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Abstract

Representation of the hydrological interaction between the land surface and the atmosphere requires considerable improvement,
particularly for predicting evapotranspiration feedbacks for use in models of the general circulation (GCMs) of the atmosphere.
The predictive model developed here attempts to use a water balance approach that extracts information from the masses of catch
ment-scale time series data available on precipitation, energy-related variables and stream discharge. It begins with a few simple
assumptions in order to seek some synthesis of the climate and landscape controls on evapotranspiration and soil moisture feedback:
and catchment water yields. The model adopts the hydrograph identification approach used in the linear module of the rainfall-
runoff model IHACRES but replaces the previous statistically based non-linear evapotranspiration loss module by a catchment
moisture deficit accounting scheme. One advantage of this more conceptual approach is that evapotranspiration can be output or
the same time step at which precipitation and energy variables are available (such as from GCMs), and this time step can be shorter
(e.g. half hourly) than the discharge time step (e.g. daily) used to calibrate the model paramet@88 Elsevier Science Ltd.
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1. Introduction process of evaluating the performance of 23 SVATs
(Timbal et al., 1997). In phase 2 of the project two
1.1. Data requirements experimental sites (Cabauw, The Netherlands, and the

HAPEX-Mobilhy site in the south of France) are being
Data requirements of existing rainfall-evapotranspir- used to evaluate the performance of SVAT schemes. The
ation-runoff models, whether physically based or of a use of these experimental sites reduces the parameter
more conceptual lumped parameter type, are usually tooidentifiability problem, allowing some evaluation of the
demanding for them to be applied outside experimental process representations in the models. But just as has
areas. Yet these models have been applied in catchmentbeen argued for physically-based hydrological models
where the data required to determine all their parameters(Beven, 1989), one cannot easily measure parameters
are unavailable. This is often the case for Soil-Veg- that must effectively characterize a heterogeneous land-
etation-Atmosphere Transfer (SVAT) schemes used inscape. Since these SVAT schemes are designed to be
General Circulation Models (GCMs) of the atmosphere used as the land-surface components within GCMs they
(e.g. Sellers et al., 1986; Dickinson et al., 1986). When must be applied over the entire land surface of the planet
applying models under these circumstances parametewhich makes fulfilling large data requirements imposs-
identifiability problems become apparent. ible at this point in time (Wood et al., 1992). This leads
The Project for Intercomparison of Land-Surface to the use of such models with parameter values in a
Parameterization Schemes (PILPS) is currently in the highly ambiguous state because of a combination of the
following: parameter identifiability problems (model
insensitive to changes in parameter values); problems in
* Corresponding author. Tel.: 00 616249 4742; fax: 00 616 249 Obtaining feasible parameter values; and the problems
0757 associated with estimating ‘effective’ parameters that
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cannot be obtained by direct physical measurement atnot sensible due to the assumptions made above, and
appropriate space and/or time scales. measurement of the other terms involves significant

The most widely available data used in this sort of problems. For exampleé; depends on land cover, soil
modeling are time series of precipitation, temperature type and albedo, and the extrapolation from point
and streamflow. With only these data sets the danger ofmeasurements to areal values is very difficult.
over-parameterization has been recognized (Beven, Another ET estimation technique was first introduced
1989; Hornberger et al., 1985; Jakeman and Hornbergerby Dalton (1802). The evaporation rate is determined
1993; van Genuchten, 1991). It is apparent that, whenonly by the vapour pressure deficit of the air and the
confined to the above data sets, models need to be kepability of the air to carry the water vapour away from
simple in their process representation. Too many para-the surface, given as a function of wind speed:
meters quickly leads to identifiability problems when
estimating parameter values and questionable physicalE = fo(U)(€; — &) 3)
characteristics being attributed to the catchment.

whereE is the rate of evaporatior,” the saturation vap-
1.2. Estimation of evapotranspiration our pressure at the temperature of the water surface,
the vapour pressure in the air, afig{u) a function of

