0.76 045 069 047 0.5l 1.00
() [] [046)  [074)  [046] [0.72] [0.54] [0.64]  (1.00]

- —_—
where: top figure in cach pair refers to 25-catchment dataset and figures in brackets refer to the reduced

dataser of 22 catchments

7.1 PARAMETERS CONCERNED WITH EVAPORATION

The only parameter solely concerned with determining actual evaporation from potential
evaporation is the evapotranspiration coefficient Ca in modei A. Although other models have
parameters used in the procedure to determine actual evaporation e.g. the maximum amount
of storage in the basin smax in model C, these parameters are essentially storage accounting
parameters, and are considered in Section 7.2.

The model A evapotranspiration coefficient Ca is negatively correlated with BFI for the
complete dataset, and this relationship becomes stronger for the 22-catchment dataset; a
positive correlation with the SOIL index also becomes significant for the reduced dataset.
There is also a relationship between Ca and the subsurface flow coefficient Cc.

Ca determines the amount of potential evapotranspiration that is satisfied i.e. the larger the
value of Ca, the less evapotranspiration takes place. The relationships suggest that the
dominant control on the value of Ca is the soil permeability and the way it controls the
relationship between water movement and soil moisture, as seen in the SOIL index. A low
soil permeability (i.¢. high SOIL index) is associated with high values of Ca and Cc i.e. low
evaporation loss and low subsurface flow. This is then consistent with a low value of BFIL.

7.2 PARAMETERS CONCERNED WITH STORAGE ACCOUNTING

The models have as many as three parameters concerned with storage accounting to determine
the water content of each soil moisture store. Some of these parameters also have
supplementary roles in determining actual evaporation from potential evaporation. Model A
has the two subsurface flow coefficients Cb and Cc, model C has the maximum storage
capagcity at any point within the basin cmax, the average maximum amount of water that could
be held in storage over the whole basin smax and the soil drainage coefficient Kb, and models
D1 and D2 have the capacity of the largest soil moisture store smax and the subsurface flow
coefficient KI. :

Taking model A, Cb is positively correlated with SAAR for the complete dataset only, whilst
Cc is correlated with both the SOIL index (positive) and BFI (negative) for both datasets.
There are also relationships between Cb and the routing coefficient Cr2, and between Cc and
the evapotranspiration coefficient Ca. The relationships for Cc are consistent with those for
Ca, and with the interpretation of soil permeability as the dominant control. Cb controls the
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rate of subsurface flow rather than its variation with soil moisture content, and the
relationship with SAAR suggests that this is higher in wetter catchments. Other catchment
characteristics which might be related to this parameter, such as hillslope topography (P.
Broadhurst, pers.comm.), are not represented in the FSR caichment characteristic dataset.

In mode! C, the maximum storage capacity at any point within the basin cmax is not
significantly correlated with any of the catchment characteristics or with any of the other
model parameters for cither dataset. The average maximum amount of water that can be held
in storage over the whole basin smax is correlated with the mainstream length (positive), the
SOIL index (negative), SAAR (negative) and BFI (positive) for the complete dataset.
However, with the 22-caichment dataset the first two of these relationships become non-
significant, whilst the latter two strengthen, and a relationship with the channel routing
coefficient Srour becomes significant. The soil drainage coefficient Kb is positively correlated
with channel slope and SAAR, the relationships again strengthening with the 22-catchment
dataset. In the case of smax, the relationships suggest that the soil moisture storage of the
basin is low in areas of high rainfall, impermeable soils, low baseflows and short mainstream
lengths. These are typically small upland catchments. The lack of correlation between cmax
and any of the catchment characteristics used may be interpreted in terms of the lack of
detatled soil information represented in the SOIL index, either in terms of the maximum soil
moisture storage at a point or the within-catchment distribution of soil moisture storages. Kb
is the rate of lateral subsurface drainage which is seen here to be dominated by slope angle,
in this case represented by both channel slope and SAAR.

For model D1, the capacity of the largest soil moisture store smax is negatively correlated
with SAAR and the subsurface flow coefficient K1, but for the reduced dataset there are also
significant correlations with slope (negative), BFI (positive) and the routing coefficient K2.
For model D2, smax is correlated with more of these variables for the complete dataset i.e.
SAAR (negative), slope (negative), K/ and K2; and with BFI (positive) for the 22-catchment
dataset only. As well as the relationship with smax, K1 is also positively correlated with
SAAR for both models. With the 22-catchment dataset for model D1, K/ is also positively
correlated with slope and K2. For model D2 there is no correlation between K7 and slope,
but the correlation with K2 is also significant for the complete dataset. The similarity of
relationships between models D1 and D2 is gratifying, although the details vary slightly. In
both cases, higher soil moisture storage capacities are associated with drier catchments of
lower slopes and higher baseflows. This is in agreement with the way in which soil
properties vary across the UK, and indeed may reflect an uplands/lowlands divide. The
larger soil moisture capacity also has a lower drainage rate which is consistent with the lower
slope angles of lowland catchments. )

7.3 PARAMETERS CONCERNED WITH RUNOFF GENERATION AND
ROUTING

All of the models have at least one parameter concerned with the generation of runoff or with
the routing of that runoff to the catchment outfall. Model A has the two routing coefficients
Crl and Cr2, Model C has the groundwater discharge coefficient Grour and the channel
routing coefficient Srout, and models D1 and D2 have the routing coefficient K2,

The model A routing coefficient Cr/ is not significantly correlated with any of the catchment

characteristics, but the other model A routing coefficient Cr2 is positively correlated with the
SOIL index and SAAR, and negatively correlated with BFI, the relationships strengthening
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with the 22-catchment dataset. Cr2 is also correlated with the subsurface flow coefficient Cb.
Catchment characteristics associated with routing are limited within the FSR catchment
characteristics dataset to the mainstream length, and are clearly insufficient to demonstrate
a link with these model parameters. However, it may be suggested that the positive
relationship between Cr2 and both the SOIL index and SAAR implies that Cr2 might be
related to drainage density i.e. the higher the drainage density, the greater the value of Cr2.
This might be tested with more recently-derived catchment characteristics (e.g. Naden &
Polarski, 1990).

