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ABSTRACT: A nodeling framework for wunderstanding spatially-explicit
rel ati onshi ps between soil noisture dynam cs and streamflow generati on
in upland humd forested watersheds is described. The franewor k
consi sts of a dynam c canopy interception nodul e and a 2D finite el enent
hill sl ope hydrol ogy nodel (I1HDM}) having hillslope pl anes objectively
delineated wusing contour-based terrain analysis (TAPES-C) . Thi s
approach is fine-scaled both in space and tinme allowing for the
i ncl usi on of topographic and soil heterogeneities necessary for mappi ng
oscillations in the variabl e source areas of streanfl ow generation. The
nmodel i ng framework is inplenented for a snall control watershed (W82) at
the Coweeta Hydrol ogic Laboratory. Sinmulation results to be presented
at the conference include the clinate-scal e response of vari abl e source
areas for hillslope cross-sections to hourly clinmate data spanni ng years
in which total precipitation was: (a >20% above average, (b) near
average, (c) >20% bel ow average. .

RKEY TERVS: distributed hydrologic nodeling; contour-based terrain
anal ysis; variable source areas; climate timescales; watershed
hydr ol ogy.

| NTRCDUCTI ON

In humd upland forested watersheds, the extent of the saturated
near-stream areas, or variable source areas, at the tine of a storm
primarily determnes the timng and volunme of stormflow (Hewett and
H bbert 1963, 1966, Hew ett and Nutter 1970). Vari abl e source areas are
spatially constrained by the distribution of topographic and soil
characteristics as well as tenporally constrained by the frequency and
anount of antecedent precipitation. For a given watershed norphol ogy,
the variable source area can be depicted as a nonlinear oscillator
responding to climatic input functions.

As summari zed by H bbert and Troendle (1988), various nodel s have
been constructed to account for the effect of variable source areas on

runcff hydrographs.  These range from lumped parameter expressions
(Hew ett and Troendl e 1975) to sem -di stri buted paranmeter nodel s such as
TCOPMODEL (Beven and Kirkby, 1979) to nmore conplex fully-distributed
par anet er wat er shed nodel s (Bernier 1982, Thonmas and Beasl ey 1986, Beven
et al. 1987). A central objective of these studi es has been to account
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for watershed hydrologic processes at the tine scale of a storm Mich
| ess investigation, however, has been conducted on variation of satur-
ated near-streamareas at seasonal or annual tine scales. dinate scale
source area variation was first described by Dunne et al. (1975) and has
since been sinmulated for surface features only using a sem-distributed
‘par anet er approach (0’Loughlin 1986) .

In order to understand the source area oscillator for a given
wat er shed norphology, a fully distributed nodel offers the best
resolution to capture the fine spatial scale dynamcs of near-stream
noi sture states and fluxes. The iIncreased conplexity of these nodel s,
however, incurs costly increases in paraneter estimation with sonetines
only marginal or no gain in predictive capability (as has been di scussed
by Stephenson and Freeze 1974, Beven 1989, Loague 1990). Al so,
. conplexity in the wequations of water flow can nake solutions
intractable, With respect to either the nathematical structures or the
conput ati onal requirements, a complication particularly severe when
attenpting to incorporate topographical and soil heterogeneities found
in any upl and forested watershed. Due to these problens, inplenentation
of a distributed nodel necessitates sinplifying assunptions regardi n?
- the nature of watershed norphol ogy, for exanple specifying contro
volumes in the nodels as raster-based grid cells or wedge-shaped
hill sl ope sections. Wil e such assunptions reduce conplexity, they
result 1n increased errors. For this reason, Beven (198?9';) has poi nt ed
out that many distributed nodels are just |unped paraneter nodels with
a finer mesh, and called for nodel s with closer correspondence between
nodel equations and field processes. :