Estimation of evapotranspiration (ET) can be done in e mean wind speed . _
several ways. Two rather obvious ways are to consider Penman (1948) presented a new approach to estimate
it the unknown term in either the water budget equation €vaporation by combining ideas from Dalton and energy
or the energy budget equation. In any given system atPudget methods. Estimation of ET using techniques such
the earth surface, ET is the connecting link between the @S those of Penman, or amendments of this technique
water budget and the energy budget. The water budget?y Monteith (1965) or Priestley and Taylor (1972), can
equation, which expresses the conservation of mass in d€guire knowledge of variables such as wind speed, spe-
lumped or averaged hydrological system, can be writ- Cific humidity, vapor pressure deficit, net radiation, soil

ten as heat flux and various vegetation related characteristics,
which for this paper we are assuming are not generally

ds available. Clearly the data required to explicitly use

(P—BA—-Q— Q= dt @ these techniques are not available extensively. Dis-

cussion of ET estimation methods can be found in Gar-

) . ratt (1992); Linacre (1992); Brutsaert (1982). Various
whereP is the mean rate of precipitation on the system, mgre empirical techniques, which do not require masses

E the rate of evaporatior the surface ared); the net — of data, were developed by Thornthwaite (1948); Hamon
outflow of surface water, the net outflow of ground (1961) and others. However, these techniques were gen-

water and S the water volume stored in the system. Solv-graly designed to estimate ET at time scales of a month
ing Eq. (1) forE is not generally practical as unavoidable o |onger.

errors in measuring precipitation and runoff, and the dif-
ficulty in measuring groundwater contributions, can 1 3 Measurement of evapotranspiration
often produce large errors in the resulting evaporation.

For a simple lumped system, when effects of unsteadi-  \easuring ET s itself a difficult problem with the
ness in the _atmosphere, ice melt, photosynthesis and '?‘t'CurrentIy best accepted methods (eddy correlation,
eral advection can be neglected, the energy budget isgowen ratio energy balance) being both expensive and

defined by labor intensive. Because of this problem these data sets
tend to have only small temporal extent. The eddy corre-
Ri=LE+H+G 2 lation method allows the direct measurement of latent

heat flux (and hence ET) by the correlation of fluctu-
whereR, is the net incoming radiatiori,. is the latent  ations of vertical wind speed with fluctuations of vapour
heat of evaporatiork the rate of evaporatio the spe- density. The Bowen ratio approach relies on Hiei-
cific flux of sensible heat into the atmosphere &the larity principle. This holds that the atmospheric diffusion
specific flux of heat conducted into the earth. The energy coefficients for heat, water vapour, momentum and car-
of the incoming radiation is partitioned at the earth’s bon dioxide are equivalent. The Bowen ratio approach
surface into long wave back radiation, upward thermal then requires an accurate determination of temperature
conduction and convection of sensible heat, evaporationand absolute humidity at two levels in the atmosphere
of water, and downward conduction of heat into the earth in order to determine ET (Tapper, 1996).
Brutsaert, 1982. Evaporation as a latent heat flux plays When attempting to verify ET models, one is therefore
a crucial role in governing the weather and climate. forced to use either the short term data given by the
Unfortunately using Eq. (2) to determirie directly is methods above (e.g. days of hourly data) or longer term
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data obtained from a catchment scale water balance The previous IHACRES loss module used a statistical
approach (e.g. decades of yearly data). The type of dataapproach to account for antecedent soil moisture con-
used for verification is usually determined by the time ditions and ET losses. Here this module is replaced by
scale of interest, though it is worth noting that methods our more physically based catchment moisture store
such as eddy correlation are point measurements,accounting scheme which uses rainfall and temperature
whereas the longer term water balance methods obtaineds inputs and provides ET and rainfall excess as outputs,
using streamflow measurements are an integration ofcreating the overall model structure shown in Fig. 1.

outputs from spatially varying runoff generation and  The catchment moisture store accounting scheme cal-
transmission processes within a catchment. culates Catchment Moisture Deficit at time st&p

CMD,, according to

2. Description of the model CMD, = CMD, _; — P, + E, + Dy (20)

The rainfall-ET-runoff model proposed here is based whereP is the precipitationE is the ET loss and is
on the structure of the IHACRES metric/conceptual rain- the drainage. Such a scheme has been used previously
fall-runoff model. This model undertakes identification by Littlewood (in preparation). CMD is zero when the
of hydrographs and component flows purely from rain- catchment is saturated and increases as the catchment
fall, temperature and streamflow data (Jakeman andbecomes progressively drier.
Hornberger, 1993; Jakeman et al.,, 1990, 1994). The Effective rainfall is calculated from
IHACRES module structure consists of a non-linear loss
module, which converts observed rainfall to effective U { Dy CMD, = 0
rainfall or rainfall excess, and a linear streamflow rout- Yk =
ing module, which extends the concept from unit hydro- Dy = CMDy €MD, < 0
graph theory that the relationship between rainfall excess
and total streamflow (not just quick flow) is conservative
and linear.