The model C groundwater discharge coefficient Grout is not significantly correlated with any
of the catchment characteristics or with any of the other model parameters for the complete
dataset, but for the 22-catchment dataset Grout is correlated with area {negative), slope
(positive) and the SOIL index (positive). The model C channel routing coefficient Srout is
positively correlated with slope, SAAR, and the SOIL index, and negatively correlated with
BFl. Additionally for the 22-catchment dataset there is the significant correlation between
Srout and Grout, and Srout is also correlaled with the maximum amount of storage in the
basin smax. Neither groundwater routing not channel routing is well represented in the FSR
catchment characteristics dataset. However, the relationships again point to a possible link
with drainage density, and a link to slope angle in the case of Srout.

For both models D1 and D2, the routing coefficient K2 is positively correlated with SAAR
and the SOIL index, and negatively correlated with BFI, for both datasets. Model D2 also
has K2 positively correlated with slope and negatively correlated with the capacity of the
largest soil moisture store smax, but for model D1 the relationships are only significant for
the 22-catchment dataset. Again, K2 is seen to have possible links with drainage density and
slope angle.

The consistency in the relationships between parameters which describe routing in each of the
different models and catchment characteristics is very encouraging, suggesting that these
parameters are indeed playing a similar role.

7.4 SUMMARY

This section has gone some way to showing that, from the significant correlations between
some of the model parameters and catchment characteristics, it might be possible to derive
regression equations for estimation of those model parameters at ungauged sites. However,
other model parameters seem quite unrelated to the variables used, and their estimation might
be difficult. Furthermore, some of the model parameters were significantly and highly
correlated with other model parameters, which is not a particularly good feature of a model,
and some further refinement of model structure and parameters may be necessary.

The relative dominance of the upland/lowland divide (indexed through SAAR) and
permeability characteristics (indexed through the SOIL index and BFI) compared to the
unimportance of the topographical indices such as area, stream length and slope was
disappointing. However, these results reflect the restricted set of variables used in the FSR .
catchment characteristics dataset.  Another potentially important characteristic, stream
frequency, was not included in this part of the study due to the difficulties of abstracting it
manually for very large catchments, but another more discriminating channel variable might
be total network length and, hence, drainage density.
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As a consequence of these disappointing results, the subsequent regression exercise has not
been carried out as part of this study. Other reasons contributed to this decision: firstly, there
would ideally be a larger dataset;, additionally, there needs to be a more formal way of
identifying potential problem catchments; and finally, with continuing advances in digital
mapping and information technology, there are possibilities for deriving catchment
characteristics by computerised methods which might replace the manually-derived FSR
catchment characteristics (Naden & Polarski, 1990). Such digital data sets include the digital
terrain model (DTM) for the UK (Institute of Hydrology; Morris et al., 1990), the digitised
UK river network (from 1:50K OS maps), the HOST (Hydrology Of Soil Types) classification
of soils (Boorman er al., 1994), and the land cover dataset (Fuller, 1993). Future work will
make effective use of these datasets in order to fulfil the ultimate objectives of the project.
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8 Conclusions

In this study six simple concepiual daily rainfall-runoff models with three to five pararneters
were applied to 25 UK catchments covering a variety of sizes, topographies, soils and
climates. Firstly, the model parameters for each of the 25 catchments were estimated for the
calibration period (1981 to 1983, with 1980 as a warm-up year). Rather than use a
completely automatic optimisation routine for calibration, a more subjective calibration system
was employed. Automatic optimisation from a reasonably sensible set of starting parameter
values was followed by manual adjustment of the optimised parameters to obtain better fits
as judged by the user. These model parameters were then used with a validation dataset from
1984 to 1989 (with 1983 as the warm-up year).

Mode! evaluation was based on a comparison of observed and simulated flows during the
calibration and validation periods. Model performance was judged on the ability of the model
to reproduce the basic characteristics of the flow, such as average annual runoff totals,
monthly flow, daily flow, flow duration curve and baseflow index, rather than to provide a
near-exact simulation of the observed response.

Examination of the results shows that the quantitative criteria were significantly and generally
highly correlated between the calibration and validation periods, though there was no
correlation between the two objective functions themselves. A catchment with a high
efficiency tends to have a small percentage error in the estimated average annual runoff total,
but the relative error in estimating the BFI can be either large or small. The average annual
runoff totals tend to be underestimated, whilst the BFIs tend to be overestimated. The
simulated monthly flow regimes were of similar, good, quality in the calibration and
validation periods. The simulated daily flow regimes were sometimes better in the calibration
period, and sometimes better in the validation period. The simulated flow duration curves
tended o be much better in the calibration period. A catchment where the monthly flow
regime is simulated well can have, but does not necessarily have, a well simulated daily flow
regime. Similarly a catchment where the daily flow regime is simulated well can have, and
indeed tends to have, a well simulated flow duration curve. However a catchment with a well
simulated flow duration curve does not necessarily have well simulated daily and monthly
flows.

