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Abstract. A GCM land surface scheme was used, in
off-line mode, to simulate the runoff, latent and sensi-
ble heat fluxes for two distinct Australian catchments
using observed atmospheric forcing. The tropical Jar-
dine River catchment is 2500 km2 and has an annual
rainfall of 1700 mm yP1 while the Canning River
catchment is 540 km2, has a Mediterranean climate
(annual rainfall of 800 mm yP1) and is ephemeral for
half the year. It was found that the standard version of
a land surface scheme developed for a GCM, and ini-
tialised as for incorporation into a GCM, simulated
similar latent and sensible heat fluxes compared to a
basin-scale hydrological model (MODHYDROLOG)
which was calibrated for each catchment. However, the
standard version of the land surface scheme grossly
overestimated the observed peak runoff in the wet Jar-
dine River catchment at the expense of runoff later in
the season. Increasing the soil water storage permitted
the land surface scheme to simulate observed runoff
quite well, but led to a different simulation of latent
and sensible heat compared to MODHYDROLOG. It
is concluded that this 2-layer land surface scheme was
unable to simulate both catchments realistically. The
land surface scheme was then extended to a three-layer
model. In terms of runoff, the resulting control simula-
tions with soil depths chosen as for the GCM were bet-
ter than the best simulations obtained with the two-
layer model. The three-layer model simulated similar
latent and sensible heat for both catchments compared
to MODHYDROLOG. Unfortunately, for the ephe-
meral Canning River catchment, the land surface sche-
me was unable to time the observed runoff peak cor-
rectly. A tentative conclusion would be that this GCM
land surface scheme may be able to simulate the pres-
ent day state of some larger and wetter catchments but
not catchments with peaky hydrographs and zero flows
for part of the year. This conclusion requires examina-
tion with a range of GCM land surface schemes against
a range of catchments.

1 Introduction

The importance of land surface processes in climate
modelling has long been recognised (e.g. Mintz
1984).The parametrisation of hydrological processes in
climate models, and in particular general circulation
models (GCMs), has been the subject of a vast amount
of research over the last decade following pioneering
work by, for instance, Manabe (1969) and Deardorff
(1977, 1978). More recently Dickinson et al. (1986,
1993), Sellers et al. (1986), Noilhan and Planton (1989),
Abramopoulos et al. (1988) and many other groups
have developed land surface parametrisation schemes
for inclusion into GCMs. The importance of the pa-
rametrisation of the land surface was illustrated in
Gates et al. (1990) and the role of runoff parametrisa-
tion in affecting GCM simulations was discussed by Vi-
terbo and Illari (1994). In addition, Nobre et al. (1991)
and Henderson-Sellers et al. (1993) examined the role
of the land surface in deforestation experiments, Xue
and Shukla (1993) in desertification experiments and
Whetton et al. (1994) in experiments which attempted
to predict how runoff characteristics might change in a
greenhouse-warmed world. In developing land surface
schemes, attempts have been made to validate these
models by testing them against meteorological data
(e.g. Sellers et al. 1989; Noilhan and Planton 1989). At-
tempts have also been made to compare land surface
models against each other to identify outliers or unu-
sual behaviour (e.g. Pitman et al. 1993b; Polcher et al.
1995; Bonan 1994).

While the fluxes of latent and sensible heat are im-
portant quantities simulated by GCM land surface
models, these quantities are difficult to measure over
time scales appropriate to climate change (years to de-
cades). Therefore, land surface modellers have looked
for alternative sources of data with which to validate
and improve land surface models. Arnell (1995), for in-
stance, reviews the value of runoff data as a validation
tool for atmospheric models. Rowntree and Lean
(1994) used runoff data to examine the model develop-
ed by Warrilow et al. (1986) against runoff observa-
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Fig. 1. Representation of soil
water and runoff by BEST and
MODHYDROLOG. W refers
to soil moisture stores, arrows
show fluxes, I refers to infiltra-
tion and P to precipitation. Ru-
noff terms are shown in italics.
W (Wu and Wl) and groundwat-
er store (G) are ratios of mois-
ture levels to capacity or satu-
ration

tions from southeast England and conclude that the
amount of runoff simulated was deficient due to the
point-based nature of the model and the consequent
lack of heterogeneity in the runoff generation pro-
cesses. They also found that an alternative model
which did include heterogeneity, if calibrated carefully,
could generally reproduce the observed runoff.

