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Abstract
The study determined subsurface flow processes of 92.3 ha catchment area in order to examine functional
relationship among the surface and subsurface flow variables from the water balance components data. Days
without rainfall had zero infiltration while peak values of infiltrated water corresponded with peak rainfall.
However, the Crawford and Linsley infiltration model was deficient by its inability to distinguish between
daysof zerorainfall and dayswhen rainfall waslessthan 1.0 mm. Interflow occurred continuously even when
there was no rainfall. This was shown to be responsible for the stream flows on dry days. Hence, total
subsurface flows, a combination of interflow and groundwater flow, had the two components contributing to
stream flow on dayswith rainfall. On dayswithout rainfall, the interflow component was the only contributor

to subsurface flows.

Introduction

An important area of research in land-
surface hydrological processes stems from
increasing demand on water resources
throughout theworld (Scanlon et al ., 2007).
This necessitates the study of impacts of
climate (Kobayashi & Salam, 2000; Ma et
al., 2008), physical characteristics of
catchments (Moon et al., 2004; Rushton et
al., 2006; Cornejo et al., 2007) and human
activities on hydrology and water resources
management (Guo et al., 2004; Shukla &
Jaber, 2007; Elliot & Glaza, 2007). Ma et
al. (2008) reported that effects of climate
change on hydrology vary from onelocation
to another and needed to be investigated
using local climate change situations.

According to Chavez et al. (2007),
knowledge of surface runoff or streamflow
generation is desirable for planning and
management of water resources projects.
In recent years, there has been an

improvement in the understanding of surface
and groundwater interactions among
hydrologists and water resources manage-
ment personnel (Callahan et al., 2004;
Rushton et al., 2006). Sharmaet al. (1987)
emphasi zed the significance of infiltrationin
catchments hydrology. It was reported that
the infiltration process determines the
partitioning of precipitation into surface
runoff and water availablefor plant growth
or drainage.

Soil infiltration is considered to be a
critical parameter for the building and running
of hydrological and soil erosion models
designed to support catchments management
intropical countries, but their devel opment
and use are hampered by theoretical and
practica problemsinthe management of soil
infiltrability. Methods aimed at predicting
infiltration from soil properties, such as
saturated hydraulic conductivity or sorptivity,
present several shortcomingsfor predicting
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infiltration under rainfall (Bowyer-Bower,
1993). Infiltration isadynamic process, both
within asingle rainstorm and on a seasonal
basis, and such approaches only partially
take into account dynamic aspects (Stone
et al., 1996), as they assume constant soil
propertieswith time.

Precipitation plays a crucial role in
determining surface hydrologic processes
(Guo et al., 2004) and inability of water to
infiltrateinto the soil or storerainfall resulted
to runoff formation. Thus, according to
Chavez et al. (2007), watershed
characteristics such as area, average slope,
vegetation cover and soil properties also
influence runoff rate and volume. Runoff
simulation models transform excess
infiltration to runoff either using physically
based models (Corradini et al., 1994), or
conceptual models (Diskin & Nazimov,
1995), or empirical relations of the Soil
Conservation Service (Chahinian et al.,
2005). Four widely usedinfiltration Simulation
models, asgiven by Chahinian et al. (2005),
correspond to two physically based models
of Philip and Morel-Seytoux, a Horton
conceptual model and the simple Soil
Conservation Service model.

All aforementioned models required
rainfall intensity as input parameter, which
is often unavailable in many developing
countriesdueto limitation of instrumentation.
Hence, the choice is the Crawford-Linsley
model, which requires only the commonly
available record of rainfall amounts in
addition to physical characteristics of the
watershed. No conceptual/physically based
techniques may operate effectively without
considering physical and hydrological
characteristics of watersheds (Nejadha-
shemi et al., 2007).

The paper presents use of conceptual
model in the conversion of rainfall to
streamflow, wherein the basic processes of
infiltration, interflow, and groundwater
storage are separated, but their algorithms
are basically calibrated input-output
relationships of water balance equation of a
watershed.