The results show that four of the models perform well on the majority of catchments. The
best performances were from the 5-parameter models A (Bonvoisin & Boorman, 1992a;
model 8) and C (Moore, 1985; probability-distributed model PDM). The 3-parameter models
D1 and D2 (Bonvoisin & Boorman, 1992a; model 16) also performed well in many of the
categories, and model D2 gave the best simulated flow duration curves. Models Bl and B2
(Bonvoisin & Boorman, 1992a; model 15), with five and four parameters respectively, were
clearly inappropriate, due to their large quantifiable errors and their poor performances in the
qualitative categories.

The overall conclusions to be drawn from this study are that for a particular model on a
particular catchment, the objective measures, apart from the BFIs, tend to give the same
result; the subjective measures are less consistent. The objective and subjective measures can,
but do not necessarily, give the same result. The distinction between models that performed
well or badly was fairly consistent. Models B! and B2 were earmarked as inappropriate at
a relatively early stage, and this was confirmed after consideration of the quality of the
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simulated daily flows and flow duration curves. There are certain catchments on which none
of the models perform well, in particular 29003, 38021 and 42003. On some others, all the
models gave good results (except sometimes for simulation of the daily flow regime); these
tended to be the baseflow-dominated catchments. The relatively good performance of the
baseflow-dominated catchments was almost certainly because of the smaller variability of their
day-to-day flows, and because the faster responding, more impervious catchments were not
well represented by a daily time step. The more impervious catchments had better
simulations of the daily flow regime.

It is unlikely that 2 single generally applicable simple conceptual model is attainable, as there
will always be catchments on which the model does not perform well. The criteria which
may be examined for a definitive assessment of model performance vary with the ultimate
purpose of the model, but a high efficiency and a well simulated daily flow should indicate
2 generally good model performance. It is not possible to define model performance solely
on the basis of objective criteria, as on a particular catchment a model may give a high
efficiency and small quantifiable errors, but have a poorly simulated daily flow regime.
Similarly it is not possible to define model performance solely on the basis of subjective
criteria, as a well simulated daily flow may imply a well simulated monthly flow and a well
simulated flow duration curve, but not only do different users have different perceptions of
what constitutes a good or bad fit, it is also almost always necessary to be able to quantify
the fit through a criteria such as efficiency in order 10 compare models.

The regression exercise carried out in order to derive statistical relationships between model
parameters and mapped physical and climatic characteristics of the catchments gave
disappointing results, despite eliminating the three catchments on which none of the models
performed well. The results reflect the restricted set of variables used in the FSR catchment
characteristics dataset, and the need to extend this dataset to include characteristics which can
now be derived by computerised methods.

Future work will involve using model C to assess the potentia! for better estimation of flood
frequency through continuous simulation of catchment flows (Spijkers & Naden, 1994). It
is likely that the ability of the model to fit the observed flow data in this study was
constrained by the time step adopted; for instance, flood peaks may have been modelled better
had hourly data rather than daily data been used. Therefore, future work will also investigate
the potential for continuous simulation at a sub-daily time step, as well as the possibilities of
making use of newly available digital datasets.
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Appendix A

A.1 Model parameters,
efficiency criteria

objective functions

and
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Appendix A

A.2 Average annual runoff totals with percentage
errors






Calibration period Validation period
Catchment Obs (mm)  Sim (mm) CANRO (%) Obs(mm) Sim (mm) VANRO (%)
11001 500 504 0.8 529 529 0.0
19001 553 567 2.5 580 553 -4.7
21018 570 568 04 572 584 2.1
24004 521 518 -0.6 545 512 -6.1
25006 907 909 0.2 834 828 -0.7
28008 694 679 -2.2 619 618 -0.2
29003 303 272 -10.2 277 260 -6.1
32003 199 200 0.5 184 162 -12.0
34004 277 277 0.0 252 249 -1.2
37005 158 139 -12.0 153 140 -8.5
38021 179 201 12.3 164 127 -22.6
39008 298 299 0.3 260 280 7.7
39019 270 270 0.0 225 210 -6.7
40007 390 388 -0.5 382 332 -13.1
42003 338 303 -10.4 286 291 1.7
43005 367 352 -4.1 323 311 -3.7
47001 825 827 0.2 733 744 1.5
48004 997 908 -8.9 980 848 -13.5
54008 457 421 -7.9 398 381 -43
54016 255 259 1.6 221 205 -7.2
57004 1512 1570 3.8 1362 1407 33
58009 1086 993 -8.6 1046 943 -9.8
66011 1865 1970 5.6 1753 1637 -6.6
76005 770 856 11.2 720 775 7.6
79006 1245 1222 -1.8 1185 1193 0.7

Average annual runoff totals with percentage errors for model A.