In a related paper (Chiew et al. 1996), simulations
from a conceptual rainfall-runoff model (MODHY-
DROLOG) and a general circulation model (GCM)
land surface scheme (Bare Essentials of Surface Trans-
fer, BEST, Cogley et al. 1990; Pitman et al. 1991) were
compared. A brief summary of MODHYDROLOG is
provided in Appendix A and Fig. 1 illustrates the con-
ceptual design of both models. In this work, a series of
more detailed experiments are performed to improve
the runoff simulated by BEST for the Jardine River
and Canning River catchments (see Fig. 2). The Jar-

dine River catchment at Telegraph Line (11 709bS,
152 710bE) is located in northern Queensland and has
a drainage area of 2500 km2. It has a tropical climate
with an annual rainfall of 1700 mm, more than 90% of
which occurs in summer and autumn (December to
May). More than half of its annual rainfall becomes ru-
noff. The Canning River catchment (32 714bS,
116 710bE) is located in southwest Western Australia
and drains an area of 540 km2. It has a Mediterranean
climate and is dominated by winter rainfall with more
than 50% of its annual rainfall of 800 mm occurring in
winter (June to August). Its runoff coefficient is low
with annual runoff being less than 3% of rainfall. The
catchment is ephemeral with the monthly streamflow
volume being zero for half of the year. A more de-
tailed description of both catchments is given in Chiew
et al. (1996).
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Fig. 2. Geographical location
and selected climate data for
the two locations used in these
experiments

2 Experimental design

The simulations were performed using observed cli-
mate forcing at 30 min intervals. This forcing included
precipitation, solar radiation, infrared radiation, air
temperature, wind speed, surface pressure and vapour
pressure which BEST used to simulate surface temper-
ature, soil moisture, runoff and turbulent energy
fluxes. The rainfall data were obtained directly from

30-min pluviograph records. The surface pressure, air
temperature, specific humidity and wind speeds were
interpolated from observations taken every three
hours to the 30 min resolution required. Half hourly
solar radiation was available from the Australian Bur-
eau of Meteorology. Finally the incoming longwave ra-
diation was estimated from surface air temperature,
specific humidity and cloud cover using the Brunt
equation (Budyko 1974). These simulations were for
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11 years for the Canning River (gauging station num-
ber 616065) and 16 years for the Jardine River (gaug-
ing station number 927001). The first year from all si-
mulations were omitted from subsequent analysis to
avoid initialisation problems.

This method of assessing land surface models pre-
vents any feedbacks between the surface and the at-
mosphere in that, whatever happens to the land sur-
face, the atmospheric forcing is not affected. The re-
sults and sensitivities described in this study are there-
fore only the first order results and cannot be extrapo-
lated to the fully coupled (GCM) environment. De-
spite obvious problems with this method of using a
land surface model (see Dolman and Gregory 1992; Ja-
cobs and de Bruin 1992; Pitman et al. 1993a) ‘stand-
alone’ testing of models is widely used in the climate
modelling community (Sellers and Dorman 1987;
Abramopoulos et al. 1988; Sellers et al. 1989; Verseghy
1991; Mihailovic et al. 1992; Pitman et al. 1993b; Ver-
seghy et al. 1993) and given that it is not feasible to
couple MODHYDROLOG to a GCM we use this
methodology here, but interpret the results and their
implications with care.

The first set of experiments described in this study
were performed with the basic version of BEST which
utilises a two-layer hydrological model, as coupled into
the Bureau of Meteorology Research Centre (BMRC)
GCM (Yang et al. 1995) and using parameter data ap-
propriate to the GCM grid square containing the spe-
cific catchment. This version of BEST performs com-
parably with other land surface models collaborating in
the Project for the Intercomparison of Land Surface
Parametrisation Schemes (PILPS, e.g. Pitman et al.
1993b). A second set of experiments were then per-
formed in order to try and improve the predictive skill
of BEST by calibrating specific parameters for the two
catchments. The aim in these simulations was to simu-
late the observed runoff as well as possible since this
was the only observed quantity available for valida-
tion. In addition, the latent and sensible heat fluxes es-
timated by MODHYDROLOG are compared with
those simulated by BEST although as discussed by
Chiew et al. (1996) it is difficult to make reliable con-
clusions about the monthly and seasonal estimates of
the turbulent energy fluxes.

