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ABSTRACT We have developed an entirely new appreach that involves coupling a lumped-parameter raintali-runoff
model FHACRES) into global (CCM2Y and regional (RegCM2) climate models, This coupled model is based on an
explicit water balance that describes the dynumic relationships between precipiiation and stream discharge. Our goal i
to improve the representation of surface runoft, siream discharge, and evaporation in models that are nsed o simalate
climate and climatic change. We are especially concerned with the impact of climatic changes on the local, regional,

and globs
g

LINTRODUCTION

The hydrologic cycle plays a fundamenial role in the
climate system and is crucial to human life. Successlul
simulation of this cycle is therefore: {1} a required
component of models that are vsed 1o simunlate the pre-
sent-day climate and to assess possible {uture climatic
changes and (i) esseatial 1o an understanding of the
impacts of climatic changes on human water sopplies
and other natural resonrces as well as potential disas-
ters such as floods and droughts. An ideal surluce hy-
drofogy model component should be capable, on a
global or regional basis, of producing accorate lime
series of water and coergy outputs based on inputs of
variables such as precipitation and temperature and
physical descriptors of the land surface. To dale, cli-
mate models have used gither extremely simple bucket
model representations 0 compute simple evaporalion
or complicated,  biophysical moedels tha agtermpt w
simuiate the poorty-known processes invoived in fran-
spiration. Neither of these approaches makes an ex-
plicit attempt to balance the overall water budget of the
carth system. We are exploring methods by which we
can  couple a  hydrotogic, rainfall-runofl  model
(IHACRES}) thal explicitly accounts for a surface water
balance into global and regional climate models. The
budget property makes our model, IHACRES disdn-
guished from other coupled hydrologic models for
global and regional climate models.

We proceed with this coupling in two stages: (1) a fase
track approach, which makes a very rough {and some-
what subjective} classification of surface types, and
applies the HACRES purameters calibrated iocally
over limied regions (catchments) o the same land
types globally: {i5) a losg-termm approach, in which
[HACRES parameters are detennined by the physical
properties of land surfaces. This latter stage will be

e

accomplished in part apon the understanding gained
from the [ast-track approach.

2. THACRES RAINFALL-RUNGFF MODEL

The THAURES rainfall-runoft model requires minfall
and surface temperature as fnput, and then reloms as
oniput the total streamilow, evaporadon, and (in prin-
cipled groundwaler infiliration. The model was devel-
oped by Jakeman ct al. (1990) and laier enhanced by
Takeman and Hornberger (1993). The basic IHACRES
model 15 based on three factors: (1) representation of
the total streamflow response as o lnear convolution off
the instantuneous unil hydrograph with rainfall excess
or effective riniull; GI) approximation of (1) i discre-
tized time by wse of o rational transter function rela-
tionship which involve an efficient and flexible
parameterizaiion; and (i) use of o refined, simplified
instrumental-varinble method of parameter estimation
as the major ol 1o detenmine the number of identifi-
able fow components and (o estimate their dynamic
conlributions o the instuntancous unif hydrograp

The primary convolution integral is expressed by:
vty = J‘Uh{i‘ —siu(sids i

where point or spatially-averaged rainfall excess u{s) is
operated on by h(t-s) and integrated over time 1 10 yield
v{0) at some siream location. The function h() s weil-
known as the instantancous unit bhydrograph ()
{Chow, 1964). Here TUH s the total streamilow re-
sponse resulting from nit rainfall excess applied 1o the
catchanent over an infinitesimally short perind. While
not being physically-detalied, this approach has con-
siderable utility because: (1) it assumes o linear rela-
tonship between rainlail excess and streamflow re-
sponse, This means that only minimal observational



data are required in the form of historic time series of
precipitafion and streamflow. (1) It eoploys a plansi-
ble and adaptable physical analogy of linear reservoirs
configured in series and/or in parallel, which allows the
reproduction. of (otal streamilow and it dominant
guick and slow components with considerable accu-
FACY.

Note that the above discusston focuses on rainfall ex-
cess, ie., that porten of raintall which becoies
streanflow, not  total  precipitation.  The  basic
THACRES uses a non-linear loss module 1o tmmsform
total precipitation into effective precipitation, by ac-
counting nplicitly for factors such as soil moisture
and vegetation characteristics (e, evapolrapspiration
and storage). Ay described below, this provides a key
interface with the climate models, which contain soil-
vegelation-atmosphere mansfer schemes (SVAT) that
can essentially serve as this nonlinear loss moduic
when the climate models and IHACRES are coupled.
This also opens a variety of options o adopt different
SVATS as non-lingar module for IHACRES depending
on lhe complexity being considersd and the observa-
tional data avallability for calibralion.

