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distribution of discharge from one or several rain storms.
Thus, in data-scarce regions, reservoir areas in combin-
ation with regional reservoir area-volume relations and
publicly available rain records can provide the catchment
discharges to validate hydrological models such as the
Thornthwaite—Mather model.

Especially in semi-arid Africa, irrigated agriculture from
reservoirs is seen as one of the major ways of increasing
food production. This will have a direct impact on stream
discharge (Sachs and McArthur, 2005; UN Millennium
Project). An indirect method, as presented here, can not
only help to assess water resources and to monitor water
stress, but also to understand the runoff generation in the
study catchments, and allow impact assessment of small
reservoirs on the available water resources.

11.16 MODEL ENHANCEMENTS FOR
URBAN RUNOFF PREDICTIONS
IN THE SOUTH-WEST USA

J. R. KENNEDY, D. C. GOODRICH AND
C. L. UNKRICH

The issue from societal and hydrological perspectives

Population growth and urbanisation have occurred rapidly
in the American south-west over the past several decades
and they are projected to exceed those of other regions of
the USA in the future. Urbanisation often leads to an
increase in storm runoff, Urban rainfall-runoff models
and regionalisation approaches typically consider storm
runoff volume due to the increase in impervious surfaces,
but less commonly consider the effect of changes in the
infiltration rates of pervious surfaces in the built environ-
ment, or the effect of routing runoff from impermeable
rooftops across permeable soils. Woltemade (2010) found
a decrease in infiltrability in newer developments (post-
2000), where the use of heavy machinery for site devel-
opment was more common (as it is in the south-west
USA). Also, in recent years, the increase in stormwater
runoff associated with urbanisation has begun to be con-
sidered as a potentially renewable water resource. This
runoff can be re-used directly, through rainwater harvest-
ing efforts or recharge of aquifers through focused infil-
tration in detention basins or dry wells, or indirectly, by
routing runoff to natural stream drainages where it can
recharge. In arid environments, where upland surface
recharge is minimal, increased runoff from urbanisation
can lead to increased recharge, as rainfall that previously
would have infiltrated and then evaporated or transpired is
instead routed to an area where deep infiltration and
recharge can occur. If PUB is to be successful in basins
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with significant and expanding urbanisation, accurate par-
ameters and runoff characteristics for this type of built
environment are needed.

Description of the study area

The study area is a 32-hectare mesquite grassland and a
13-hectare residential development (referred to as the
grassland and urban catchments, respectively) in the city
of Sierra Vista in south-eastern Arizona at 1300 m eleva-
tion (see Figure 11.65). Topographic relief is moderate,
with a 31 m elevation difference between the highest
point in the natural catchment and the outlet of the urban-
ised catchment. Construction within the urbanised catch-
ment was conducted from 2001 to 2005 and is typical of
most tract-style housing in the south-western USA. The
site was completely graded and building pads for houses
were compacted prior to construction. Houses 185 m? or
larger are built on relatively uniform lots 1670 m® or
larger and have similar building materials and landscaping
(Figure 11.65). Streets are asphalt, 7.3 m wide, with
rounded curbs. About 90% of roofs are sloped (25% to
35%) with corrugated cementitious tiles; the rest are low-
slope (2% to 8%) with elastomeric coating. The tile roofs
discharge runoff distributed along eaves, mostly without
gutters, while flat roofs discharge through focused down-
spouts. A 1-metre wide pervious right of way exists
between sidewalks and the street. Storm drainage is via
surface streets except for a 1.3-hectare area that drains to
the catchment outlet via a 61 cm corrugated metal pipe.
Vegetation is immature, with only small areas of canopy
cover, All pervious surfaces are covered with 2 to 4 cm
diameter gravel mulch, about 10 c¢m deep, except for a
few small irrigated turf areas. About 10% of yards have
pervious weed barrier fabric underlying the gravel mulch.
Stormwater runoff from the natural catchment is routed
through the urbanised catchment. Runoff from both
catchments is of short duration and baseflow is absent.
Vegetation on the natural catchment consists of 3 to 6 m
tall mesquite trees (Prosopis velutina), with relatively
abundant inter-canopy grass up to 1 m tall. Vegetation
transitions from mostly grass in the upper reaches to
mostly mesquite in the lower reaches, and is seasonally
dormant.