In this study a series of experiments are therefore
described. For a two-layer version of BEST, a control
experiment is conducted, followed by a series of sensi-
tivity experiments. These will be discussed first, fol-
lowed by experiments with the extended version of
BEST.

3 Experiments with a two-layer model

3.1 Simulating the Jardine River catchment runoff
using a 2-layer model

The control simulation from BEST (prior to calibra-
tion), the simulation by MODHYDROLOG and the
final results from BEST (after calibration) are shown

in Fig. 3. Since the albedo has been prescribed differ-
ences between the latent and sensible heat fluxes simu-
lated by BEST or MODHYDROLOG are not due to
errors in the simulation of net radiation. Figure 3a
shows runoff, and as expected, MODHYDROLOG si-
mulates the observed runoff well (it is calibrated to do
so for this specific catchment). In contrast the control
version of BEST, using the default parameters appro-
priate to a GCM grid square containing this catchment,
overestimates runoff early in the year (during periods
high rainfall in January, February and March) leading
to an underestimation of runoff later in the year. Fig-
ure 3b, c shows that this poor simulation of runoff im-
pacts relatively little on the simulated turbulent energy
fluxes which are similar to MODHYDROLOG except
when MODHYDROLOG simulates sustained nega-
tive sensible heat fluxes.

A series of experiments were then conducted in or-
der to calibrate BEST and reduce the runoff peak in
February and March, and to increase the gravitational
drainage in later months. The poor simulation of ru-
noff was believed due to an underestimation of the soil
water storage capacity leading to an inability to store
enough water during heavy rain, resulting in insuffi-
cient soil water to support gravitational drainage dur-
ing periods of low rainfall. Figure 4a shows the control
version of BEST where the upper soil depth was set at
0.1 m and the lower depth at 1.9 m (this is the same
curve as shown in Fig. 3a). Increasing the upper soil
layer to 0.5 m and the lower layer to 2.5 m reduced the
runoff peak (Fig. 4b) although the lack of runoff be-
tween July and November is not supported by the ob-
servations. As a consequence of the changes in soil
depths, the latent heat (Fig. 5b) and sensible heat
fluxes simulated by BEST and MODHYDROLOG
were quite different. The deeper upper soil layer in
BEST retained more moisture and reduced the high
runoff peak but this led to a higher latent heat flux
throughout the year and a lower sensible heat flux (not
shown) since the latent heat flux did not become mois-
ture limited.

In an attempt to reduce the runoff peak but retain
the lower runoff amounts later in the year, the upper
soil layer depth was increased to 0.8 m, the lower layer
was increased to 8.0 m and the hydraulic conductivity
was also increased to 0.0065 mm sP1 (typical of loam,
Dickinson et al. 1993). The result (Fig. 4c) was an un-
derestimated runoff peak but the simulation of some
runoff throughout the year in agreement with the ob-
servations. The magnitude of the runoff peak could be
increased (Fig. 4d) by reducing the depth of the lower
soil layer to 5.0 m but this did not impact significantly
on the latent heat flux (Fig. 5d). Using a lower soil
depth of 8.0 m and a hydraulic conductivity of 0.1
mm sP1 (typical of sand, Dickinson et al. 1993) im-
proved the runoff simulation further (Fig. 4e) but the
latent heat flux simulated by BEST (Fig. 5e) was still
very different to that simulated by MODHYDRO-
LOG.

From Figs. 4 and 5 it was concluded that no reason-
able combination of soil depths and hydraulic conduc-
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Fig. 3a–d. Average annual cycle (monthly averages over length of
simulation) for the Jardine River catchment of a runoff by the
two-layer default version of BEST (dash-dot line) and MODHY-
DROLOG (dashed line). The dots show observed runoff (all in
mm monthP1). The simulation by BEST with parameters cali-

brated to reproduce the observed runoff is shown by the solid
line, b as a except for sensible heat flux, W mP2; c latent heat
flux, W mP2; and d soil moisture concentration (ratio of satura-
tion)

tivity was able to reproduce both the observed runoff
and the latent heat flux simulated by MODHYDRO-
LOG. BEST required a thin upper soil layer in order
to simulate a similar seasonality in the latent heat flux
when compared to MODHYDROLOG but also re-
quired a thick layer to store enough water to simulate
the observed runoff. In the final simulation therefore,
the upper soil layer depth was returned to 0.1 m, while
retaining the 8.0 m lower soil layer in an attempt to
provide higher water storage. The result (Fig. 4f) was a
reasonable simulation of runoff and a simulation of the
latent heat flux (Fig. 5f) somewhat closer to MODHY-
DROLOG. Attempts to improve this simulation by
modifying the root distribution, fractional vegetation
cover and stomatal resistance formulation were unsuc-
cessful.