The non-lingar modoie for the curreni version of
THACRES has three parameters and accounts tor the
shorl-term effect of antecedent weather conditions on
{he current state of soil molsture and veretalion condi-
tons, and long-term effects such as evapolranspitation
and storage. The effective raipfall iy calculated from
the observed rainfall and average sorface emperature
over a catchment,

Fig.l gives an cxample ol comparisons between
IFACRES model simulation and  the observed dis-
charge over the Ovens River at Bright for 730 days
starting from March 3, 1977, The simulated  discharge

catches all the major peaks and base flows, as well as
the basic trend of tme evolution of the observed dis-
charge. Only some minor discrepancy exists at some
period with small rainfall events.

3. CLIMATE MODELS

The GCM we employ is the National Center for At
mospheric  Research’s  Copununity  Climate Model,
version 2 (NCAR CCMZ). The CCM2 is a global,
pseudo-spectral T42 18-layer hybrid coordinate model
with the top of the mode] atmosphere occurring at ap-
proximately 2.9 mb. The spectral translorm grid has an
effective horizontal teseiution of 2.8% x 2.8°, Shorl-
wave propestics of waler clouds are parameterized
fotlowing Slingo (1989). A §-Hddington approximation
calculates solar ahsorption for 18 spectral bands, and
the longwave radiation iy similar to that in CCMI.
COM2 adopts a shape-preserving  semi-Lagrangian
transport scheme for advecling water vapor. A com-
prebensive account of the routines in COMZ are de-
seribed in Hack et al. (1993), while basic results and
comparisons with ohservations are given by Hack et ad.
(1904, Hansen et al, (1995 describe how COMZ has
been implemented on AN computers as a precursor o
thiz coupling model.

The regional climate model, RegCUMI, has the same
hasic dynamic component as that in the standard ver-
sion of the Pemasylvania Stale/ NCAR Mesoscale
Model (MM4: Anthes and Warner 1978, Anthes et al.
1987y, The MM4 1s a hydrostatic, compressible, promi-
five equation, terrain following sigma-vertical coordi-
nate model, The RegUM2 version of the MM4, adapted
for climate studies, has been used in runs rangiag from
monthly (0 multi-year over different regions of the
world {c.g., Glorgi etal 19934 by 1994) RegCM?2
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Figure 1: Comparison between THACRES model simulated (dashed line) and the observed  {solid ling) discharge
over the Ovens River at Bright for 730 days starting from March 3, 1977



includes parameterizations of mdiative transfer, plane-
tary boundary layer, surface physics, convective ruin
and pressure gradient force which make L more sait-
able than the standard MM4 for climate studies, A
typical RegCMZ domain is about 60 points in longl-
tnde, 50 points in latitude and 17 vertical levels {(from
the surface o0 80 mb), with 7 levels in the lowest 1.5

km of the troposphere, o allow for better resolution of

the planetary boundary layer. Initial and ateral bound-
ary cmaaiilinﬂs are provided typically by both ECMWTE
analyses of observations and COM2 model output,
Larson et al. (1995) describe how RegUM2 has been
ported to AN computers and wsed o sinulate the
climate of Australia.

4. METHODOLOGY
4.1 Extending the Non-linear Module OF IHACRES

(HACRES consists of two related, but techaically sepa-
rifed mmdui@s: a non-linear loss module for the frans-
formation from rainfall o effective rainfall, and » lin-
ear module (o Uansiae effective rainfall into ronefl
This separation greally facilities the extension of the
non-linear module o nclude the effects of new physi-
cal processes. It is also possible to consider vegetation
processes explicitly by ase of a SVAT scheme for the
non-linear module, as more insight into the physical
and physiological processes (such as transpiration of
piants, sotl drainage, and leaf interception ete.) iy ob-
tained. In this project, we will increase the complexity
of the non-linear module gradually, to identify the most
proper degree of complex#y for the interaction be-
tween climate models and IHACRES, Obvioosly the
more parameters involved in the model, the more diffi-
cuit the calibration.