Calibration period Validation period
Catchment Obs (mm)  Sim (mm) CANRO (%) Obs (mm) Sim (mm) VANRO (%)

11001 500 496 -0.8 529 501 -5.3
19001 553 547 -1.1 580 507 -12.6
21018 570 577 1.2 572 595 4.0
24004 521 490 -6.0 545 480 -11.9
25006 907 886 -2.3 834 807 -3.2
28008 694 659 -5.0 619 598 -3.4
29003 - 303 211 -30.4 277 197 -28.9
32003 199 197 -1.0 184 186 1.1
34004 277 289 4.3 252 260 3.2
37005 158 154 -2.5 153 157 2.6
38021 179 199 11.2 164 167 1.8
39008 298 275 -7.7 260 264 1.5
39019 270 258 -4.4 225 219 -2.7
40007 390 345 -11.5 382 327 -14.4
42003 338 335 -0.9 286 351 22,7
43005 367 334 -9.0 323 309 -4.3
47001 825 826 0.1 733 740 1.0
48004 997 925 -1.2 980 856 -12.7
54008 457 417 -8.8 398 396 -0.5
54016 255 254 -0.4 221 212 4.1
57004 1512 1499 -0.9 1362 1287 -5.5
58009 1086 1047 -3.6 1046 999 -4.5
66011 1865 1865 0.0 1753 1547 -11.8
76005 770 757 -1.7 720 689 -4.3
79006 1245 1230 -1.2 1185 1200 1.3

Average annual runoff totals with percentage errors for model B}



Calibration period Validation period
Catchment Obs (mm)  Sim (mm) CANRO (%) Obs (mm) Sim (mm) VANRO (%)

11001 500 544 8.8 529 547 3.4
19001 553 608 9.9 580 573 -1.2
21018 570 577 1.2 572 596 4.2
24004 521 469 -10.0 545 454 -16.7
25006 907 894 -1.4 834 810 -2.9
28008 694 638 -0.9 619 632 2.1
29003 303 299 -1.3 277 277 0.0
32003 199 212 6.5 184 194 5.4
34004 277 289 4.3 252 262 4.0
37005 158 152 -3.8 153 149 -2.6
38021 179 238 33.0 164 166 1.2
39008 298 271 -9.1 260 259 04
39019 270 270 0.0 225 231 2.7
40007 390 405 3.8 382 358 -6.3
42003 338 39¢ 18.0 286 377 31.8
43005 367 334 -9.0 323 308 -4.6
47001 825 838 1.6 733 752 2.6
48004 997 992 -0.5 980 926 -5.5
54008 457 412 -9.8 398 391 -1.8
34016 255 284 11.4 221 234 5.9
57004 1512 1661 9.9 1362 1434 5.3
58009 1086 1059 -2.5 1046 1010 -34
66011 1865 2075 11.3 1753 1747 -0.3
76005 770 861 11.8 720 778 8.1
79006 1245 1368 9.9 1185 1338 12.9

Average annual runoff totals with percentage errors for model B2.

Calibration period Validation period
Catchment Obs (mm)  Sim (mm) CANRO (%) Obs (mm) Sim (mm)} VANRO (%)

11001 500 514 2.8 529 515 -2.7
19001 553 595 7.6 580 559 -3.6
21018 570 615 7.8 572 625 9.3
24004 521 501 -3.8 545 491 -9.9
25006 207 897 -1.1 834 815 -2.3
23008 694 650 -6.3 619 581 -6.2
29003 303 298 -1.7 277 266 -3.9
32003 199 161 -19.2 184 128 -30.2
34004 277 284 2.7 252 253 0.3
37005 158 158 0.2 153 157 2.6
38021 179 177 -1.0 164 153 -6.9
39008 298 296 -0.6 260 286 10.1
39019 270 268 -0.8 225 222 -1.2
40007 390 392 0.4 382 344 -10.1
42003 338 402 8.9 286 357 249
43005 367 350 -4.5 323 316 -2.2
47001 825 840 1.8 733 753 2.7
48004 997 980 -1.7 980 909 -7.2
54008 457 424 -7.2 398 408 2.5
54016 255 264 3.6 221 217 -1.7
57004 1512 1626 7.6 1362 1394 2.3
58009 1086 1013 -6.8 1046 950 -9.2
66011 1865 1989 6.7 - 1753 1668 -4.9
76005 770 904 17.4 720 830 15.3
79006 1245 1363 9.5 1185 1336 12.7

Average annual runoff torals with percentage errors for model C.



Calibration period Validation period
Catchment Obs (mm)  Sim (mm) CANRO (%) Obs{mm) Sim (mm) VANRO (%)
11001 500 524 4.8 529 536 1.3
19001 553 600 8.5 580 566 -24
"21018 570 606 6.3 572 629 10.0
24004 521 490 -6.0 545 473 -13.2
25006 907 863 -4.9 834 780 -6.5
28008 694 651 -6.2 619 592 -4.4
29003 303 269 -11.2 277 250 -9.7
32003 199 207 4.0 184 175 -4.9
34004 277 217 0.0 252 242 -4.0
37005 158 140 -11.4 153 143 -6.5
38021 179 227 26.8 164 115 -29.9
39008 298 288 -34 260 279 7.3
39019 270 271 0.4 225 211 -6.2
40007 390 401 2.8 382 349 -8.6
42003 338 391 15.7 286 357 248
43005 367 342 -6.8 323 313 -3.1
47001 825 840 1.8 733 760 3.7
48004 997 994 -0.3 980 939 -4.2
54008 457 411 -10.1 398 382 -4.0
34016 255 260 2.0 221 190 -14.0
57004 1512 1679 11.0 1362 1454 6.8
58009 1086 1036 -4.6 1046 988 -5.5
66011 1865 2053 10.1 1753 1726 -1.5
76005 770 852 10.6 720 770 6.9
79006 1245 1381 10.9 1185 1354 14.3

Average annual runoff totals with percentage errors for model D].