Figure 3 shows all the quantities from the final si-
mulation and compares them with the original control
simulation. The runoff simulated by BEST with soil
depths of 0.1 m and 8 m is reasonable although the
peak in March is overestimated by 50 mm monthP1.
The seasonal shape and variability in the turbulent en-
ergy fluxes are similar to MODHYDROLOG, but at
the expense of prescribing a very deep lower soil depth
of 8.0 m (which is the maximum depth noted by Webb
et al. 1993 but is smaller than the 10 m depth used by
BATS, Dickinson et al. 1993). The combination of the

0.1 m upper soil layer and 8.0 m lower depth prevents
any seasonality in soil moisture levels (Fig. 3d) which is
present in both the control version of BEST and the
simulations by MODHYDROLOG. This simulation of
soil moisture, sensible heat, latent heat and runoff are
also very different to MODHYDROLOG although in
the case of soil moisture this is partly due to the differ-
ent soil depths and water holding capacity used in the
two models. These differences should be considered in
light of the results of Shao et al. (1994) who show that
there appears to be little correlation between the simu-
lation of soil moisture and latent heat in a number of
land surface models (because the functional relation-
ship between the latent heat flux and soil moisture is
the important factor, not the actual soil moisture).

3.2 Simulating the Canning River catchment runoff
using a 2-layer model

The simulations for the ephemeral Canning River
catchment are rather more demanding than the Jardine
River catchment since the land surface has to respond
to low frequency but quite high intensity rainfall
events. The control version of BEST (where no cali-
bration has taken place) simulates the observed runoff
badly (Fig. 6a) as a runoff peak of more than 50 mm
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Fig. 4a–f. As Fig. 3a but with
various soil depths and hy-
draulic conductivities. In all
cases the simulation by MOD-
HYDROLOG is shown as a
dashed line and the observed
data are shown as dots. The pa-
rameter values are: a dup0.1 m,
dlp1.9 m, KHp0.005 mm sP1;
b dup0.5 m, dlp2.5 m,
KHp0.005 mm sP1; c
dup0.8 m, dlp8.0 m,
KHp0.0065 mm sP1; d
dup0.8 m, dlp5.0 m,
KHp0.0065 mm sP1; e
dup0.8 m, dlp8.0 m, KHp0.1
mm sP1; f dup0.1 m, dlp8.0 m,
KHp0.1 mm sP1; where du is
the upper soil depth, dl is the
lower soil depth and KH is the
saturated hydraulic conductivi-
ty. Note that the curves shown
in a and f are reproduced in
Fig. 3a

monthP1 is simulated, in contrast to an observed ru-
noff rate of less than 10 mm monthP1. The simulation
by BEST of sensible (Fig. 6b) and latent heat (Fig. 6c)
are also very different to those simulated by MODHY-
DROLOG.

A significant improvement was obtained by increas-
ing the upper soil depth to 0.6 m and the lower soil
depth to 3.0 m (Fig. 7b). Runoff was reduced to the
observed magnitude, but the main peak occurred too
late. In order to simulate the runoff peak at the right
time, the soil depths were increased to 1.2 m (upper)
and 3.5 m (lower) resulting in runoff occurring at the
right time, but being under predicted (Fig. 7c). Lastly,
the depths were reduced to 1.1 m (upper) and 3.2 m
(lower) which marginally improved the runoff simula-
tion (Fig. 7d) although the latent heat flux simulation
(Fig. 8d) remained very different from MODHYDRO-
LOG.

The remaining variables for this final simulation are
all shown in Fig. 6. BEST consistently predicts higher
sensible and lower latent heat fluxes during the rainfall
season compared to MODHYDROLOG (Fig. 6c).
MODHYDROLOG simulated negative sensible heat

during the rainfall season (warming the surface) which
BEST did not simulate. This negative sensible heat
permitted MODHYDROLOG to simulate a much
higher latent heat flux (in excess of net radiation)
which is not realistic (see Chiew et al. 1996).