. The spatial and tenporal franework of any modeling effort shoul d be
constructed to match the scale of the process (es) in question (Mrk
1978, Yeakley and cale 1991). For variable source area nodeling in
- conplex terrain, the process in question is the hydraulics of fluid
flow As discussed by More and G ayson (1991), there are three primary
~ways of structuring a network of topographic data: (1) triangul ated
~irregular networks (TINs) : (2) raster or grid networks; (3) vector or
contour |ine based networks. GO the three, contour based networks
provide nore physical realismthan grid based networks which restrict
water flow froma given node to only one of eight possible directions.
.TINs provide physical realism but require interpretive alignnent of the
elements, nany tines based on vector digital elevation maps (DEMs) .
More and Gayson (1991) provide an automated contour-based net hod
(TAPESSQ for partitioning watersheds into natural units bounded by
irregularly shaped pol ygons. These pol ygons are bounded by equi pot -
ential (or contour) lines on two sides and by streamines, orthogonal to
the contours, on the other two sides. The streaniines are assunmed to be

no—: flow-boundaries, thus—groundwater flow is constrained to flow through— -
a series of elenents positioned along a natural gradient. Such a series
of cells is termed a "streamtube." By orienting the flow equations of
a distributed paraneter nodel along streamtubes, spatial conplexity in
the equations may be reduced from three dinensions to two, ile
accorrﬂei shing a terrain-based nodel structure. . _

re we describe the inplenmentation of a distributed paraneter
nodel (IHDMY) having hillslope sections constrained naturally by the
terrain using an aut omat ed cont our - based partitioni ng package (TAPES O
for a snal forested watershed (VW) at the Coweeta Hydrologic
Laboratory in western North Carolina. The advantage of this franework
is that 2-D transient noisture dynamics can be simulated within a
terrain-sensitive framework which can ultimately be inplenented for
ungauged wat ersheds. This nodeling framework will be used to sinmulate
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longterm dynamcs of the variable source areas of W52, using hourly
climate data for three years of differing rainfall regines: (1) near
average; (2 >20%above average; (3) <20%bel ow average. The objective
of this exercise is to gain a spatially explicit understanding of the
near-stream noisture conditions of the watershed, in terns of both
nomnal oscillations and overall clinate response range.

MODEL DESCR PTI QN
Above- ground Processing

The distributed nodel used here (IHDM4: Institute of Hydrol ogy
D stributed Model, v.4) receives inputs froman above-ground nodel which
accounts for canopy and litter fluxes. The above-ground nodel used here
was specified by Rutter et al. (1971, 1975). The Rutter nodel follows
a dynamc canopy storage (Q wth input of a constant fraction of
rainfall determned by | eaf area index and vegetation type, and out put
as evaporation and drai nage. The equations of the nodel are:

dddt = Q - K(exp(bC)-1) (D
Q = (PR - EX(C) (2)
where K and b are drainage paraneters, R is the total rainfall, E is

potential evaporation (determined by a Penman-Monteith equation with
stonatal resistance set to zero), p is the canopy throughfall fraction
and if G5 f(Q=l, else if CS f(OQO=0S where S corresponds to a
conpletely wet canopy. The nodel allows for sinultaneous evaporation
and transpiration from a partially wet canopy (c<S), a phenonenon
particularly inportant during longterm [owintensity winter storns at
Coweeta.

The nodel is regulated by a water balance given as: rainfall =

throughfall + change in C + evaporation loss. Transpiration denmand is
calculated as E,Z for that fraction of the canopy which is dry. An
effective preci'|5i tation is then calculated which is the throughfall
amount (which includes direct throughfall as well as drai nage) mnus the
transpirati on denmand. In the absence of throughfall then, effective
recipitation at the soil surface is negative, which is input to
i 1l1slope hydrol ogy nodel (IHDMI) as a sink termat the surface. The
sink is regulated by soil noisture availability tines the fractional
root distribution in a given layer in the hydrol ogy nodel as given by
Feddes (1976). If positive, i.e. if rainfall is occurring, then input
to the surface is as a source term

Terrain Anal ysis

Contour based terrain analysis as devel oped by Mbore et al. (1988)

and Mbore and G ayson (1991) requires three general steps. First, a
contour map of the watershed is digitized, creating a vector DEM Here
we used the Arc/INFO geographic informati on system (GIS) to acconplish
this task for W52 (see Figure la) . Then a preprocessing program
is used to transform the vector DEM into a north-south

oriented coordinate system Finally, the program TAPES-C partitions a
wat ershed into "streamtube" subwatershed units using a constant offset
between trajectory (i.e. streamtube boundary) starting points. Figure
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1b shows results from a TAPES-C conputation for ws2 usi ng a 50 neter
offset. Further é)r_oces& ng is then required to transformthe streamntube
output of TAPES-C into a structure suitable for 1IHDM4 . _ _