Calibration period Validation period
Catchment Obs (mm)  Sim (mm) CANRO (%) Obs (mm) Sim (mm) VANRO (%)

11001 500 560 12.0 529 565 6.8
19001 553 592 7.1 580 558 -3.8
21018 570 597 4.7 572 622 8.7
24004 521 481 -1.7 545 464 -14.9
25006 907 787 -13.2 834 778 -6.7
28008 694 684 -14 619 626 1.1
29003 303 239 -21.1 277 229 -17.3
32003 199 181 -9.0 184 132 -28.3
34004 277 298 7.6 252 262 4.0
37005 158 160 1.3 153 159 3.9
38021 179 252 40.8 164 184 12.2
39008 298 286 -4.0 260 274 54
39019 270 275 1.9 225 216 -4.0
40007 390 388 -0.5 382 332 -13.1
42003 338 418 23.7 286 379 32.5
43005 367 349 -4.9 323 322 -0.3
47001 825 828 0.4 733 745 1.6
48004 997 938 -5.9 980 877 -10.5
54008 457 412 -9.8 398 384 -3.5
54016 255 274 7.5 221 219 -0.9
57004 1512 1655 9.5 1362 1427 4.8
58009 1086 1063 -2.1 1046 1014 -3.1
66011 1865 1955 4.8 1753 1630 -7.0
76005 770 853 10.8 720 772 7.2
79006 1245 1289 3.5 1185 1268 7.0

Average annual runoff totals with percentage errors for model D2.






Appendix A

A.3 BFIs with percentage and relative errors






HCalibration period”

Validation period
Catchment Obs Sim C%ERR CBFI Obs Sim V%ERR VBFI
11001 0.692 0.794 14.7 0.102 0.694 0.815 17.4 0.121
19001 0.370 0.547 47.8 0.177 0.383 0.574 499 0.191
21018 0.567 0.690 21.7 0.123 0.595 0.717 20.5 0.122
24004 0474 0.629 327 0.155 0.511 0.665 30.1 0.154
25006 0.206 0.383 85.9 0.177 0.235 0.415 76.6 0.180
28008 0.630 0.705 11.9 0.075 0.629 0.661 5.1 0.032
29003 0.914 0.829 -9.3 -0.085 0.913 0.864 -5.4 -0.049
32003 0.467 0.614 31.5 0.147 0.446 0.576 29.1 0.130
34004 0.706 0.831 17.7 0.125 0.695 0.821 18.1 0.126
37005 0.500 0.691 38.2 0.191 0.519 0.677 30.4 0.158
38021 0.198 0.303 53.0 0.105 0.233 0.338 45.1 0.105
39008 0.722 0.841 16.5 0.119 0.712 0.806 13.2 0.094
39019 0.971 0.990 2.0 0.019 0.972 0.990 1.9 0.018
40007 0.489 0.614 25.6 0.125 0477 0.564 18.2 0.087
42003 0.383 0.535 39.7 0.152 0.386 (.484 254 0.098
43005 0.918 0.976 6.3 0.058 0.928 0.973 4.8 0.045
47001 0.482 0.573 18.9 0.091 0.485 0.574 18.4 0.089
48004 0.745 0.792 6.3 0.047 0.753 0.787 4.5 0.034
54008 0.551 0.809 46.8 0.258 0.588 0.808 37.4 0.220
54016 0.642 0.745 16.0 0.103 0.651 0.766 17.7 0.115
57004 0.395 0.482 22,0 0.087 0.397 0.549 383 0.152
58009 0.544 0.622 14.3 0.078 0.571 0.630 10.3 0.059
66011 0.263 0.292 11.0 0.029 0.296 0.366 23.6 0.070
76005 0.345 0.462 339 0.117 0.377 0.529 40.3 0.152
79006 0.322 0.421 30.7 0.099 0.355 0.414 16.6 0.059
BFIs with percentage and relative errors Jor model A.
Calibration period Validation period
Catchment Obs Sim C%ERR CBF1 Obs Sim V%ERR VBFI
11001 0.692 0.832 20.2 0.140 0.694 0.856 233 0.162
19001 0.370 0.455 23.0 0.085 0.383 0.497 29.8 0.114
21018 0.567 0.606 6.9 0.039 0.595 0.637 7.1 0.042
24004 0.474 0.294 -38.0 -0.180 0.511 0.371 -27.4 -0.140
25006 0.206 0.216 4.9 0.010 0.235 0.254 8.1 0.019
28008 0.630 0.642 1.9 0.012 0.629 0.626 -0.5 -0.003
29003 0.914 0.893 -23 -0.021 0.913 0.934 2.3 0.021
32003 0.467 0.517 10.7 0.050 0.446 0.530 18.8 0.084
34004 0.706 0.816 15.6 0.110 0.695 0.845 21.6 0.150
37005 0.500 0.743 48.6 0.243 0.519 0.715 37.8 0.196
38021 0.198 0.285 439 0.087 0.233 0.287 23.2 0.054
39008 0.722 0.693 -4.0 -0.029 0.712 0.691 -2.9 -0.021
39019 0.971 0.980 0.9 0.009 0.972 0.990 1.9 0.018
40007 0.489 0.449 -8.2 -0.040 0.477 0.381 -20.1 -0.096
42003 0.383 0.490 27.9 0.107 0.386 0.381 -1.3 -0.005
43005 0918 0.936 2.0 0.018 0.928 0.938 1.1 0.010
47001 0.482 0.391 -18.9 -0.091 0.485 0.395 -18.6 -0.090
48004 0.745 0.717 -3.8 -0.028 0.753 0.734 -2.5 -0.019
54008 0.551 0.605 9.8 0.054 0.588 0.614 4.4 0.026
54016 0.642 0.723 12.6 0.081 0.651 0.794 22.0 0.143
57004 0.395 0.339 -142 -0.056 0.397 0.367 -7.6 -0.030
58009 0.544 0.720 32.4 0.176 0.571 0.731 28.0 0.160
66011 0.263 0.286 8.7 0.023 0.296 0.350 18.2 0.054
76005 0.345 0.403 16.8 0.058 0.377 0.521 38.2 0.144
79006 0.322 0.327 1.6 0.005 0.355 0.343 -34 -0.012