The two-layer version of BEST is clearly unable to
simulate the combination of runoff, soil moisture and
the turbulent energy fluxes realistically. In order to si-
mulate the turbulent energy fluxes, of primary impor-
tance for the GCM, BEST requires a thin layer in con-
tact with the atmosphere (cf. Mahrt and Pan 1984). In
contrast, BEST can simulate runoff realistically (of pri-
mary importance to hydrologists) if the soil depths are
calibrated. One solution to this problem is to extend
BEST to three layers for soil hydrology.

4 Extension of BEST to a three soil layer
hydrological model

This section describes the extension of BEST to a
three soil layer hydrological model. Land surface pa-
rametrisation schemes often include more than two
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Fig. 5a–f. As for Fig. 4 but for
the latent heat flux (W mP2)

layers (see Pitman et al. 1993b, Table 1) and in BEST
this extension means that the same number of layers
are used for both heat and moisture. The soil tempera-
ture model and the canopy parametrisation remain un-
changed in these experiments.

The basic two layer soil moisture model is described
in Appendix B of Chiew et al. (1996). In the three
layer model the equations for the liquid soil moisture
in the upper soil layer (WU) and lower soil layer (WL)
remain unchanged while the soil moisture content of
the bottom soil layer (WB) becomes:

Xv
dWB

dt
p

RlbPRbg

w db

(1)

where Xv is the soil porosity, Rbg is the runoff via grav-
itational drainage to ground water, db is the depth of
the bottom soil layer and w is the density of water. Rlb

is the flux of water between the lower and bottom soil
layers which is based on Darcy’s equation for one-
dimensional fluid flow and is defined as:

RlbpKHl31P1Dc

Dz2l4 (2)

where z is depth and KHl is the hydraulic conductivity
in the lower soil layer, calculated following Clapp and
Hornberger (1978). The moisture potential (c) is:

1Dc

Dz2l
pBc01WLcWB

2 2
PBP1 WLPWB

dl

(3)

where c0 is the soil water suction at saturation, B is the
Clapp and Hornberger parameter and dl is the depth
of the lower soil layer. The capillary rise of soil water
Rbg is written according to Darcy’s law:

RbgpKHb31P1Dc

Dz2b4 (4)

The hydraulic conductivity in the soil is given by

KHpKH0 W2Bc3 (5)

where KH equals either KHl (if W equals WL) or (KHb

(if W equals WB). The moisture potential gradient re-
quired in Eq. (4) is parametrized as:

1Dc

Dz2b
p5 Bc0 WPBP1

B 1WBPWFC

db
2

0

WB`WFC

WB^WFC

(6)
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Fig. 6a–d. As for Fig. 3 but for the Canning River catchment

Fig. 7a–d. As Fig. 6a but with various soil depths and hydraulic
conductivities. In all cases the simulation by MODHYDROLOG
is shown as a dashed line and the observed data are shown as
dots. The parameter values are: a dup0.1 m, dlp1.9 m; b

dup0.6 m, dlp3.0 m; c dup1.2 m, dlp3.5; d dup1.1 m, dlp3.2 m
where du is the upper soil depth and dl is the lower soil depth.
Note that the Y-axis scale of panel a differs from the other pan-
els
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Fig. 8a–d. As for Fig. 7 but for the latent heat flux (W mP2)

where the moisture content in the layer beneath that
containing WB is denoted WFC and is held at ‘field ca-
pacity’. The total runoff (Rtb) simulated by BEST be-
comes

RtbpRsucRbg (7)

where Rsu is the surface runoff (Eq. 12 of Chiew et al.
1996) and Rbg is the loss of water through gravitational
drainage (Eq. 4).

In choosing the three layers, it was decided to retain
the 0.1 m top layer, and 1.9 m second layer, and in-
clude the third layer as a deep layer of 5 m. A series of
sensitivity tests showed that the model was not sensi-
tive to the depth of the third layer in these catch-
ments.

5 Experiments with a three-layer model

The experiments described in Sect. 3 were repeated
with the three layer model.