Stream stage was measured at 1-minute intervals by an
automated bubble gauge upstream of a 90-degree v-notch
weir at the channel connecting the two catchments and at
the outlet of the combined catchments (Figure 11.65) from
May 2005 until September 2008. Rainfall data were col-
lected at 1-minute intervals at four weighing recording rain
gauges in 2005 and 2006 (gauges 401, 402, 403 and 404),
and at two additional rain gauges in 2007 and 2008
(gauges 420 and 424). From August 2006 onward, each



PUB in practice: case studies

333

EXPLANATION

®  USGS stream gauge
< USDA-ARS rain gauge

D Watershed boundary

——» Flowpath direction

Figure 11.65. Study area photographs and map showing gauge locations, flow paths and catchment boundaries. The area in the upper right of the
urban catchment drains directly to the catchment outlet through a buried culvert; runoff from the remaining area is routed along streets.

rain gauge was equipped with a Hydra-Probe' soil mois-
ture sensor at 5 cm depth to provide initial soil moisture
data for the rainfall-runoff model. To characterise land
surface slope and catchment boundaries, a real-time kin-
ematic GPS survey was conducted in both catchments.
Survey data were used to construct a digital elevation
model for comparison with the pre-construction elevations.

! Mention of this or other trade names does not imply endorsement by the
U.S. Government.

Approximately 1.73 x 10° m® of cut material and 2.54 x
10° m® of fill material were moved during the grading
process. Therefore, some additional amount of material
beyond that created from the cut process was likely
imported to the site. Tension infiltrometer measurements
were made at 69 sites throughout both catchments to
determine saturated hydraulic conductivity, on areas of
both cut and fill in the urbanised catchment, and on both
the upper, grass-dominated areas and the lower, mesquite-
dominated areas in the natural catchment. Further details of
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Figure 11.66. AGWA modules, and
the sequence of steps for
hydrological modelling and change
detection.

the study area and the overall study are available in Ken-
nedy (2007) and Kennedy et al. (2012).

Method

The KINEROS2 model (Smith er al, 1995; Semmens
et al., 2008) was applied to these two catchments to test
the transferability of model parameters to any catchment
(see Chapter 10). The Automated Geospatial Catchment
Assessment (AGWA) tool (Miller et al., 2007) can be used
to set up KINEROS?2, parameterise it with initial estimates,
execute the model, and display results spatially in a GIS
framework. In the parlance of PUB regionalisation, initial
model parameters were estimated by relating readily avail-
able basin characteristics (soils, topography, land cover/
land use) to values reported in field studies and literature
through the use of look-up tables in AGWA. KINEROS2
is an event-based distributed rainfall-runoff-erosion model
that represents a catchment as overland flow elements
(planes or curvilinear surfaces) draining into channel
model elements. The urban catchment was modelled with
the KINEROS2 urban element (Semmens et al., 2008;
Kennedy et al., 2012), a series of overland flow elements
intended to represent a contiguous row of residential lots
along one side of a street plus one-half of the street itself.
The urban element simulates runoff from impervious areas
directly connected to the street (e.g., roof to driveway to
street), runoff from impervious areas that flows over a
pervious area (e.g., roof to yard to street), and runoff from
pervious areas directly and indirectly connected to the
street. Both the geometric parameters (slope, area, flow
length, width) and the hydraulic and infiltration parameters
(roughness, porosity, saturated hydraulic conductivity) of

the model elements are estimated within AGWA. AGWA
employs globally available digital geographic coverages of
soils, topography and land cover/land use.”

The sequence of AGWA operations and initial parameter
estimation is depicted in Figure 11.66. After catchment
delineation and discretisation to define model element poly-
gons and their corresponding geometric parameters, the
model element polygons are intersected with soils and land
cover GIS layers to derive area-weighted averages of those
properties for each model element. Pedo-transfer functions
based on soil texture (Rawls et al., 1982) are used to define
initial model element infiltration parameters. Assuming an
average cover condition for each land cover/land use class,
hydraulic roughness is estimated (Chow, 1959 among
others). Trapezoidal channel morphology parameters are
estimated using multivariate regressions based on variables
derivable from the GIS coverages (Miller et al., 2003). If
observed precipitation is not available, AGWA can access
design storms from across the USA.