BFIs with percentage and relative errors Jor model Bl.



Calibration period

Validation period

Catchment Obs Sim C%ERR CBF1 Obs Sim V%ERR VBFI
- 11001 0.692 0.808 16.8 0.116 0.694 0.821 18.3 0.127
19001 0.370 0.384 3.8 0.014 0.383 0.409 6.8 0.026
21018 0.567 0.463 -18.3 -0.104 0.595 0.505 -15.1 -0.090
24004 0.474 0.403 -15.0 -0.071 0.511 0.384 -24.9 -0.127
25006 0.206 0.147 -28.6 -0.059 0.235 0.150 -36.2 -0.085
28008 0.630 0.703 11.6 0.073 0.629 0.662 5.2 0.033
29003 0.914 0.902 -1.3 -0.012 0.913 0.951 4.2 0.038
32003 0.467 0.379 -18.8 -0.088 0.446 0.412 -1.6 -0.034
34004 0.706 0.825 16.9 0.119 0.695 0.824 18.6 0.129
37005 0.500 0.495 -1.0 -0.005 0.519 0.530 2.1 0.011
38021 0.198 0.315 59.1 0.117 0.233 0.273 17.2 0.040
39008 0.722 0.756 4.7 0.034 0.712 0.733 2.9 0.021
39019 0.971 0.990 2.0 0.019 0.972 0.990 1.9 0.018
40007 0.489 0.391 -20.0 -0.098 0.477 0.456 -4.4 -0.021
42003 0.383 0.401 4.7 0.018 0.386 0.357 -7.5 -0.029
43005 0.918 0.931 1.4 0.013 0.928 0.935 0.8 0.007
47001 0.482 0.377 -21.8 -0.105 0.485 0.378 -22.1 -0.107
48004 0.745 0.799 7.2 0.054 0.753 0.790 - 49 0.037
54008 0.551 0.635 15.2 0.084 0.588 0.657 11.7 0.069
54016 0.642 0.750 16.8 0.108 0.651 0.814 25.0 0.163
57004 0.395 0.478 21.0 0.083 0.397 0.504 27.0 0.107
58009 0.544 0.652 19.9 0.108 0.571 0.648 13.5 0.077
66011 0.263 0.338 28.5 0.075 0.296 0.400 35.1 0.104
76005 0.345 0.306 -11.3 -0.039 0.377 0.290 -23.1 -0.087
79006 0.322 0.393 22.0 0.071 0.355 0.386 8.7 0.031
BFIs with percentage and relative errors Jor model B2.
Calibration period Validation period
Catchment Obs Sim C%HERR CBFI Obs Sim V%ERR VBH
11001 0.692 0.752 8.7 0.060 0.694 0.760 9.5 0.066
19001 0.370 0.435 17.6 0.065 0.383 0.440 14.9 0.057
21018 0.567 0.649 14.5 0.082 0.595 0.657 10.4 0.062
24004 0.474 0.530 11.8 0.056 0.511 0.529 3.5 0.018
25006 0.206 0.319 54.9 0.113 0.235 0.321 36.6 0.086
28008 0.630 0.604 -4.1 -0.026 0.629 0.598 -4.9 -0.031
29003 0.914 0.912 -0.2 -0.002 0913 0.921 0.9 0.008
32003 0.467 0.350 -25.1 -0.117 0.446 0.398 -10.8 -0.048
34004 0.706 0.705 -0.1 -0.001 0.695 0.728 4.7 0.033
37005 0.500 0.408 -18.4 -0.092 0519 0.429 -17.3 -0.090
38021 0.198 0.100 -49.5 -0.098 0.233 0.136 -41.6 -0.097
39008 0.722 0.737 2.1 0.015 0.712 0.712 0.0 0.000
39019 0.971 1.000 3.0 0.029 0.972 1.000 29 0.028
40007 0.489 0.382 -21.9 -0.107 0.477 0.380 -20.3 -0.097
42003 0.383 0.394 2.9 0.011 0.386 0.384 -0.5 -0.002
43005 0.918 0.966 5.2 0.048 0.928 0.949 23 0.021
47001 0.482 0.435 -9.8 -0.047 0.485 0.480 -1.0 -0.005
48004 0.745 0.741 -0.5 -0.004 0.753 0.734 -2.5 -0.019
54008 0.551 0.502 -8.9 -0.049 0.588 0.547 -7.0 -0.041
54016 0.642 0.611 -4.8 -0.031 0.651 0.640 -1.7 -0.011
57004 0.395 0.508 28.6 0.113 0.397 0.535 34.8 0.138
58009 0.544 0.581 6.8 0.037 0.571 0.593 39 0.022
66011 0.263 0.382 45.2 0.119 0.296 0.438 48.0 0.142
76005 0.345 0.499 44.6 0.154 0.377 0.493 30.8 0.116
79006 0.322 0.482 49.7 0.160 0.355 0481 35.5 0.126

BFIs with percentage and relative errors for model C.