Materials and methods

Sudy area

Onariver, with catchment’sareaof 92.3 ha,
is located at about 500 m of IITA
meteorological station, Ibadan, at 7° 29* N
and 3° 54* E (Fig. 1). Eze (1997) reported
that Crystalline rocks of pre-Cambrian
basement complex underliethisarea. Mean
annual rainfall for Ibadanisaround 1270 mm
(Lal, 1993). Mean day length of thislatitude
is12h, ranging fromaminimumof 11.5hin
December to amaximum of 12.7 hin June.

Infiltration model

Infiltration model was determined using
Crawford & Linsley (1966) infiltration
equation:
Fo_ INF
S T o, (1)

(LZS_/LZSN)®

where 5= Segment mean infiltration
capacity in mm at time (t), INF = a
parameter representing an index infiltration
level, physically related to the characteristics
of catchment. Typical value ranges between
0.25-1.27 mm, a value of 1.02 mm was
chosen. LZS , = actual valueof soil moisture
storage at time (t-1) in the lower soil zone
(mm/ared). LZSN = soil moisture storagein
thelower soil zone equivalent tofield capacity
(mm/area).
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b = exponent, avalue of 2, adopted following
numerous trials by Crawford & Lingley
(1966).

Intheinfiltration expression, both INF and
LZSN are fixed parameters. To determine
actual value of soil moisture storage at time
t-1 in the lower soil zone, 62 mm diameter
soil sampling core was used. The topsoil
depth at the upstream, midstream and
downstream sectionswere 304.8, 533.4 and
457.2 mm, respectively. Soil-sampling cans
used to collect the top 300 mm soil samples
were |abelled D, (D — Downstream), M;
(M — Midstream) and U, (U — Upstream)
for the topsoil and subsoijl; wherei =1, for
topsoil andi =2, for subsoil. j =1, 2,and 3
for the three sampling points. At each
sampling point, six samples were collected
(three topsoil and three subsoil section).

Samples were taken from 0-30 cm and
depth greater than 30 cm of the soil profile
in an airtight container for weighing on an
electronic weighing balance. The soil
samples were dried at 105 °C to a constant
weight for 24 h. After drying, soil and
container were weighed again.

Dry weight fraction, W = (Wet weight —

Dry weight)/Dry weight.

To determine LZSN, particle size
distribution was characterized according to
the system of International Society of Soil
Science.

Topsoil samples were characterized as
sandy clay loam while subsoil was clay
textured when the soil samples percent sand
and percent clay were inputted into the
Nationa Water and Climate Center Irrigation
Water Management model — * Soil Water
Characteristics’ (National Resources
Conservation Service; NRCS). Hence, the
topsoil belongsto the NRCS soil hydrologic
groupA. Study location subsoil isclay with
120 mm soil moisture available at field

capacity. The estimated LZSN value was
120 mm.

Interflow isrouted back to streamswhile
the groundwater flow is lost to deep
percolation.

G=G, + Interflow ................... 2

where G, = Total subsurface runoff from
land to stream and G, = Groundwater flow
(@l inmm)

To obtain total runoff from land surface,
assuming changein storage (A S)) to be zero;

R =P —-E -G, — Interflow .......... 3
where R = tota runoff from land surface
(mm); P, =total precipitation over land and
water surfaces (mm); E, = total evaporation
from land and water surfaces (mm).

Interflow

Water available for interflow was based
on soil moisture levels and the local
infiltration rate (Fleming, 1975). Water was
alocated tointerflow as:

5=5+5(0C—1D.cciiiiiiiiin. (4)
vl/here;5t = total mean infiltration capacity;
5 = mean infiltration capacity of thearea; c
= avariable.