4.2 Fast Track dpproach

In the fast track approach, IHACRES s calibraed
empirically to observations of discharge for specific
drainage basing, and then used in conjunction with the
climate models locally and globally to simulate evapo-
ration and strean discharge. We make a very rough
classilication of land surfaces inlo several types ac-
cording 0 physical properties pertinent to hydrological
process, and then assign cach iand grid box of the chi-
mate model with one of these types. After that, we can
apply the INACRES, which is calibrated in one region,
{0 those grid boxes with the same sarface type as this
calibration region. The fast track approach serves two
purposes. First it will define the range of “parameter
space” necessary for categorizing different basing, and
give ux some sense of what types of basing may be

more problematic than others, Second, 3 will test the
feastbility of more complicated inieractions belween
ctimate models and THACRES through the non-linear
modute.

4.5 Full (Long-term) Approach

In thiy approach, physical descriptors for bmportant
characteristics of drainage basins are being developed
that will largely eliminate the need for empirical cali-
bration with observed discharge and therefore allows
for more fully predictive computations (0 be made.

In order to be capable of predictin
APONSE r climatic ¢
IHACRES must be changed accordingly, since
calibmated only for the current, specific and mmi con-
ditions of chimate and surface, We thus are developing
a model o account for the changing climate conditions
and the physical featoures of the land surface. Physical
catchiment descriptors (PCDsy and hydrotogical dy-
namic response characteristics (DRCS) are used as 2
physically-based model, where DRCs are determined
by PCD through the relationships within regiony of
hydrologic similarity. DRCs can lypically be repre-
sented by 5-7 purameters, which are obtained by cali-
bration of o precipitation-runol{ model on o few vears
of data, PCDs are used mainly 1o define the spatiad
distribution of hydrological nnits within the caich-
mends, and therelore 0 be able o determine DRCs
under the reasonable perceplion that the ideal cali-
brated DRCY should be independent of the calibration
data sets (e, the clunate sequence in the estimation
record. Bach unit is selected {0 have generally similay
hydrologic behavior on the basis ol ity vegetation,
soils,  and weorain, o the PCD-DRO scheme, we nse
PCDs o determine DROs, and in term use DRCs and
precipifation 1o predict streamn discharge and evapo-
franspiraiion. _T""urlhr:' studies are expected o reveal
which of the POD-DRO relationships are region-
dependent, ie., irzmsicr;ﬁb e, as well as anderstanding
where saccesstul relationships can be developed at
larger scales,

g the hydrologic re-

. BESCUSSION

Kev guestions that we encounter as we proceed with
this study inclede: {3) Can THACRES calibrated in only
a Hmited number of regions (or basins) be applied with
COMZ or RepCUM2 universadly  over the globe, Lo,
how sensitive is the model 1o the pawameters  of
THACRESY (i) Can we find realistic physical descrip-
tors for IHACRES based on the suerifice type such as
vegetation, wpography, soil iexture and surface slope?



{iil) Other climatic factors can nbvicusly afiect the

effective ralnfall. For exunple, surface wind speed is
an influencing factor for  evaporation process, and
currently is not explicitly considered in IHACRES.

The major difficuliies arise from the pon-compatibility
in hoth spatial and temporal scales between FHAURES
and a climate model, as well as the data availability
for moedel calibration and verification: (1) IHACRES is
asing daily data as this is a conveniently available
temporal scale for observations of discharge.  whike
climate models typically have time steps only of a few
minutes (for example, COMZ has only a Z0-minute
time step for forward integration the standard version).
This means IMACRES cannot be called for each time
step. In other words, the evaporation oblained from il
cannot be updated for every time sigp. (i) IHACRES s
calibrated on a catchment or basin scale, which is in-
compatiple with the grid box of the GUM. Usually a
catchment is far smatler than a GOM gridbox. This
requires cither vp-scaling the HHACRES catchments
inte a grid box, or down-scaling the grid box into sev-
eral carchments, {ie., coasideration of sub-grid vari-
ability). (i) Considerable observational data and geo-
graphical informaton are needed for both approaches
(fast track and lopg-term) in order to accomplish the
coupling of GCMs and THACRES. An extensive cali-
Hration of THACRES over a globally representative
range of catchments must be done before a meaninglul
usage of HACRES in a GUM to simuolae global cli-
mate.
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