Calibration period *

Validation period
Catchment Obs Sim C%ERR CBFI Obs Sim V%ERR VBFI
0.692 0.834 20.5 0.142 0.694 0.844 21.6 0.150
}91288} 0.370 0.487 31.6 0.117 0.383 0.532 38.9 0.149
21018 0.567 0.635 12.0 0.068 0.595 0.658 10.6 0.063
24004 0.474 0.536 13.1 0.062 0.511 0.539 5.5 0.028
25006 0.206 0.165 -19.9 -0.041 0.235 0.187 -20.4 -0.048
28008 0.630 0.709 12.5 0.079 0.629 0.710 12.9 0.081
29003 0.914 0.980 7.2 0.066 0.913 0.990 8.4 0.077
32003 0.467 0.651 394 0.184 0.446 0.702 57.4 0.256
34004 0.706 0.822 16.4 0.116 0.695 0.851 22.4 0.156
37005 0.500 0.520 4.0 0.020 0.519 0.495 -4.6 -0.024
38021 0.198 0.209 5.6 0.011 0.233 0.122 -47.6 -0.111
39008 0.722 0.798 10.5 0.076 0.712 0.717 0.7 0.005
39019 0.971 0.9%90 20 0.019 0.972 0.990 1.9 0.018
40007 0.489 0.539 10.2 0.050 0.477 0.544 14.0 0.067
42003 0.383 0.292 -23.8 -0.091 0.386 0.300 -22.3 -0.086
43005 0.918 0.977 6.4 0.059 0.928 0.980 5.6 0.052
47001 0.482 0.479 -0.6 -0.003 0.485 0.480 -1.0 -0.005
48004 0.745 0.808 8.5 0.063 0.753 0.785 4.2 0.032
54008 0.551 0.663 20.3 0.112 0.588 0.688 17.0 0.100
54016 0.642 0.567 -11.7 -0.075 0.651 0.682 4.8 0.031
57004 0.395 0.507 284 0.112 0.397 0.547 37.8 0.150
58009 0.544 0.577 6.1 0.033 0.571 0.588 3.0 0.017
66011 0.263 0.332 26.2 0.069 0.296 0.417 40.9 0.121
76005 0.345 0.283 -18.0 -0.062 0.377 0.317 -15.9 -0.060
79006 0.322 0.402 24.8 0.080 0.355 0.395 1.3 0.040
BFls with percentage and relative errors for model D].
Calibration period Validation period
Catchment Obs Sim C%ERR CBFI Obs Sim V%ERR VBF1
11001 0.692 0.877 26.7 0.185 0.694 0.886 27.7 0.192
19001 0.370 0.351 -5.1 -0.019 0.383 0.387 1.0 0.004
21018 0.567 0.448 -21.0 -0.119 0.595 0.531 -10.8 -0.064
24004 0.474 0.360 -24.1 -0.114 0.511 0.359 -29.7 -0.152
25006 0.206 0.154 -25.2 -0.052 0.235 0.156 -33.6 -0.079
28008 0.630 0.723 14.8 0.093 0.629 0.727 15.6 0.098
29003 0.914 0.900 -1.5 -0.014 0.913 0.938 2.7 0.025
32003 0.467 0.409 -12.4 -0.058 0.446 0.493 10.5 0.047
34004 0.706 0.832 17.8 0.126 0.695 0.871 25.3 0.176
37005 0.500 0.540 8.0 0.040 0.519 0.541 4.2 0.022
38021 0.198 0.184 -7.1 -0.014 0.233 0.170 -27.0 -0.063
39008 0.722 0.884 22.4 0.162 0.712 0.797 11.9 0.085
39019 0.971 0.990 2.0 0.019 0.972 0.990 1.9 0.018
40007 0.489 0.373 -23.7 -0.116 0.477 0.385 -19.3 -0.092
42003 0.383 0.478 24.8 0.095 0.386 0.421 9.1 0.035
43005 0.918 0.973 6.0 0.055 0.928 0.976 5.2 0.048
47001 0.482 0.364 -24.5 -0.118 0.485 0.334 -31.1 -0.151
48004 0.745 0.733 -1.6 -0.012 0.753 0.775 2.9 0.022
54008 0.551 0.647 17.4 0.096 0.588 0.672 14.3 0.084
54016 0.642 0.726 13.1 0.084 0.651 0.775 19.0 0.124
57004 0.395 0.455 15.2 0.060 0.397 0.496 249 0.099
58009 0.544 0.606 11.4 0.062 0.571 0.620 8.6 0.049
66011 0.263 0.162 -38.4 -0.101 0.296 0.161 -45.6 -0.135
76005 0.345 0.239 -30.8 -0.106 0.377 0.324 -14.1 -0.053
79006 0.322 0.237 -26.4 -0.085 0.355 0.211 -40.6 -0.144

BFIs with percentage and relative errors for model D2.