Interflow = C/2 (LZS/LZSN) ......... 5)

Groundwater storage
A simplification of the processisto obtain
afraction of water accumulating inthelower
zonefromdirect infiltration and percolation
from upper zone. Thisfraction expressedin
percentage was based on the functions in
thefollowing equations by (Fleming, 1975).
P,=100 _LZS 1.0 2 for LZS
LZSN ~1.0+Z LZSN<1...(6)

1.0 LZS
P =100[1.0—( Z for >1.. (7
; 1017 )] YL )

Z=15(LZS —1.0)+ 1.0 e, ®)
LZSN
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where Pg = percentage of moisture entering
groundwater storage.

Precipitation

Daily precipitation data were obtained
from International Institute of Tropical
Agriculture (I TA) automatic weather
station, located about 500 m from Onariver.

Results
Soil moisture
Unit areaof cylindrical soil samplewith can
radius of 6.4 cm was 128.68 cm?. Also, soil
depth in soil sampling can is 6.1cm.
Therefore, soil samplevolume, V = 128.68
x 6.1 =784.95cm®
Bulk density, y = W/V = 13.79/784.95 =
0.0176 g/cm?®
Soil moisture=y x W = 0.0176 x 13.79 =
0.24 g/lcm?
Furthermore, soil samples were taken
approximately within 50.8 cm lower soil zone.
Soil Moisture per unit area=(0.24 x 50.8) =
12.19 g/lcm?.
Considering topsoil and subsoil layersof the
fidd;
Soil moisture per unit area = 2 x 12.19=
24.38 g/cn?. Hence, LZN, |, = 24.4 mm
Dry weight fraction, W = (5614.05 —
4933.78)/4933.78 =0.1379=13.79%

Infiltration

Substituting INF, LZS,, and LZSN in
Equation 1, segment mean infiltration
capacity at time t (daily) was computed.
Rainfall in mm was plotted against percent
of areawith infiltration capacity lessthan or
equal to the stated valueto obtain the volume
of water infiltrated. A sample of the
Crawford-Linsley infiltration graph for the
first 6 daysin September was showninFig.
2. Dayswithout rainfall, which isthe source

of moisture supply, are indicated blank as
observed in days 1, 2, 4, and 5. On the 3rd
day in September with 60.6 mm of moisture
supply, the 37.88 mm infiltrated volume of
water wasindicated by the shaded segment.
Tables 1 and 2 show the Segment mean
infiltration capacity.

Interflow and groundwater storage _

Substituting the values of 5 and 5 in
Equation 4 gives the interflow component,
C. This was substituted together with LZS
and LZSN in Equation 5 to give interflow
water inTable 3; resulting 5, for September
and October to be 7.60 mm and 7.52 mm.
Segments mean infiltration capacity for
September being higher than October
indicated that more water infiltrated from
moisture received in September than
October. Hence, more water was available
for interflow and groundwater storage in
September than October.

Values were substituted in Equations 2—
5 and results of groundwater storages were
presented in Tables 4 and 5, respectively.
Aspreviously observed for interflow, volume
of water available for groundwater storage
was more in September than October.

Runoff

Values of total runoff from land surface
were computed using the water balance
equation 3. Simulated runoff of study location
ispresented in Tables6 and 7.

Discussion
Infiltration and precipitation analysis
On dayswithout precipitation, zero volume
of water infiltrated. Furthermore, the
Crawford-Linsley model computes zero
infiltration on daysin which precipitationis
lessthan 1.0 mm. Peak values of infiltrated
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TaBLE 3
Interflow component from Crawford-Linsley model

Day September October
C Interflow (mm) C Interflow (mm)
1 031 0.27 137 1.02
2 0.24 0.21 1.19 0.89
3 0.19 0.17 117 0.89
4 148 1.09 113 0.86
5 148 1.09 1.00 0.78
6 1.39 0.13 0.98 0.73
7 1.50 1.10 0.85 0.67
8 171 1.23 0.75 0.60
9 1.90 1.34 0.64 0.52
10 1.90 134 0.91 0.71
11 172 1.23 1.09 0.83
12 1.90 134 1.22 0.92
13 1.97 1.38 133 0.99
14 1.96 1.38 145 1.06
15 1.84 131 127 0.95
16 1.66 1.20 1.46 1.07
17 144 1.06 1.36 1.01
18 1.60 1.016 1.32 0.98
19 1.59 1.16 144 1.06
20 1.62 117 1.20 091
21 1.56 114 1.03 0.79
22 1.76 1.26 1.19 0.90
23 1.49 1.09 0.97 0.76
24 137 1.02 0.90 0.71
25 1.32 0.99 0.99 0.77
26 1.40 1.03 1.08 0.83
27 1.52 111 0.99 0.77
28 1.39 1.03 0.87 0.69
29 121 091 0.74 0.60
30 112 0.85 0.65 0.53
31 054 0.45