(11)

Suitable parameterizations for boH, and D, were
sought that minimized the number of parameters needed
and for which the only data requirements are tempera-

in Tg?a“g?zrr rsneor?eusle Ifrl (L%V?hzng C?igg%iggag?THog\csséess ture, rainfall and streamflow. Several parameterizations
P ' PP were tried and the results for the simplest successful

to many cqtchments it has been fqund that the best con-. Sdel are presented below.
figuration is generally two stores in parallel, except in

semi-arid regions or for ephemeral streams where often oZ'?url ;der(;?ailiglﬁs’;iecggmj: :nvgtl)'/ ;ggs;griragrlggréhe
one store is sufficient (Ye et al., 1997). In the two-store b b b '

configuration, at time step k, quickflow(®, and slow- The effects of vegetation on ET have been represented

. " . in various ways, most notably by the incorporation of a
©)
flow, x, combine additively to yield streamflow ‘surface resistance’ in the Penman—Monteith equation.

(discharge) i This surface resistance has itself been estimated in many
_ @ 4 ¥ @) ways, commonly with a dependence on the available soil
O = X T X moisture such as that given by Stewart (1989) where
Er = expK(86 — 86mad in which 66 is the soil moist-
@ = — a) T
% a1 + Balk () ure andK is a constant. The parameterization here is
X0 = = a1 + B, @ demedt
E. = c,T\exp(— c,CMD,) (12)

whereUy is the effective rainfall. The parameters and
a, can be expressed as time constants for the quick an

slow flow stores, respectively: qu. (12) has ET directly proportional to temperature and

decreasing exponentially as CMD increases. So higher
Tq = — AlIn( — ay) @)

Evapotranspiration

s = — An( — ) (8)

Quick Flow

whereA is the time step (daily here).
Parameters expressing the relative volumes of quick
and slow flow can also be calculated:

Rainfall | Catchment Total

Temperature Moisture Excess Streamflow
Store Lﬂ
Slow Flow
vq=1—vs—i—1 P ©)

1+ aq B 1+ ag Fig. 1. Structure of the rainfall-ET-runoff model.
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temperatures will result in larger ET losses provided suf- a range of space scales and climatic conditions. The
ficient soil moisture is available. Eventually, however, hydrometeorological characteristics of the selected
the authors wish to enhance the accuracy ofh&erm catchments are given in Table 1.
by utilizing other energy-related variables in its forcing  Two small catchments were selected from the
(e.g., humidity). It has been noted that “natural” controls Coweeta Hydrological Laboratory in the United States.
on evaporation may constrain the modelled values to beCoweeta is located in the Nantahala Mountains of west-
reasonable even for fairly simplistic evaporation func- ern North Carolina. Coweeta is a relatively humid area
tions (Wood et al., 1992). and both streams are perennial. Rainfall occurs through-
It was assumed that drainage is not temperatureout the year. Watershed 36 is a high-elevation, steeply
dependent. As with the modeling of ET, several para- sloping catchment with shallow soils, a high annual yield
meterizations of drainage were investigated. One of theand a large proportion of quick flow (Swift et al., 1988).

simplest investigated was Watershed 34 is a mid-elevation catchment with some-
what deeper soils and, consequently, substantially more
- C3 delayed flow. The Coweeta site is covered predomi-
D, = { Ca CMD, + ¢; CMD, < ¢4 (13y  nantly by hardwood forest. Details of the physical
characteristics of the Coweeta catchments are given by
0 CMD, = c, Swank and Crossley (1988).