5.1 Simulating the Jardine River catchment runoff
using a 3-layer model

The extension of BEST to a three soil layer hydrologi-
cal model led to an improved simulation of the Jardine
River catchment. The control simulation (Fig. 9) can
be compared with the control simulation using the two-
layer model (Fig. 3) to show that the default simulation

of runoff is greatly improved. The control runoff simu-
lation with the three soil layer model reproduces the
gradual reduction in runoff without changing soil
depths or the hydraulic conductivity from the default
values. However, the high runoff regime in April and
May is slightly overestimated compared to the observa-
tions and an improved simulation was possible by de-
creasing the middle soil layer depth from 1.9 m to
1.7 m producing the final simulation for this catchment
(Fig. 9). The simulation of the sensible heat (Fig. 9b)
and the latent heat fluxes (Fig. 9c) both closely match
those of MODHYDROLOG except when MODHY-
DROLOG simulated negative sensible heat.

The full 16 year simulation by BEST shows that ru-
noff is well simulated including the peak discharge and
the subsequent drying (Fig. 10a). BEST and MODHY-
DROLOG show a consistent difference in the simula-
tion of monthly sensible heat (Fig. 10b) and latent heat
(Fig. 10c) fluxes with MODHYDROLOG producing
negative sensible heat every month which is not repro-
duced by BEST. As a result, MODHYDROLOG si-
mulates a higher latent heat flux, driven by a combina-
tion of net radiation and negative sensible heat indicat-
ing that while the model simulates the annual runoff
well, the method used by MODHYDROLOG for cal-
culating latent and sensible heat is sometimes defi-
cient.

Overall, BEST’s simulation of this catchment was
excellent which gives us confidence that, for this type
of catchment and climatology, a three soil layer model
will simulate runoff realistically.
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Fig. 9a–d. As for Fig. 3 but for the three layer version of BEST. The parameter values are dup0.1 m for both runs with BEST and
dlp1.9 m in the control and 1.7 in the final simulation. KHp0.005 mm sP1 in both simulations

5.2 Canning River catchment, 3-layer model

In contrast to the Jardine River catchment, the control
simulation by the three-layer version of BEST of the
Canning River catchment was unsuccessful. Figure 11
shows that while the control simulation by the three-
layer version of BEST is superior to the control using a
two-layer model (Fig. 6) BEST simulates runoff too
early in the year, and simulates too much runoff over-
all compared to the observed.

Many experiments were conducted using this ver-
sion of BEST, but it proved impossible to simulate the
observed runoff successfully. Using an upper soil layer
depth of 0.3 m produced Fig. 11a where the magnitude
of the simulated runoff was good, but BEST persisted
in simulating the runoff two months early because the
existing algorithms in BEST cannot simulate the time
delay in runoff (baseflow) adequately in ephemeral
catchments with peaky hydrographs and zero flows for
most of the year. Note however that the turbulent en-
ergy fluxes are generally quite similar to those simu-
lated by MODHYDROLOG.

6 Discussion

The control simulation of runoff by the two-layer ver-
sion of BEST were rather poor. Increasing the lower
soil depths to 3.2 m in the case of the Canning River
catchment and 8.0 m in the Jardine River catchment

led to reasonable simulations of the average runoff.
However, the turbulent energy fluxes remained quite
different from those simulated by MODHYDROLOG
due to the depths required to simulate the observed
runoff realistically. If the control soil depths were chos-
en, similar turbulent energy fluxes were simulated to
MODHYDROLOG, but BEST then failed to simulate
the observed runoff reasonably. Therefore, with the
two-layer model, either the observed runoff or the tur-
bulent energy fluxes simulated by MODHYDROLOG
could be simulated realistically.

The extension of BEST to a three-layer model im-
proved the simulation of runoff. The control simula-
tions with BEST were close to the observed (in the
case of runoff) and close to the simulations by MOD-
HYDROLOG in the case of turbulent energy fluxes.
In the case of the Jardine River catchment, the control
runoff simulation with the three-layer model was su-
perior to the best simulation attained using the cali-
brated two layer model. The ability to retain the shal-
low top soil layer (0.1 m) also permitted a simulation
of turbulent energy fluxes similar to MODHYDRO-
LOG. Considering that Figs. 9 and 10 shows the simu-
lation by BEST of a single catchment with no knowl-
edge of the sub-surface catchment characteristics, it is
noteworthy that BEST can simulate runoff well for this
type of catchment.