40
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TABLE 4
Groundwater storagein September

Days LZSLZSN z P(g) (%) | (mm) G,, Storage (mm)
3 0.1605 -0.2593 14.85 37.88 5.62
6 0.4325 0.1487 42.37 5.40 2.29
7 0.4493 0.1740 43.69 5.00 2.18
8 0.4796 0.2193 45.92 450 2.07

11 0.4798 0.2197 45.93 450 2.07

12 0.5055 0.2582 47.64 4.00 191

13 0.5144 0.2716 48.19 4.00 193

15 0.4975 0.2462 47.13 0.90 0.42

17 0.4391 0.1586 42.90 5.25 2.25

18 0.4632 0.1948 4474 4.75 213

19 0.4626 0.1939 44.70 1.80 0.80

21 0.4583 0.1874 44.38 4.75 211

22 0.4865 0.2298 46.39 0.95 0.44

25 0.4214 0.1321 41.45 551 2.00

26 0.4329 0.1494 42.40 4.99 2.00

30 0.3869 0.0804 38.45 6.75 2.00

TABLES

Groundwater storage in October

Days LZS/LZSN z P(g) (%) | (mm) G, Storage (mm)
1 0.4314 0.1472 42.28 1.80 0.76
2 0.4209 0.1314 41.41 234 0.97
5 0.3688 0.0531 36.78 261 0.96
9 0.2957 -0.0565 29.47 11.50 3.39

10 0.3514 0.0271 35.11 8.25 2.90

11 0.3853 0.0779 38.31 5.40 2.07

12 0.4061 0.1092 40.15 6.00 241

13 0.4247 0.1371 41.73 3.30 1.38

15 0.4146 0.1219 40.88 575 235

18 0.4225 0.1337 41.55 5.70 2.37

19 0.4424 0.1636 43.16 0.95 041

21 0.3737 0.0605 37.24 7.25 2.70

24 0.3490 0.0236 34.88 7.80 272

25 0.3661 0.0492 36.52 7.50 274

26 0.3832 0.0749 38.11 3.06 117

31 0.2705 -0.0943 26.80 0.98 0.26
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TABLE 6
Water balance for September

Days Pt (mm) Et (mm) Inter (mm) Gw (mm) Gt (mm) Rt (mm)
1 0.05 38 0.27 0 0.27 -4.02
2 0 34 0.21 0 0.21 -3.61
3 60.6 2.76 0.17 5.62 5.79 52.05
4 0 3.95 1.09 0 1.09 -5.04
5 0.05 2.64 1.09 0 1.09 -3.68
6 17.8 2.35 1.03 2.29 3.32 12.13
7 242 22 11 2.18 3.28 18.72
8 69.5 2.74 123 2.07 33 63.46
9 0 4.01 134 0 134 -5.35

10 0 2.63 134 0 134 -3.97

11 25 35 123 2.07 33 18.2

12 355 2.7 134 191 3.25 29.55

13 43 2.46 1.38 1.93 331 37.23

14 0.05 3.09 1.38 0 1.38 -4.42

15 1 354 131 0.42 1.73 -4.27

16 0 3.77 12 0 12 -4.97

17 17 3.78 1.06 2.25 331 9.91

18 17 3.73 1.16 213 3.29 9.98

19 2 2.98 1.16 0.8 1.96 -2.94

20 0.05 2.77 117 0 117 -3.89

21 13 3.79 114 211 3.25 5.96

22 1 2.55 1.26 0.44 17 -3.25

23 0.05 197 1.09 0 1.09 -3.01

24 0 3.61 1.02 0 1.02 -4.63

25 10.5 321 0.99 2.28 3.27 4.02

26 7.8 3.72 1.03 212 3.15 0.93

27 0 3.79 111 0 111 -4.9

28 0 4.03 1.03 0 1.03 -5.06

29 0 4.26 0.91 0 0.91 -5.17

30 42 2.92 0.85 2.6 3.45 35.63

> 31.69 225.59
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TABLE 7
Water balance for October

