Identification of Internal Flow Dynamics in Two Experimental
Catchments

D. P Hansen A. 3. Iakeman, C. Kendall” and GU Weizu™
Centre for Hesource and Environmental Studies
Australian National University Canberra ACT 0200 Australia
*Waler Resources Division,

U5 Geological Survey, Menlo Park, CA 94025, UUSA.
“*Nanjing Research Institute of Hydrology,

Ministry of Water Resources, Nanjing, China.

Abstraci ldentification of the mternal flow dynamics in catchments is difficult because of the lack of information in

precipitation-stream dischaige time series alone. Two experimental catchroents, Hydrohill and Nandadish, near Nanjing

in China, have been set up to monitor internal flows reaching the catchment stream al various depths, from the surface

runoff to the bedrock. With analysis of the precipitation against these internal discharges, it is possible to quantify the

time constants and volumes associated with various flow paths in both catchments.

1. INTRODUCTION

Rainfall-runoff models are used extensively to gain an un-
derstanding of catchiment dynamics. External time series
data, the amount of precipitation and resultant runoff, are
utilised in a ”black box” approach to infer how the catch-
ment ”works” . Often only two responses can be identified,
one guick and the other slow, with no information gained
about the internal flow dynamics of the catchment, such
as subsurface flowpaths and how llowpaths may change
during stormn events. The guestion of whether the source
of the runoff is new rain water or old pre-storm water, ei-
ther from the safurated zone {groundwater) or pre-storm
non flowing water from the unsaturated zone (soil water),
also remains unresolved using rainfall-runcfl models.

In this paper apn Instanfaneous Unit Hydrograph (IUID
black box medel, in this case the model known as
IBACRES (Jakeman et al., 1900; Jakeman and Hom-
berger, 1993), is used to gain ar understanding of the
internal flow dyramics of two small experimental catch-
ments, Hydrohill and Nandadish, at the Chuzhou exper-
imental station in southern China. Precipitation, surface
flow and subsurlace flow data for the two catchments at six
(6) minute intervals and covering 3 separate storm events
are used to gain some understanding of the How dynarmics
of the water at various subsurface levels.

Cther methods, using different physical data, can be used
in conjunction with IUH models to gain a betier under-
standing of the hydrological response and internal flow

dynamics of the catchments. In particular tracer source
models, such as isotopic and chemical tracers can be used
to build on the hydrelegical understanding of the catch-
ments gained from IUH models {Robson et al., 1092
Sklash et al., 1976). Isclope hydrograph separation mod-
els use conservative tracers, such as O, D and tritium
to give an indication of the source of the streamflow by
separabing the streamwaler into new ralu water and old,
pre-storm water. Chemieal hydrograph separation models
use a variety of chemical fracers, including Cl Si0° and
conduclivity, to give an indication of the flowpath of the

waler.

The main focus of this work is to gain as much informa-

tion from the

2 aboul the internal low dynamics of the
catchments ag is possible using the TUH model. Compar-
isons with isotopic and chemical hydrograph separations
will be published separately (Kendall et al., in prepara-
tion, 1995).

2. MODELS

2.1  Unit Hydrograph Model

The unit hydrograph model used in this work is known as
THACRES. This model extends unit hydrograph theory
by assuming a linear relationship not only between quick
flow and efective rainfall, but between eflfective rainfall
and other identifiable hydrograph response components.
Foll details of the model can be found in (Jakeman et al.,
1990} and (Jakeman and Horuberger, 1993}, and only a
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brief description is given here.
g

The mode!l consists of a nonlinear rainfall loss module
which ronveris observed rainfall, {ry} = (riry), into
effective, or excess rainfall, {un} = {(uy..uy), and a lin-
ear module which converts the excess rainfall into ob-
served streamflow, {gnt = (g1...qn}. Usually the two
modules uge six {6) parameters, also called dynamic re-
sponse characteristics {Jakeman and IHornberger, 1993),
io describe the way in which observed rainfall becomies
ohserved streamflow. Should the linear module identify
more (or less) than the usual two (slow and quick] fow
somponents then the number of dypamic response charac-
teristics, and hence parameters, will increase (or decrease).

The nonlinear rainfall loss module transforms the mea-
sured precipitation, rg, inte effective rainfall, g, using

Wi = SpTk {1)

where sy is the catchmenl wetness index, a function of T,
the temperature at time & and three dynamic response
characteristics - 7y, a time constant for the decline in the
catchment wetness index, f, which regulates the degree of
termperature dependence of the loss time constant, and
¢, which is selected to conserve the mass-balance of the
catchment. An extrs parameter, p, may somebimes be re-
quired 1o account for exira loss of water within the catel-
ment, {Ye et al., in press, 1995), so that (1) is replaced
by

Wy = 57;” ()

When there are no temperature data available, as is the
case with this study, the parameter [, as described above,
is not regutired, and the loss time constant, 7, is estimated

as a constant for all time steps.