Appendix A

A.4 Histograms of observed and simulated monthly
flow regimes
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Appendix A

A.5 Plots of observed and simulated daily flow
regimes and residuals
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Appendix A

A.6 Plots of observed and simulated flow duration
curves
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Observed and sinudated flow duration curves for catchment 24004.
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Observed and simulated flow duration curves for catchment 25006.




Q0 600000 OCOEOLOOEOOEOOOEOOOOO

Mode! A

Model C

Station = 28008— observad

Simuated

- Calibration: 1981—1983 - mcmcen

1 » SN |
i L]
M L
S|
T — }
: \
]
E i
- ]
o &1 %) oo ;o.a u—-ﬁ g WD L% s BN
VQﬂdGﬁOﬂ: 1984_1989 Fim = FoCOA vYAL |
i
i AT ] 1
" T ! | |
[E e aru i
o aaeS
| TN |
c I Ii \\ |
& B B il
| |
i o
@ e = L5 25 . 0 g ®D wo  we s
X o Lru "ow crcesced
Station = 28008— ovservou Simukated
. Calibration: 1981—1883 - woseen roco r
: { i ]
K T
b
- i
i —— S
! ]
» .\ﬁ»__{h\_
5 B~ 1
' !
518 «;
am o w3 nc :'_3 l"ﬁ m&c Do} "3 e wWH
e Yafidation: 1884 —1989 - wosva oo r
y ! Hl 1 \
o | ; | ;
g : l
E 5 el i 4
=4 ‘ ‘
i 1 r
] | [~
T L i
] )
]
A ; ; l i
: L L
4 ot o S et ™3 wy o Wy ow

Model Bl

Model D1

Stction = Z2B008B-—- observed ~—— Simusated

T ol Sy e maan,

o Calibration: 1981-1983 - ncsw enc
—

N
5o
L
1
0] :
—— .
a0 é\““-
o I
= F_""\._T\ :
e L NQK‘L-_.....
C \
| e
|
A |
ar w o ;s ] 0o o %Wl As mw
. X o e Sm ormtied

al b il Wiy

Validation: 1984—1589 r . rocsw was

- | i

73 { 3
" — i
o \\"“c L

hﬂh"“-s‘l b

o \ e
T
a
)
ax ai [fs] To Mg oo 7L Wy T

o o)
T ot e "Dw exrwded

Stotion = 28008— ovaerves -~ Simuoted

X ol cbiivil e

_ Calitration: 18811983 - ncrm ent

= | 1] !
‘ I : |
i : i
\ ol \
s el | I | :
] \l\w\_ Pt ! !
ol = L]
1 |}
T\"tm_‘
c ™
\M‘—-_;
‘ ] |
o ar 0 Ti Mo ) e ba) B » AU Y]

2 of gbeer e rugn

i
s T i
I

xf A

sl ‘*::Lw

. .

h o i —

4 I ——

|
00 m ] Ts 03 Eb] a0 ¥10 2 wI WH
X o \rw Moa recorosd

Model B2

Model D2

Station = 2B008B— coserved .——— Simudgtes

X o cheerded rmetn

Calibration: 198 1—1983 . - rcim e

1
e - |
0o .
e S
[ N
L B
© [
]
= RN
3
= - .
| i
=]
!
i
j
1
L "
act a' i+ o 20 e la) s 2R ¥ ) o S
X o ErTw Mow decesied

K of olser ved megn

Validation: 1984 —1889 - rocaa v s

S
200
4.
] -
o« — el
) BENREY r
T
P2 | e S
el | ]
;
I : i
am a: 0 T XIo =00 ACC ald =D "I T
E o lrrw MNow grcesced

Station = 2B008—— ooservea

Sirmdated

X ol yonmved mpem

Calibration: 1981—1983 Pl o FOCBOA CA |

100,
! HNAERENEEEN
x4 : ‘
wi
- ]
P8 L]
] T =N

SN
2d RS
« { . \“——l
: i

H

az [+3) [} ©o 202 SO0 500 X 10 Ly We
T o em Now ercewwd

X of gbnm pud g

~Validation: 1984—19889 n. - rcsm var

4]
LY ! i I l I T
| i
X L3
0 T - -E
xd ™~
« e
= . \h’:“*\
= ‘ || | s SO
1 [ T
- 11 T
|| ; |
1 L
[ac [N ] [5-] Lok ':-i mﬁmﬂ et - #i0 oY

Observed and simulated flow duration curves for catchment 28008.
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Observed and simulated flow duration curves for catchment 32003.
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Observed and simulated flow duration curves for catchment 39008.
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Observed and simulated flow duration curves for catchment 39019,
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Observed and simulated flow duration curves for catchment 47001.
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Observed and simulated flow duration curves for catchment 48004.
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Observed and simulated flow duration curves for catchment 54008,
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Observed and simulated flow duration curves for catchment 54016,
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Observed and simulated flow duration curves for catchment 57004,
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Observed and simulated flow duration curves for catchment 58009.
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Appendix B

B.1 Comparative plots of model
assessment criteria

performance
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(n=25; highlighted boxes indicate correlations significant at the 95 % level)

Comparative plots of mode! performance assessment criteria for model D2.
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Comparative plots of model performance assessment criteria for complete dataset.

900000000000 00CO0O0CO0OCQOIOOCPO