Results

It is instructive to examine the observed cumulative pre-
cipitation and runoff from the urban and grassland catch-
ments to see the profound impact of urbanisation (Figure
11.67). Total runoff from the urban catchment is 26% of
total precipitation; runoff from the grassland catchment is
Just 1%. If KINEROS2 can effectively model the urban

% For this study automatic parameterisation of the urban element by
AGWA as a function of zoning/housing density had not yet been
implemented and manual parameterisation was conducted.
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catchment response using the urban model element, it will
be possible to estimate the contribution to increased runoff
from the pervious and impervious areas independently.
Expectations for physical or conceptual modelling of the
response of the grassland catchment should be tempered by
its low ratio of output signal (runoff) to input signal (rain-
fall). Even for large storms with the highest runoff coeffi-
cients, the volume of runoff per unit area is only 1 to 2 mm
for the grassland catchment. When rainfall measurement
error, up to 0.25 mm per 25 mm for the gauges in this study
(Goodrich et al., 2008), is taken into consideration, the
noise (rainfall uncertainty) to signal (runoff) ratio is large.
This is a common challenge for modelling runoff in arid
and semi-arid regions, as runoff ratios are small and runoff
per unit area typically decreases with increasing catchment
arca (Goodrich et al., 1997).

KINEROS2 was used to simulate runoff response from
both catchments with three parameter scenarios: (i)
‘regional’ look-up table parameters from AGWA with no
adjustment; (ii) a single set of optimised parameters used for
all runoff events: and (iii) optimised parameters for each
event. For scenarios (ii) and (iii) the shuffled evolution
complex Metropolis (SCEM — Vrugt et al., 2003) scheme
was used to optimise four parameters over all catchment
modelling elements. The parameters varied were saturated
hydraulic conductivity (K), the coefficient of variation of
K., the soil suction term (G), and hydraulic roughness. The
results are illustrated in Figure 11.68. As expected, simula-
tion results for the grassland catchment are poor. The
regional AGWA parameters resulted in relatively good
simulations for small to medium events. In all cases the
optimised parameter sets improved simulation results.
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Table 11.14. Geometric mean and coefficient of variation for the catchment-scale (from SCEM optimisation) and
point-scale (from tension infiltrometer measurement) estimates of K,

Urban catchment

Grassland catchment

Mean K, mm/hr Coeff. var. Mean K, mm/hr Coeff. var.
Catchment-scale 9.5 0.29 25 0.58
Point-scale 2.9 0.55 6.2 0.56
AGWA soil texture 26 — 26 —

The catchment-scale values are a sample of values optimised individually for 20 rainfall events. Point-scale values are a spatial sample.

Closer examination of the infiltrometer measurements

indicated that site preparation for the urban catchment
did have a substantial impact on the measured K,
(Figure 11.69). Analysis of the optimised results resulted
in three important findings. First, the effective saturated
hydraulic conductivity determined using SCEM optimisa-
tion decreases from about 25 mm/hr in the grassland area
to 9.5 mm/hr in the urban area, a change that is confirmed
in direction, but not magnitude, by tension infiltrometer
measurements, which average 6.2 and 2.9 mm/hr in the
grassland and urban catchments, respectively. Second,
assuming that prior to development the two catchments
had identical infiltration properties, it is estimated that
about 17% of the increase in runoff from the urban area
comes from a change in pervious area properties (Kennedy
et al., 2012). In other words, the expected volume of runoff
would be 17% less than what was measured if rainfall
infiltration occurred at the same rate as it did prior to
development. Third, the values for the point-scale and
optimised catchment-scale K, estimates are similar for the
urban catchment, but much less than would be expected

Sat. Hyd. Conductivity

Figure 11.69. Tension infiltrometer

mm/hr measured saturated hydraulic
o 14-28 conductivity val.ues and their
respective locations. In the urban
O 29-43 ; :
catchment, pink regions denote areas
O 44.57 of soil fill for site preparation and
Q 58-72 blue areas denote sites of soil cuts.
O 73-88
QO 8&7-101

O 102-116
O n7-130

Urban Watershed

B
B cu

Grassland Watershed

Upland grassy slopes
ﬁ Lowland mesquite flats

from estimates based on soil texture (Table 11.14). The
greater difference between the model-optimised and meas-
ured K estimates in the grassland catchment is attributed to
compensating parameter adjustments by SCEM for model
error, parameter error and (or) data error, exacerbated by
the very small runoff coefficient,

Discussion

There are several important results of this study applicable
to PUB. The first is that urbanisation impacts on catchment
runoff response are not limited solely to the amount of
impervious area that is constructed. In developments where
heavy earth-moving and compaction equipment is used for
site preparation, the developed infiltrating areas have a
substantially lower rate of infiltration than adjacent undevel-
oped areas. In this study, that decrease in K resulted in an
additional 17% increase in runoff volume beyond that
created by impervious surfaces. Infiltration rates in these
compacted soils may recover over time but additional meas-
urements will be required. In addition, several strategic
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measurements with a tension infiltrometer in compacted
soils would provide valuable infiltration model parameter
estimates. Finally, this study forms the basis to modify
AGWA look-up tables (transferrable ‘regional’ parameters)
for developed infiltrating areas, which will extend the cap-
ability to apply KINEROS2 to this type of land use.