The linsar module uses a transfer function to allow the
rainfall to pass through any combination of stores, in
parallel and series, in becoming streamflow. The most
common configuration uses two stores in paraliel, one ab-
tributed to quick flow, Eg"), and one o slow flow, J:f:).
These combine to yield the streamilow, qx,

qp = .’lfg;n + .'L‘(A"_S}, (3)
with ‘
"‘75:!) = %xgbqjl + Bk {4)
and
ar:gf} = a'_.,:z:gc'i}l 4 B, {5}

This can be rewritten to give an easier physical interpre-
falion in terms of time constants, 7, and 7, and relative
volumeirie throughputs, v, and o,

T == O flog{~ay) (6)
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vy = Ao {1+ o) {7}
= — 0 log (—ay) (&)
v=A {(lte =11 (9)

where A is the sampling interval for the precipitation and
streamflow time series. In this case the linear module has
three response characteristics, 7,, 7 and v, (v, = 1 —w, ),
making a total of 6 parameters for the model. Sometimes
all the flow can be explained using just one store. This
is the case for the surface flow and shallow interflows in
these catchments, and hence only one time constant, 7,
is needed, and the model then reduces to 4 parameters.

To measure the performance of the model estimate of
streamflow, §;. three performance statistics are used, the
absolute deviation (A}, the bias (B) and the observed
streamflow varianee explained (F¥), These are defined

as,

N
A 1/ny g — il (10)

i=l
N
B o= _l/-nZ(q,‘ — i) (1)

REP=1- a';f/uj (12}

where o? and o] are the variance of the model residuals
(q; — 4;) and of the observed streamflow regpectively.

To find or calibrate the appropriate values of the parame-
ters for a particular data sef, the parameter space of two
af the pacameters, 7, and {, from the nonlinear yod-
ule is sampled. The effective rainfall series 1s then cal-
culated and a simple refined instrumental variable lech-
nique {SRIV) used te estimate the linear module param-
eters (Jakeman et al., 1980). The model cutput statistics
are calculated in the SRIY step. Usually a subperiod of
the entire data set is used to calibrate the model, and
then those parameters can be used lo simualate over other

subperiods, with cutpul statistics again being calculated,

2.2 Tracer Separation Models

. e T e
Dasea O SOIuLIons O

=y

for stormiflow :

Qs =G0+ N (13)
QsCs = QoCo+ QNQN {14)

where Q is the stream discharge, C is the concentration of
the tracer and the subscripts 35,0 and N indicate stream
water, old pre-storm water and new rain water respec-
tively. Tt should be noted in using tracer separation mod-
els several assumptions need to be made about the com-
position and spatial homogeneity of the ground water and



rain water {Sklash et al., 1976).

Results using these mthods will be published separately
(Kendall et al., in preparation, 1995).
AN

3. CATCHMENT DESCRIPTIONS

DATA
3.1 Catchment Descriptions

The Hydrohill and Nandadish catchments are two of sev-
eral instrumented catchments localed at the Chuzhou Hy-
drology Laboratory in Chuzhou Province, near Nanjing in

China (Kendall and Weizu, 1991}

Figure 1: The Hydrohill and Navdadish catchments. The
troughs can be seen in the middle of the catchments.

The Hydrohill #2 catchment (herein referred to as Hy-
dechill) is a totally artificial catchment constructed for
the purpose of studying rainfall-runoff processes in de-
tail. The Hydrohill catchment, with an area of 4900 m®,
was constructed with a concrete aquiclude consisting of
two intersecting slopes with 14 degree gradients overlaying
bedrock covered with 1 metre of silty loam and enclosed
with impermeable walls on all sides. The catchment was
then filled with enough soll to approximate the natural
soil profile, and then grass planted on the surface.

After three years of settling, a drainage trench was dug at
the intersection of the two slopes, and the water sampling
instrumentation installed. The water sampling instrument

onsiste of five fibreglass troughs, each 46 cm wide and 40
m long, instalied longitudinally in the trench (Figure 2).
These troughs were stacked on top of each other to create
a set of long zero-tension lysimeters, with each trough
having a 20 cin lip extending hovizontally inta the soil
to prevent leakage between layers. The water 18 routed
through v-noteh weirs located in the gauging station under
the hill where discharge is continuously wonitored. Water
samples were also collected for the purposes of chemical

and isotopic analysis.

Asillustrated in Figure 2, the first trough collects rain, the
next, surface How and the next three, subsurface fiows, (-

30cm, 30-80cm and 60-100 ¢m respectively. Two smaller
lysimeters were installed at a I-m depth, 1 inside the
catchment and one just outside the catchment.
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Figure 2: System of troughs and lysimeters used to col-
lect rainfall, surface flow and subsurface interflow.