. ] The final catchment used in this investigation is Scott
wherec; andc, are non-negative constants. The drainage creek at Scotts Bottom. It is situated near the city of
equation allows water to escape to the stream even whemgelaide in South Australia. Scott Creek is an ephemeral
a moisture deficit exists within the catchment. Parameter catchment, and has a warm climate with hot, dry sum-
C; represents the maximum drainage that can occurmers, The catchment is dominated by winter rainfall and
whilst a moisture deficit exists. Parametgrrepresents  the streamflow can cease during summer. Soils in the
the maximum CMD that can occur before water ceasescatchment are made up of a sandy loam top layer with
draining to the stream. To maximize simplicity and min- 5 ¢lay subsoil. More than 80% of the catchment is
imize computing time required,OMDy _; — P,] was covered by grass. It is part of a network of benchmark
used in place 0EMD, in the ET and drainage equations, catchments in Australia. More details can be found in

along with the extra requirement that IEMD, _ ; — Chiew and McMahon (1992).
PJ < 0 then it is considered as equal to zero.

To measure the performance of the model estimate of
streamflow,§;, two performance statistics are used: the 4 Results
bias (B) and the observed streamflow variance explained

(R?). These are defined as The model was calibrated on a daily time step over
periods of two years on all three catchments and the

12 ~ results are given in Table 2. The performance in terms

B = n E @ — &) (14) of goodness of fit criteria, RandB, is more than reason-

P=1 able. The models were then used to simulate the daily
B 5 o streamflow over the subsequent 5 years and the results
R =1- adag (15) are given in Table 3. Fig. 2a-c compares the modeled

) 5 ) ) streamflow with observed streamflow for the five year
whereag andag are the variance of the model residuals  gjmylation periods. Fig. 2a indicates that the model had
(@ — G) and of the observed streamflow respectively.  gsome difficulty reproducing hydrograph recessions when

~ Unfortunately, adequate ET data for the catchments gimy|ating streamflow in Watershed 34 even though the
investigated were not available so no direct performance performance  statistics remain quite good. Model

measure of the ET estimate could be made. It should egiquals for Watershed 34 show a slowly varying

be noted though that low bias in predicting streamflow omponent due to under-prediction of baseflow at times.
indicates that losses from the catchment were well gig '3 shows the modelled catchment moisture deficit
accounted for overall.. Th_e dlstrlputlon of these losses changing over the simulation period in the Scott Creek
from day-to-day remains in question. catchment. It clearly demonstrates the expected seasonal
nature of the catchment moisture store. Each year CMD
builds over summer, a period of little rain and higher
3. Description of catchments temperatures, and then it is reduced quickly when the
rains return in winter. Comparison of Fig. 3 and Fig. 2c
To investigate the applicability of the new non-linear demonstrates the strong relationship between CMD and
module for ET loss and discharge prediction, it was streamflow. Fig. 4 shows the ET predicted for the Scott
applied on a daily time step to three catchments covering Creek catchment during the simulation period. Fig. 5



J.P. Evans, A.J. Jakeman/Environmental Modelling & Software 13 (1998) 385-393 389

Table 1
Hydrometeorological characteristics of catchments investigated

Catchment Area, ki Precipitation, Average daily maximum  Annual

mm/yr. TemperatureSC Yield, %
Watershed 34 (Coweeta, North Carolina) 0.33 2012 19.6 46
Watershed 36 (Coweeta, North Carolina) 0.49 2012 19.6 64
Scott Creek @ Scotts Bottom 27 1090 14.8 20.5
Table 2

Calibration results for the three catchments

Catchment Period cl c2 c3 c4 7 Ts Vs R? B
(days)  (days) (mm/d)
Watershed 34, (Coweeta, North Carolina) 1/1/82-31/12/83 0.2 0.00 4 55 2.16 85.75 0.857 0.90 0.00
Watershed 36, (Coweeta, North Carolina) 1/1/82-31/12/83 0.15 0.00 5 95 1.59 43.79 0.324 G805
Scott Creek @ Scotts Bottom 24/2/70-23/2/72 0.24 0.01 2 8 0.71 53.07 0.475 0.88 0.00
Table 3
Simulation results for the three catchments
Catchment Period R B (mm/d)
Watershed 34, Coweeta 1/1/84-31/12/88 0.84 0.23
Watershed 36, Coweeta 1/1/84-31/12/88 0.76 —-0.26
Scott Creek 24/2[72-23/2177 0.79 0.00