11.17 RUNOFF PREDICTIONS TO
HELP MEET MILLENNIUM
DEVELOPMENT GOALS IN
ZIMBABWE

D. MAZVIMAVI

The issue from societal and hydrological perspectives
The sustainable planning and management of water
resources requires knowledge on the availability of these
resources and their spatial and temporal variability. This
information is generally derived from gauging networks
monitoring the various components of the water cycle. In
some river basins, particularly those in Africa, these
networks show many gaps, including those basins ear-
marked for the development of water resources. The
reasons for the inadequate coverage are many. They
include inadequate funding and personnel with relevant
expertise; poor accessibility of some of the basins; and
disfunctionality of institutions due to conflicts. Lack of
adequate hydrological data contributes towards ill-
designed infrastructure that does not provide the planned
benefits. Without information about the spatial and tem-
poral variability of the water resources, the potential and
constraints in developing these resources are not well
understood.

The international community, through the Millenium
Development Goals, expressed a commitment to improv-
ing human wellbeing through creating and diversifying
livelihood options, including increasing access to potable
water. Some of the measures for improving human well-
being include increasing food production. These efforts
will inevitably increase water demand and the competition
for water among various user groups. Sustainable water
resources management requires balancing the water
demand with the natural renewal rate of water. This
requires information about the availability of water, which
is impossible to estimate in ungauged river basins. Tools
for improving predictions in river basins with inadequate
data are therefore necessary to provide the information
necessary for satisfying societal needs for water.

This study carried out in Zimbabwe had the aim of
improving prediction of river flow statistics used routinely
for water resources planning in ungauged basins
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(Mazvimavi, 2003). The objectives of the study were (i)
to assess the potential of using river basin descriptors for
predicting flow statistics; (ii) to examine the possibility of
delineating basins into hydrologically homogeneous
groups and to assess if such grouping improves prediction
of flow statistics; and (iii) to examine if the parameters of
selected rainfall-runoff models can be regionalised using
basin descriptors.

Description of the study area

The study was conducted on 52 river basins in Zimbabwe
(Figure 11.70), which is located in Southern Africa and
covers a land area of 390757 km®. Altitude varies from
162 to 2592 m a.s.l. The elevation increases from both the
south and north towards the central part of the country,
which defines many of the catchments. The northern part
of the country has the Gwayi, Manyame and Mazowe
Rivers draining into the Zambezi River. Rivers on the
southern part drain into the Limpopo River, which is
shared with Botswana, South Africa and Mozambique.
The Eastern Highlands, which have an elevation of
1800-2592 m, lie along the border with Mozambique.
All the rivers in Zimbabwe eventually become part of
trans-boundary rivers and introduce the special challenge
of sharing hydrological data between the respective
countries.

Zimbabwe has a tropical climate with one wet season
and one dry season. However, areas of high elevation
experience sub-tropical to temperate conditions. The wet
season is from mid-November to mid-March, with the rest
of the year being dry. Most of the rainfall occurs in the
form of isolated thunderstorms with high intensity. This
poses a problem for accurately measuring areal rainfall
using a sparse network of rainfall stations. The spatial
variation of rainfall is greatly influenced by altitude and
distance from moistures sources such as the Indian Ocean
on the east. Rainfall increases from west to east, and from
the low-lying southern parts to areas at high elevation
along the central part and the Eastern Highlands. The
southern low-lying areas receive about 350 to 600 mm/yr
of rainfall, while the central catchment receives 700-1200
mm/yr. The highest rainfall, 1200-2000 mm/yr, is received
on the Eastern Highlands. Most parts of the country fall
within the semi-arid zone. Areas receiving low rainfall,
such as the southern and western parts, have high inter-
annual variability of rainfall with a coefficient of variation
of 30-40%; the coefficient is 20-30% in other parts of the
country.

There are about 450 river gauging stations, mostly in
the developed central part of the country (Figure 11.71).
The earliest stations were developed during the 1920s.
A considerable number of river flow measuring stations