The Nandadish catchment, with an area of 7800 m*, is ap-
proximately 16 limes larger than the Hydrohill catchment
and 15 located 300 mebres away. It is a natural catch-
ment with =0il cover ranging from 0.5 m to 7 m in depth
and is covered by grass, shrubs and small trees. A simi-
lar lystmeter system to that used to mounisor rain, surface
and subsurface flows in the Hydrohill catchment is used,
except there are only two subsurface levels, 0-30cm and

30-100em.

In both catchments a network of access tubes allows for
the soil moisture to be measured by neutron gauge, and
piezometer wells allow for the water table height 1o be
monitored. The piescineter wells also allow for water sam-

nle collectic
PLe COIeCLiOn .

3.2 Data

The hydrological data for these catchments iuclude the
rainfall, surface and subsurface flows at six {6} minute in-
tervals over 16 days at the calchments and includes three
storm events. Due to several problems during collection
the data were occagionally inconsistent and various small
adjustments were made to correct obvicus timing prob-

lems.
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Water samples were also collected periodically from all
the troughs, as well as the rain gauge, to allow for oxygen
isotopic compostition analysis, at the U3 Geological Sur-
vey's stable lsotope laboratory in Reston, Virginia, and
chemical composition analysis, at the Panola Mountain
Research Project laboratory in Atlania, Georgia {Kendall
et al., in preparation, 1995; Kendall and Weizu, 1991).

4, IDENTIFYING WATER SOURCES AND
FLOWPATHS.

To understand the dynmamics of a catchment during a
storm event, the sources of flows and the flowpaths of the
water, both new rain water and oid pre-storm water, must
be understood. FThis includes understanding the mixing of
waters from various sources, on the surface and in the un-
saturated and saturated zones, and the mechanisms by
which these waters contribute to surface flow, interflow,
unsaturated zone flow and groundwater flow, including
macropore and matrix flow.

The unit hydrographs of storm events obtained from pre-
vieus hydrologic response studies have shown that quick
flow dominates slow flow. Meanwhile isotope and chemical
hydrograph separations have shown that most stormflow
is old, pre-storm water (Bishop ef al., 1890; Kendall and
Weizu, 1991} as opposed to new rain water. It is un-
clear whether this old water comes Trom ground water or
soil water (non Howing pre-storin water in the unsaturaled
sone) and by what mechanism it becomes storm flow. The
height of the waler table, Figure 3, at various bimes during
the slorm event, measured using the access tubes, can help
in identifying the source of the storm runofl and interflow.

Figure 3: Access tubes which are saturated (filled in cir-
cles} in the Hydrokill catchment al 3 different times - from
left to right at 105, 110 and 119 hours after midnight July
1.

It is also important o understand the relationship be-
bween Lhe dynamic response characteristics and the phys-
ical catchment attributes, such as the slope of the catch-

ment, soil depth, vegetation cover ete. Once these re-
lationships are undersicod any physical change in the
catechment can be aceounted for by altering the appropri-
ale dynamic response characteristics {Post and Jakeman,
in press, 1995). This will also help in predicting what
changes in runofl may occur as a result of climate or en-

vironmental change.
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Fignre 4: The calibration plots for the Hydrohill catch-
ment, show oheerved (salid line) and modelled

S0V xub the observed (FOaG ey ptesetii{eind

{dashed line) flow for each level, with the error below each
graph.

4.1 Processes in the Hydrohill Catchment

The Hydrohill catchment is very responsive to pracipita-
tion, with the surlace and subsurface Hows strongly resem-
bling the rainfall hydrographs (Figured). Flow peaks in
the saturated zone {60-100 cm tevel} are observed shortly
after (within 60-90 minutes) the rain and their appearance
on the surface and in the shallow subsurface levels,
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The height of the water table throughout a storm event
will give an indication of the composition of the various
fiows and interflows being measured. Figured shows the
state of some of the wells at three different times through-
out the first storm event in the Hydrohill catchment, with
filled in circles indicating the wells are saturated. Ab the
beginning of the storm all walls were unsaturated. How-
ever over the duration of the storm event, almost the entire
catchinent becomes saturated, with the upslope wells and
wells nearest the drainage lroughs achieving saturation
first {Kendall and Weizu, 1891},
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Figure 5: The calibration plots for the Napdadish calch-
ment, showing the observed (solid line) and modelled
{dashed line} flow for each level, with the error below each
graph.

5. HYDROGRAPH SEPARATIONS
3.1 IUH Separations

The model was calibrated over the first storm event, from
97.5 hours to 140 hours after July 1, 0:00:00. For the
surface flow, 0-30 cm and 30-80 em subsurface flows, it
was found that the linear module could best model the

catchienl response when only one store was used. indi-
cating that aimost all the flow at these levels was quick
flow. However, for the 80-100 cm level {the 30-100 am
level in the case of Nandadish) two stores, quick and slow
components, in parallel were needed to model the catch-
ment response. The model was also calibraied on the total
flow, using two stores in parallel to mods! the catchment

PESDONSES.