BEST showed negligible skill in simulating runoff
for the Canning River catchment. Figure 11a suggests
that the problem in simulating the observed runoff for
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Fig. 10a–c. Simulation over the full 15-year record from BEST for
the Jardine River Catchment of a runoff (mm monthP1); b sensi-
ble heat flux (W mP2); and c the latent heat flux (W mP2). Panel
a shows BEST and the observed values while panels b and c show
BEST and MODHYDROLOG

this catchment is because simulated runoff is not time
lagged and appears at the edge of the “catchment” in-
stantaneously. This simplification is common in GCM
land surface schemes, although river routing and ru-
noff lags are being introduced into some hydrological
schemes intended for GCMs (e.g. Dümenil and Todini
1992). While BEST is able to simulate runoff resulting
from all storms for the Jardine River catchment rea-
sonably (Fig. 10), it cannot simulate any of the runoff
peaks in the Canning River catchment. This may be re-
lated to basin characteristics, the distribution of rainfall
type (i.e. convective or frontal), the ‘spotty’ nature of
the rainfall, or the size of the Canning River catchment
(540 km2) which is small compared to the Jardine Riv-
er (2500 km2) and implies that microscale heterogenei-
ties may influence the results proportionally more in a
smaller catchment.

Rowntree and Lean (1994) also used runoff data to
validate a land surface model and argued that the land
surface scheme developed by Warrilow et al. (1986),
which did not include the types of sub-grid scale catch-
ment characteristics used by Dümenil and Todini
(1992) was unable to simulate runoff for two catch-
ments in southeast England. The Warrilow et al. (1986)
model included a single soil layer for the calculation of
runoff and, according to the results shown here, would
not be able to simulate runoff realistically because this
one (relatively deep) layer does not provide the verti-
cal resolution required to simulate the important ru-
noff fluxes. Rowntree and Lean (1994) argued the
need to include a Dümenil and Todini (1992) type
model but the results discussed here do not support
this finding for wet catchments with high rainfall where
runoff generation is basically a continuous process.
However, without incorporating an additional term
into the runoff generation processes, BEST proved un-
able to simulate the ephemeral Canning River catch-
ment. While sub-grid scale runoff generation might
represent this additional term, the main problem ap-
pears to be one of timing, in that rainfall occurs and
runoff is immediately produced by the model. In the
case of the Canning River catchment, there is about a
month of significant rainfall before runoff is measured,
during which moisture stores are filled. After this, in-
frequent but large rainfall events generate runoff,
which is not simulated by BEST because of the lack of
heterogeneity, a finding in support of the conclusions
of Rowntree and Lean (1994).
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Fig. 11a–d. As Fig. 6 but for the three-layer version of BEST. The parameter values are dup0.1 m and dlp1.9 m in the control run and
dup1.9 m and dlp3.2 m in the final simulation

7 Conclusions

A two-layer version of BEST was able to either simu-
late the observed runoff or simulate similar turbulent
energy fluxes and soil moisture compared to MODHY-
DROLOG for a wet catchment (Jardine River). By in-
creasing the soil moisture stores, the observed runoff
was simulated realistically, but the simulation of the la-
tent heat flux diverged from that simulated by MOD-
HYDROLOG because the layer was too deep to dry
and limit the latent heat flux. BEST proved unable to
simulate the observed runoff for a drier, Mediterra-
nean-type Canning River catchment.

The two-layer model was extended to a three-layer
scheme which was able to simulate the observed ru-
noff, and the latent heat flux and soil moisture simu-
lated by MODHYDROLOG for the wet catchment.
However, a good simulation of the Canning River
catchment remained elusive.

It is suggested that three soil layers are a necessity
for simulating both runoff and the latent heat flux real-
istically, at least for the Jardine River catchment. It is
also suggested that heterogeneity in the runoff genera-
tion parametrisation is probably needed in order to si-
mulate the Canning River catchment. The indication
that different processes appear necessary in explaining
the behaviour of the model in different catchments is
not surprising but does indicate that developing a gen-
eric land surface scheme and applying it to all catch-
ments (or grid squares) may prove difficult.

Finally, BEST has been tested against a variety of
data sets of atmospheric flux data reasonably success-
fully prior to this work. This is the first time this model
has been tested against runoff data. This proved to be
a far more difficult test of the model. We concur with
Arnell (1995) and Rowntree and Lean (1994) in stating
that runoff data is extremely valuable in testing the
performance of land surface models.
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Appendix A Brief description of MODHYDROLOG

Rainfall-runoff models are developed to estimate ru-
noff from rainfall and potential evapotranspiration
data. Focusing mainly on the movement of water, they
pay little attention to the estimation of surface energy
fluxes, except in the simulation of evapotranspiration.