Days Pt (mm) Et (mm) Inter (mm) Gw (mm) Gt (mm) Rt (mm)
1 2 421 1.02 0.76 1.78 -3.99
2 2.6 32 0.89 0.97 1.86 -2.46
3 0 4.07 0.89 0 0.89 -4.96
4 0 4.45 0.86 0 0.86 -5.31
5 29 354 0.78 0.96 1.74 -2.38
6 0 429 0.73 0 0.73 -5.02
7 0 41 0.67 0 0.67 -4.77
8 0 3.48 0.6 0 0.6 -4.08
9 31.2 394 0.52 3.39 391 23.35

10 18.2 35 0.71 29 3.61 11.09

11 7.2 384 0.83 2.07 29 0.46

12 49.2 294 0.92 241 3.33 42.93

13 4 4.85 0.99 1.38 2.37 -3.22

14 0 2.49 1.06 0 1.06 -3.55

15 135 3.96 0.95 235 33 6.24

16 0.05 23 1.07 0 1.07 -3.32

17 0 2.82 1.01 0 1.01 -3.83

18 17.9 4.96 0.98 2.37 3.35 9.59

19 1 4.79 1.06 041 147 -5.26

20 0 3.87 091 0 0.91 -4.78

21 185 413 0.79 2.7 3.49 10.88

22 0 45 0.9 0 0.9 -54

23 0 4.59 0.76 0 0.76 -5.35

24 12 428 0.71 272 343 4.29

25 255 4.47 0.77 274 351 17.52

26 35 3.84 0.83 117 2 -2.34

27 0 475 0.77 0 0.77 -5.52

28 0 434 0.69 0 0.69 -5.03

29 0 458 0.6 0 0.6 -5.18

30 0 4.01 0.53 0 0.53 -4.54

31 1 381 0.45 0.26 0.71 -3.52

> 25.25 32.54
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water correspond with peak precipitation
events, while the model was unable to
distinguish between days of zero
precipitation and dayswith precipitation less
than 1.0 mm.

The actual soil moisture storage, LZS, is
continuously changing dueto lossessuch as
evapotranspiration, deep percolation
(assumed negligible dueto the clayey nature
of the subsoil of the study area and
crystalline rocks of the pre-Cambrian
basement complex, which underliethisarea)
and gainsindirect infiltration. Thetimestep
for the simulation is daily, with the shaded
segment (Fig. 2), indicating the volume of
water infiltrated, and 50% of the area with
infiltration capacity lessthan or equal to the
stated value corresponds to the segment
mean infiltration capacity, while 100% of the
area with infiltration capacity less than or
equal to the stated value correspondsto the
saturated (final) infiltration capacity. The
infiltration capacity is a mean for the
catchment area because not all the elements
of the catchment surface will be able to
absorb water at the same rate due to
variability intheinfiltration capacity of finite
elements over the catchment surface.

Comparing infiltrated depth of water
using the Crawford-Linsley model, with
depth of water precipitated over thelocation
of study, stochastic (randomness) nature of
precipitation was clearly evident, as one
precipitation event does not depend on
previous and/or next precipitation event. For
the given moisture supply in Fig. 3 and 4,
increased soil moisture storage tends to
reduce infiltration capacity. Hence,
successive precipitation events resulted in
decrease in depth of water infiltrated as a
result of the soil at or near itsfield capacity.