~Each hillslope plane in |HDOMt is represented by a two-di nensi onal
vertical cross-section of finite-element nodes running |ongitudinall
from watershed divide (or interior high point) to stream A eac
vertical set of nodes in the cross-section, a constant wdth is assuned.
So frommap view, a hillslope plane in IHOMt is constrained to a series
of adjacent trapezoids beginning at the stream and continuing to the
divide. To fit the TAPES C output to |HDMK, we extended the no-flow
boundaries shown in Figure 1b to pernanent stream |ocations using
Arc/INFo to derive fifteen hillslope planes (see Figure 1c) . ArCS
boundi ng streantube cells were then selected to naximze the criteria
that (a) the arcs be positioned parallel to the contours and (b) the
streamside arc be parallel to the stream ; _

Area and slope for the surface of each cell (i.e. each 4-sided
pol ygon) were calculated USi Ng Arc/INFO. For each streantube, w dths of
the cells were allowed to vary in order to transformthe cells into
trapezoids while naintaining area and slope for each cell. The
transformati on proceeds iteratively from the streanside arc up the
streamube using the relation:

¥ = Area, \ /Xy u : ' (3)

where Y, is the effective width of arc N Area, ,,, is the original area
of the pol ygon bounded by streamtube orthogonal’'s and arcs N and N+1, and
X, w1 IS the average distance between ares N and N+ . .

Hillslope Hydrology Mbdel

Wthin a streamube, a cell is bounded by two vertically-|ayered
sets Of finite el ement nodes. The tOB surface of the soil (i.e. highest
set Of nodes) is treated as a flux boundary with fluxes controlled by
the applied input rates of effective precipitation unless the surface
becomes sSaturated and overland fl ow develops. The surface boundary then
changes t0 a fixed head boundary while saturation persists, wth the
potentials fixed at atnospheric pressure. The change of boundary
conditions at the soil surface can occur locally on the slope to enabl e
sinulation of an oscillating variable source area (Beven et al. 1987,
p. 14). _ . .

For a given Streamube, subsurface flow is given by the R chards
equation expressed as

BC(S")%% - %{BK.(H%%} - %{BK,(%)%—?} = 9 (4)

where B is a gradually varying streamtube width, » is capillar

potential, x is horizontal distance downslope, z is gravity potentia

(neasured vertically from some arbitrary datum), O (=¥+2z) is total
hydraul i c potenti al, C%,_) Is the specific noisture capacity of the soil
(slope of the relation between 0 and ¥ ), O is soil noisture content by
volume, x, K, are saturated hydraulic conductivities in the x, z
directions” (functions of %), @ "is a source/sink term and t is tine.
| npl ement ati on of (4) requires several assunptions, includi n?: (a) water
is of constant viscosity and unit density; (bR flow is Tamnar and
occurs in an isothernmal nmedium (CR Darcy’s [aw applies with tine-
I nvariant paraneters; (d) only single phase water flow in response to
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hydraulic gradients is considered; (€ the relationship between ¥*
and 9 is locally differentiable (Beven et al. 1987).
If either the infiltration capacity of the soil surface is exceeded
b¥ input rates or the soil becones fully saturated resulting in return
ow, then overland flow occurs and is given by

%&3 + c%{BQ} - Bic = 0 (5)
where Q is discharge, i is net lateral inflow rate per unit downsl ope

length, y is distance downslope, c is kinenatic wave vel ocity defi ned by
dQ dA where A is the cross-sectional area of flow Solution of (5
requires a specification between discharge and cross-sectional area,
which in IHDM is given as

Q = f s™5ab (6)

where s local slope angle, f = an effective roughness paraneter, and
b is a fitting paraneter.

Soil noisture characteristics are determned using nodified
Canpbel | (1974) relationships with parameters based on soil textural
differences (Clappand Hornberger 1978) . Actual evapotranspiration (E,)
%ig%%)ven as a function of E and soil noisture based on Feddes et al.

E, = W x(¥) E, (7)
where W_ is a weighting of proportlon of root nass for a depth,
i f 5‘<‘f<>° x(¥) =1, else if %<¥<¥, o(¥) = (¥-¥%)/(%-%), else if
‘r<‘;; or if kf<y then «(¥) = 0. Note ﬁere that % is “anaer obi 0si s poi nt
-0.05 bars), ¥ is stress initiation point
-0. 3 bars, Hewl et t 1962), and % is wilting point (- 15.0 bars) .