compares the mean monthly rainfall and ET from 1961 shed 34 and Scott Creek produce zero bias, and Coweeta
until 1990 for Coweeta Watersheds 34 and 36 as calcu-Watershed 36 yielded a bias ef 0.05 mm/day. These
lated by our model and that calculated at a representativeow biases indicate that the total ET losses have been
site within the Coweeta Hydrological Laboratory using estimated well. Measured ET, preferably on a daily
the Thornthwaite (1948) method (Swift, 1998). This pro- basis, is required however if one is to have confidence
vides a broadscale check on the ET predicted by ourin the estimated ET losses per day. The parameter
model. was the only parameter to demonstrate significant identi-
fiability problems in the calibration procedure. This
emphasizes the difficulty in establishing a clear value for
5. Discussion and conclusions the CMD at which water ceases to drain to the stream,
especially in humid catchments where modelled moist-
The parameterizations used for both ET and drainageure never ceases to drain to the stream during the cali-
here are the simplest of those tested so far which havebration period. A longer calibration period may reduce
been judged to perform well. Indeed the model tested this uncertainty.
here performed as well if not better than several other Clearly from Table 3 the model performs well under
more complex parameterizations investigated, indicating simulation conditions, with Rranging from 0.76 to 0.84.
that higher levels of parameterization are not warranted As expected the Rvalues are lower than during the cali-
on these data sets. However, selection of the most approbration period but still remain quite high. For both
priate parameterization in the future will require more Coweeta catchments the bias has increased significantly
extensive testing on longer data sets and across differ-but remains small relative to the streamflow. The simul-
ent hydroclimatologies. ation period bias for the Scott catchment remains zero,
Table 2 demonstrates the model’s ability to fit the stre- indicating once again that the ET losses have been esti-
amflow characteristics of each catchment when cali- mated well overall. Fig. 2 demonstrates the simulated
brated on only two years of data, witt? Ranging from model fit for the three catchments. Both Fig. 2b and c
0.87 to 0.90. It appears to perform equally well in humid show consistently good fits while Fig. 2a shows the
regions as in drier regions. Notably, the bias remains low model had some trouble fitting the hydrograph recession
in all cases. The IHACRES models for Coweeta Water- for Watershed 34.
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Fig. 2. (a) Simulation model fit for Coweeta Watershed 34. (b) Simulation model fit for Coweeta Watershed 36.
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Fig. 4 shows an example of the daily ET losses pre- towards the end of summer when CMD is still high and
dicted by the model for the simulation period in the Scott temperatures are falling, demonstrating the trade off
catchment. Comparison with Fig. 3 shows the influence between available soil moisture and available energy
of CMD on the evaporation. The seasonal nature of ET which drives the evaporative process.
is not as obvious as for CMD. The lowest values occur  Fig. 5 shows that the rainfall observed for Watersheds
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160

140 |
120

100 |
80

60

CMD (mm)

40
20

0
272 2/73 2/74 2/75 2/76
Date

Fig. 3. Catchment moisture deficit in the Scott Catchment.

34 and 36 is higher than that for the representative sitelikely to be stressed in this Watershed. ET estimated by
within the Coweeta Hydrological Laboratory, with our model follows a very similar pattern to that esti-
Watershed 36 expectedly having the most rainfall since mated by the Thomthwaite method on a monthly time
it is at the highest elevation. The representative site rain-step. For Watershed 36 there is a much larger gap
fall and ET almost coincide in July suggesting that in between rainfall and ET losses which is consistent with
some years soil moisture may be low enough to affect its annual yield of 64% being almost 50% higher than
transpiration of the vegetation. Similarly Watershed 34 the annual yield of Watershed 34 (46%).