The maodel fits are judged on the output siabistics men-
tioned above, and on how well the caloulated hydrographs
capture the important features of the observed How.

Figures 4 and 5 shows the calibration plots for the Hy-
drohill and Nardadish catchments. These diagrams show
that the model has captured the nportant features of the
observed flow well - namely the timing and magnitude of

large peaks and the slow fow characteristics.

Table 1a and 1b show the parameters used for these mod-
els. The time constants, 7 and 7. show as expected, that
the flow peaks from rain evenls recess more slowly at the
deeper levels than the surface and shallow levels. 1L is in-
teresting to note however, thal the values of T, bhe time
comstant for the decline m the catchment wetness index,
is congistently larger at deeper depths lor Hydrohill, while
smaller at deeper depths for Nandadish,

level T p c Ty Ty ¥,
surface 2 G.8 1 0.805 | 0.8 - -
3-30 97 | 1.0 ] 0068 1 1.9 - -
30-60 120 100064 | 2.0 -
GO-100 ¢ 188 | 1.0 0.025 | 3.0 | 171.4 | 0.786
total 96 1 6.5 1 0.826 112 (0.006

-k
o
[

Table la. The dypamic response characteristics for bhe
Hydrohill catchment.

level T p ¢ Ty T T
surface | 2141 1.4 1 0.040 1 1.3 - -
0-30 166 | 1.0} 0.026 | 3.2 - -
S0-100 | 130 [ 14 1 0.038 | 5.6 | 57.1 | 0.594
total 292007 10200 | L 3.9 | 0.485

Table 1h. The dynamic respanse characteristics for the
Nandadish catchment.

Another measure of the suceess of a model is the on tput
statistics, as deseribed in section 2. Tables 92 and 2b show
the maodel outpul siatistics for Lthe two catchments, The
R? values are ali ahove .8, showing good agreement be-
tween observed and modelled stzeamflow and the absolute
deviation and bias are both low for all models, with per-
haps the exception of the tolal How data for both catch-

ments.
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level A B R~
surface 0.45 | -0.0% | 0.891
0-30 e 0.09 {-0.01 | 0.897
30-60 cm | (.07 | 0.0 | 0850
G0-100 em 1 0.13 1 0.0 | 0.872
total flow | 1.65 | -0.01 | 0.909

Table 2a. The oubput statistics for the Hydrohill
catchment when calibrating over the first storm event.

level A B R*

surface 0.25 | -0.47 | 0.816
0-30 em 0.05 ¢ 0.01 | 6.920
30-100 em | 0.09 | -0.08 | 0.8367
total flow | 6.88 | -0.25 | 0.833

Table 9b. The output statistics for the Nandadish
eatchment when calibrating over the first storm event.

6. DISCUSSION AND CONCLUSBION

Understanding the sources and flowpaths of storm water
has important implications for waler quality as well as the
effects of cimate change. An understanding of the Hydro-
il eabchment, and its similarities and differences in both
dynamic response characteristics and physical catchment
attributes to the natural Nandadish catchinent s Imper-
tapt in understanding bow natural catchments work.

The difference in the time constants for the surface flow of
the two catchments, with the quick fow time constant 7,
being larger for the Hydrohill than the Nandadish catch-
ment, suggests that the differences in surface vegetation
have a significant effect. Quick flow takes longer Lo reach
the outlet of the Nandadish catchment, with its vegeta-
tion composad of shrubs ete, compared to the grass on
the Hvdrohill catchment. This has important implications
for the clearing of catchmnents and the replacement of the
vegetation which is cleared.

A similar relationship between the time constants 7 and
e, at the subsurface levels, is observed between the two
catchments. At the shallower subsurface levels Lhis may
be due to macropore How, with possibly a more exten-
sive macropore network allowing the water 1o low more
quickly through the unsaturated subsurface soil in the ar-
tificial Hydrohill catchmen! than the more natural Nan-
dadish catchment.

The relationship between the time constant which regu-
lates Lhe calchiment wetness index, 1y, and any physical
cabehment descriptors is also mportant. In this case, the
tirne constant Tor the catchment wetness index increases

with subsurface depth in the Hydrohill catehment and de-
creages in the Nandadish catchment. This may he due
to more hydraulically respomsive soils in the Nandadish

catchment.

While the artificial Hydrohill catchment has significantly
different hydrological response characteristics to the natu-
ral Nandadish catchment a good deal about the behaviour
of other catchments can be gained from their study. Gom-
paring the hydrographs from the IHACRES model with
hydrographs obtained from tracer separation models will
give further understanding of these processes.
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