At the end of each subsurface timestep, inputs fromeach hill sl ope
section to both overland flow and the channel are calculated. To
conpute channel flow IHDM uses the sane kinenatic wave equation and
power law flow relationship (56) as the overland flow solution on
stream ubes, except that each channel is assuned to be of uniformw dth.

Four levels of timestep occur in IHDM4 . The highest level is the
input climate data tinestep, which here is at one-hour intervals. The
next |evel involves flux exchange between hillslope and channel at a
timestep equal to or snmaller than the climate step. Subsurface and
channel flow is calculated at a finer time resolution, follow ng
previous work (Calver and Wod 1989) , we use a one-half hour step.
Finally, overland flowif it occurs is calculated a fixed nunber times
in each subsurface flow tinestep (Beven et al . 1987) .

Calibration of the nodel is first performed at the stormscal e for
both wet and dry years using an objective function of SSE of observed
vs. predicted streamflow (Hornberger et al. 1985) . This calibrationis
then extended to clinmate timescales using soil noisture data neasured
along a W52 hillslope transect from a drought period through
precipitation recharge (Yeakley 1992) as a behavioral constraint
(Hornberger and Cosby 1985) . Parameters tuned prinmarily include those
identified as sensitive in IHOM (Calver 1988) : saturated hydraulic
conductivity; porosity; initial soil noisture potential; surface
r oughness. Al'l possible paraneter ranges are based on neasurements
conducted at simlar |low elevation watersheds at Coweeta (Saank and
Qrossley 1988, Gaskin et al . 1989, Vose and Snank 1991).
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Si mul ati ons and Anal yses

~ After calibration, similations are conducted for three years of
five hourly climate variabl es: precipitation, tenperature, w ndspeed,

relative humdity, solar radiation. Al data were collected from
climatic stations within a kiloneter of W62. Fromthe recent record, we
selected three consecutive years (1979- 1981) in which annual

precipitation steadily decreased from 28% above the nmean (1979), to
within 5%of the nmean (1980), and finally to 20% bel ow the nean (1981).

Model output includes streantlow values for the sinulation period
as well as soil noisture res onse range profiles for both a | ower and an
upper hillslope in ws2, etermned by the contour-based partitioning.
Furt her out put incl udes t| me series of saturated area percentage of each
hil |l sl ope cross-section for the three year period siml ated.

Anal ysi s i ncl udes cross-correl ations per f or ned bet ween
precipitation and saturated area percentage, as well as between
saturated area percentage and streanflow Trend analysis is perforned
to determne if the anplitudes of variable source oscillations change
significantly as the precipitation regi me becones nore droughty.

EXPECTED RESLLTS AND FUTURE DI RECTI ONS

V¢ expect that source area variation will be greater duri n? drier
periods and so the anplitude of the variable source area oscillation
shoul d increase as precipitation drops from 20% above the annual nean in
1979 to 20% bel ow the annual nean in 1981 This anplitude increase,
however, should be affected by the degree of serial correlation of storm
occurrence and intensity at subannual timescales. Further, we expect
that convergent hill sl ope planes (e.g. plane #11 in Figure 1c) wll show
a greater response range for the near-saturated source area than
divergent planes (e.g. plane #9).

Qur anal yses, while explicitly of hydrologic responses to clinate
variability based on a 3 year climate record, point inplicitly to
hydrol ogi c response to clinmate change by projecting response ranges
under differing precipitation reginmes. Mreover, we explicitly simulate
responses to a significant multi-annual decrease in storm frequency.
Using an approach followi ng that taken by Wolock and Hornberger (1991),
it is possible to represent the input climate variables stochastically
using fitted distributions and then adjusting the nonments to sinulate
climate change incorporating variability, as was done recently using a
| unped paraneter evapotranspiration nodel (PROBPER on an annua
timescale for Wo2 at Coweeta (Yeakley et al. 1991). W foresee such
simulations for the nore fine-scaled nodeling franework presented here

in the near future:

An additional future direction is to expand the scale of the
simul ations spatially fromthe 12 ha watershed level up to the 1600 ha
| evel of the Coweeta Basin. (Once paraneterized and calibrated at that
scale, it can be inplenented for simlar |arge scal e ungauged basins in
the sane region if elevation, vegetation and soils information are
avai | abl e. Such a high resolution approach could be used to identify
hydrol ogi cal | y-sensitive areas wthin basins to changing climatic
conditions.
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