rainfall and ET almost coincide in August, again sug- From Eq. (13) we can see that if parametgwere
gesting transpiration of the vegetation may be affected zero then effective rainfall only occurs when CMD is
in some years. Watershed 36 maintains a much largerforced below zero by the rainfall. The non-linear module
gap between rainfall and ET, so the vegetation is lessof IHACRES is then acting as a threshold mechanism
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Fig. 4. Evapotranspiration in the Scott Catchment.
300 By using this semi-physical approach as described in

the accounting scheme in (10) the physical interpretation
of the parameters will hopefully be made easier than
with the previously used statistical approach in
IHACRES. It is hoped that, by studying catchments with
gauged discharge data and possibly measured ET data,
improved relationships can be constructed between the
model parameters and landscape attributes, as has been
attempted with some success by Post and Jakeman
(1996), using the statistical type of non-linear module.
These relationships would permit the simulation of stre-
amflow and ET for changes in land use and for ungauged
catchments, at least within a similar region (see Jakeman
et al., 1994). The construction of these relationships is
2 only made possible by the minimal parameterization of
< catchment hydrologic response, with the model having
Month at most 7 parameters. Three of these parameters are the
routing parameters in (8) and (9).
Only temperature and catchment moisture are investi-
gated as forcing variables for ET here. However it is
--«. ET (watershed 36) . . .
.. rain (representative) envisaged that other important variables, such as
e._rain (watershed 34) humidity, net radiation and wind speed, will be con-
e rain (watershed 36) sidered as the methodology is developed further.
When refined, this approach to modeling rainfall-ET-
Fig.5. Mean monthly precipitation and evapotranspiration: 1961- runoff could be used to provide the land surface feed-
1990. backs for climate models. It will be necessary to spatially
disaggregate climate forcing variables from the grid
adjusted by the antecedent moisture conditions. In thatscale down to the relevant catchment scale (e.g. Bates
case the model collapses down to five parameters ancet al., 1998; Bogardi et al., 1993; Hughes and Guttorp,
the non-linear module acts similarly to the bucket model 1994), and to temporally disaggregate daily ET and
of Manabe et al. (1965). energy feedbacks from the land surface to the atmos-
Table 2 also shows that the best calibration results for phere down to a sub-daily time step of the order of an
both Coweeta Watersheds occur whenis zero. This hour. These scale issues are recognized problems
means that the modelled ET has no dependence on(Avissar, 1995; Beven, 1991; Kalma and Sivapalan,
CMD. For the period of calibration this is not entirely 1995; Raupach and Finnigan, 1995; Wood et al., 1990)
surprising as Coweeta has relatively high rainfall and and are the focus of continuing research. The accounting
so the CMD may rarely get high enough to affect the scheme in (10) potentially permits the temporal disag-
transpiration of the vegetation and therefore ET. gregation. Provided the ET expression, such as (12), is

Millimeters

>
(]

=

Apr -
Jun -
Jul

—«— ET (representative)
- ET (watershed 34)
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applicable for the sub-daily time step, the model can be variable contributing area hydrological model to a small forested

calibrated by fitting average daily or temporally higher—  _caichment. Water Resour. Res. 21, 1841-1856.
. y 9 9 y P yhig Hughes, I.P., Guttorp, P., 1994. A class of stochastic models for relat-
average discharge data.

. L ing synoptic atmospheric patterns to regional hydrologic phenom-
In this approach, parameterization of all gauged catch-  ena. Water Resour. Res. 30 (5), 1535-1546.

ments must be undertaken off-line, but once inserted in Jakeman, A.J., Hornberger, G.M., 1993. How much complexity is war-
a GCM the overall computational complexity is little ranted in a rainfall-runoff model? Water Resour. Res. 29, 2637—
greater than that of a bucket model. These parameteriza-_ 2649-

tions are valid at least for historically tested climate con- Jakeman, A.J., Littlewood, |.G., Whitehead, P.G., 1990. Computation
. vall ! ! y | of the instantaneous unit hydrograph and identifiable component

dition_S’ vegetatipn an_d land use status. With the con-  fiows with application to two small upland catchments. J. Hydrol.
struction of relationships between the model parameters 117, 275-300.
and landscape and vegetation attributes the model paraJakeman, A.J., Post, D.A., Beck, M.B., 1994. From data and theory

meterizations would gain a much wider applicability. go ;g\;ir%rir:ental model: the case of rainfall runoff. Environmetrics

Kalma, 1.D., Sivapalan, M. (Eds.), 1995. Scale Issues in Hydrological
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