A break of 2—3 days before rainfall events
resulted in increased depth of water
infiltrated. High values of infiltration
recorded with first rainfall event as shown
in Fig. 3 may be attributed to the observed
August break. Assuming all other factors
remain constant, increases in soil moisture
storage tend to reduce the infiltration

capacity.

Interflow and groundwater storage

The magnitude of water reaching Ona
stream in September and October are 31.69
mm and 25.25 mm. Interflow occurs
continuously even when there are 34 days
of no precipitation. This component of the
water balance equation is shown to be
responsible for stream flows on dry days.
From Tables 6 and 7, moisture entering
groundwater storage and surface runoff
from land will only occur on dayswhenthere
is substantial precipitation. Hence, total
subsurface runoff (a combination of
interflow and groundwater flow) will
contribute to stream flow on days with
precipitation, while days without
precipitation will only have the interflow
component contributing to subsurface
runoff.

The interflow, when compared to the
groundwater storage, isrelatively constant.
It does not vary considerably with either an
increase or decrease in groundwater
storage. The slight increase in interflow is
noticeabl e after 24 h of aprecipitation event.
For instance, the 60.6 mm of precipitation
recorded on the 3rd of September does not
tranglate to interflow immediately on the
same day. The effect was noticed on the 4—
5th of September where no precipitation
event occurred. From a plot of the
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groundwater discharge in September and
October (Fig. 5 and 6), the long-term flow
or base flow, an indication of discharge of
groundwater, can be attributed to the
interflow component. Thus, interflow can ill
contributeto stream flow even for 34 days
of no precipitationin study location.

From the water balance of the study
location (Tables 6 and 7), volume of water
entering groundwater storage is dependent
on the antecedent (previous) soil moisture
condition. Peak precipitation event does not

necessarily correspond to peak groundwater
storage as the 25.0 mm and 35.5 mm of
recorded precipitation correspond to 2.07
mm and 1.91 mm of groundwater storage.
The reduction in groundwater storage after
1-2 daysof consecutive precipitation events
may be attributed to the soil being at or near
its field capacity; hence, thereis reduction
in voids for the next precipitation event.
Similar situation was observed from Sth to
12th October (Table 7). The relationship
between moisture supply (precipitation) and

0 -
5 — Gw (Mm) — Inter (Mm)
41
[
g 3
c
2
14
0 T T T T T 1
0 5 10 15 20 25 30
Days
Fig. 5. Groundwater and interflow variation in September
4 4
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-4 1 6 11 16 21 26 3
Days

Fig. 6. Groundwater and interflow variation in October

46 West African Journal of Applied Ecology, vol. 16, 2009



groundwater storage (Fig. 7 and 8) shows
that storage will be zero when there is no
precipitation.

Conclusion
Determining water contributing to stream
flow from surface and subsurface runoff
givesvolume of water that can be abstracted
without creating acute water shortage
problems for dependent lives downstream

Moisture Supply

) 5 10

section in vulnerable seasons. From the
water balance components, days without
rainfall were shownto have zeroinfiltration,
while peak values of infiltrated water
correspond with peak rainfall. However, the
model was deficient by its inability to
distinguish between days of zerorainfall and
dayswhenrainfal islessthan 1.0 mm.
Interflow occurred continuously even
when therewas no rainfall. Thiswas shown

15 20 25 30
Days

Fig. 7. Precipitation and groundwater storage relationship in September

50 +
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Fig. 8 Precipitation and groundwater storage relationship in Octobert
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to be responsible for the stream flows on
dry days. Hence, acombination of interflow
and groundwater flow will have the two
components contributing to stream flow on
dayswithrainfall. On dayswithout rainfall,
interflow component will be the only
contributor to subsurface runoff. This is
usually applicable to ephemeral streams
which always have flows during the wet
season whileflowswill cease during thedry
season.

Daily time step used in the water balance
model development could be reduced to
hourly time step in order to ascertain the
effect of time step on the accuracy of
model ling processes, whichtook the physical
relevance of study area into account in the
development of the process parameters,
thereby, classifying the developed modelsas
conceptual grey-box model.
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