Rainfall-runoff models are frequently classified into
‘black box’ or process models. In the ‘black box’ mod-
elling approach, empirical equations are used to relate
runoff and rainfall, and only the input (rainfall) and
output (runoff) have physical meanings. Process mod-
els [e.g. the Systeme Hydrologique European (SHE)
model, Abbott et al. 1986]; and Institute of Hydrology
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Fig. A1. Schematic representation of MODHYDROLOG

(UK) Distributed Model (IHDM), Beven et al. (1987)
simulate the hydrological processes in a catchment us-
ing partial differential equations governing various
physical processes and equations of continuity for sur-
face and soil water flow.

Most hydrological applications adopt a simpler ap-
proach. A catchment is conceptualised as a number of
interconnected stores, with mathematical functions
used to describe the movement of water between
stores. These ‘conceptual models’ attempt to represent
the physical processes but often include ‘black box’
treatment where empirical equations and ‘effective’
parameters are used to describe the processes.

The conceptual daily rainfall-runoff model used in
this study, MODHYDROLOG, has been used to esti-
mate streamflow particularly in Australia (see Chiew
and McMahon 1994). The model structure, and the
equations representing the various hydrological pro-
cesses, are shown in Fig. A1 (model parameters are
highlighted in bold). A detailed description of the
model can be found in Chiew (1990), while Porter
(1972) provides a detailed description of the origins of
the equations used to represent the catchment hydro-
logical processes.

In MODHYDROLOG, incident daily rainfall first
fills the interception store, which is emptied each day
by evaporation. The excess rainfall is then subjected to
a function which determines infiltration. Some of the
water which cannot infiltrate is diverted to a depres-
sion store (regulated by the depression flow function)
while the remainder becomes surface runoff. The de-
pression store empties by both evapotranspiration and
delayed infiltration into the soil moisture store. All
moisture that infiltrates is next subjected to a soil mois-
ture function. This function diverts moisture to the
stream as interflow and to the groundwater store as
groundwater recharge. Moisture that is not diverted
enters the soil moisture store. Evapotranspiration from
the soil moisture store occurs at a rate which is de-
pendent on the soil moisture status and potential evap-
otranspiration. The soil moisture store has a finite ca-
pacity and overflows into the groundwater store. The
groundwater store can be depleted by baseflow into
the stream and by deep seepage to the underlying
aquifers or replenished by recharge from the stream
and upwards movement of water from the underlying
aquifers.

MODHYDROLOG takes into account spatial var-
iation by allowing the user to apply the model individ-
ually to sub-areas within the one catchment (with dif-
ferent input data and parameter values). The outflow
from each sub-area becomes inflow to the next sub-
area, and together with the total runoff, is progressive-
ly routed to the catchment outlet using a non-linear
routing technique. However, spatial variation is not al-
lowed for in this study, and the total runoff (stream-
flow) simulated for the catchment is simply the sum of
surface runoff, interflow and baseflow (see Fig. A1),
routed from the catchment centroid to the outlet.

Potential evapotranspiration is specified and repre-
sents the atmospherically controlled upper limit of

evapotranspiration from the soil moisture store. For
this study, potential evapotranspiration is calculated
following Morton (1983). The total evapotranspiration
from MODHYDROLOG is the sum of evapotranspi-
ration from the soil moisture store and intercepted
rainfall (see Fig. A1). As the model uses a daily time
step, it does not simulate the diurnal variation of evap-
otranspiration. Over a long time period the sensible
heat flux is inferred as the difference between net ra-
diation and the simulated latent heat flux.

The parameter values in MODHYDROLOG de-
pend partly on the climate conditions and the catch-
ment flow and physical characteristics (Porter and
McMahon 1976; Chiew and McMahon 1994). As with
other rainfall-runoff models, the parameters can vary
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widely and the correlations of some parameters with
catchment characteristics can be poor. The models are
therefore commonly calibrated by optimising parame-
ter values to provide a good fit between the simulated
and recorded flows. Optimisation of the 19 parameters
to less than ten parameters is usually sufficient to give
adequate estimates of streamflow, and the use of four
or five parameters may be sufficient in temperate and
wet catchments (Chiew and McMahon 1994).
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