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It is estimated that the total annual discharge of New Zealand rivers is approximately 
300 km3, and that another 50 km3 of water is 's tored' in perennial snow and glac ier ice 
(see Chapter 9). This running water is of tremendous importance in N ew Zealand, 
both directly and as a result of its energy. For example, almost three-quarters of the 

country is composed of sedimentary rocks, created by the interaction of the basement 
geo logy with tectonic processes and erosion. Fluvial eros ion processes have sculpted 
much of this terrain to produce dramatic landscapes, while depOSition of fluvia lly 

eroded sedimen ts has for med extensive flood plains that make up abou t 15% of the 
landmass. These are used ex tensively for agriculture and horticulture, the produce 
from which makes up a significant proport ion of the country's exports. 

T he major ri vers provided a focus for New Zealand's early se ttlement, but this has 

left a significant legacy. Nearly 70% of the country's towns and cities with populations 
in excess of 20000 now have a riverine flood problem. N ine major floods between 
1968 and 1984 cost the country about $1 billion; this equates to an average annual 

loss of about $90 million (1 984 dollars). This is desp ite a massive investment in flood
protection works. In the 20 years to 1973 the Soil Conservation and Rivers Contro l 
Council financed at least 85 major schemes, includ ing 8800 km of channel improve
ments, 480 km of diversion cuts, 300 km of river mouth openings , 30400 km of chan

nel maintenance, 5600 km of bank protection, 3040 km of stopbanks, 43 detent ion 
dams, 1500 flood gates, and 139 pumping stat ions (Erickson 1986). 

Water, however, also has many positive attributes. For example, its power has 

been harnessed for hydroelectric generation , producing 26% of our energy require
ments (74% of total electric ity generation) . Water is also required for most areas of 
human activity: for drinking, food production, communication, manufacturing, trans

pOl·tation, and waste removal. It is also increasingly considered a recreational neces
sity. While water controls and limits human activity, human activity can also affect 
water resources . Land-use change, in particular urban development, can alter the tim
ing, volume, and risk posed by storm runoff. It may also alter sediment yields, water 

quality, recreational potential, channel form, and groundwater recharge. Urbanisation 
also leads to dramatic changes in the local water balance and hydrological cycle. Water 
reticulation systems need to be developed to ' import' and regulate the supply of water 
to meet a wide range of new demands. Stormwater and wastewater infrastructures are 
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required to remove excess water and minimise any adverse effects. Our everyday lives 
and social well-being are therefore intimate ly linked to water resources. 

Background 

While the total quantity of water on Earth is constant, it is in a continual state of flux, 

moving from place to place and from one phase to another. It also has the remarkable 
property of being naturally and continually recycled. This hydrological cycle, while 
fundamentally a natural system, has become increas ingly a technological, economic, 
and social system as wel l. 

Since all water is in a 'cycle', the movement of water has no beginning or end. For 
conceptual purposes, however, the world's oceans can be cons idered both the primary 
source and 'sink' for the movement of water. During this endless c irculation of water 

from the ocean, to atmosphere, to the ground , and back to the oceans, some of the 
water is stored temporarily in streams, lakes, and so il, and as groundwater, where it is 

available for use by plants and animals, including the multitude of uses associated with 
human activity. 

Not all water completes the entire hydrological cycle at all times, in the same 
sequence, or at the same rate. There are numerous stores, loops, and short cuts, 

depending on local cond itions (Figure 10.1). The movement of water is therefore best 
explored within the context of a drainage basin. The drainage basin is an open geo
morphologica l system that receives input from the climate over the bas in (precipita

tion) . Transport of water and sediment takes place within the system over slopes, in 
stream channels, and below the surface; and output occurs princ ipally by evaporation 
and transpiration to the atmosphere, and by runoff from the basin mouth. 

For example, solar energy evaporates water from the oceans and other water bod
ies. Some of this moisture is then carried by winds over landmasses, where precipita
tion may occur. However, much of this precip itation never reaches the ground surface 

Figure I 0.1 The hydro logical cycle, showing the continuous movement of water through various phases, 
numerous stores, and diverse pathways. (After McConchie 1992) 
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because it is intercepted by vegetation. Some moisture is stored on the leaf surfaces, 
some is evaporated back into the atmosphere, and the remainder falls to the ground. 
For the moisture that reaches the ground , the soil , acting as a filter, will determine the 

path this water takes to reach a stream channel and eventually leave the catchment. 
On reaching the ground , some of the precipitation infiltrates the soil surface and 

is held within the soil by capillary forces. The rest will first fill any depress ions on the 

surface and then start to flow downslope to the stream channel network. Depending 
on conditions, the so il moisture content may increase to a level at which gravity over

comes the capillary forces and the water will then start to percolate e ither laterally 
through the regolith until it reaches a stream, or vertically to the groundwater zone. 
This longer and slower flow path through the groundwater zone into streams, swamps, 

or lakes prov ides runoff during dry weather. N ot all the moisture that passes through 
the so il surface, however, reaches a stream. Some is held as so il moisture and is 
returned to the atmosphere either by evaporation or by transpiration from the leaves 

of plants. 
The paths taken by water as it moves th rough a catchment are important because 

they determine many of the characteristics of a landscape, the nature and generation 
of storm runoff, the uses to which land may be put, and the strategies required for wise 

land management (Dunne & Leopold 1978). These pathways will be discussed in 
more detail with reference to the movement of water through the Hutt River catch
ment, just north of Wellington . 

The Hutt catchment 

The Hutt River, with a catchment area of 656 kmz, has its headwaters in the Tararua 
Ranges and drains southwest into Wellington Harbour. The catchment is predomi
nately rugged hill and mountainous country (50% has slopes between 25 and 35° ) 
with the Hutt Valley forming the largest flat area (8%) (Figure 10.2). The catchment 

D Flat to undulating (0-7°) 

D Rolling to strongly 
rolling (8-20°) 

Moderately steep to 
steep (21-35°) 

• Very steep (>35°) 

~ Urban 

Figure 10.2 Major terrain characte ristics of the Hutt River catchment. 
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includes agricultural, scrubland , residential, commercial, and industrial land uses in 
the lower areas, and predominantly forest and scrubland in the hill and mountainous 

terrain. The main stem of the river is 55 km long and for much of its length is aligned 
with the Wellington Fault. In its lower reaches the river flows across an extensive 
coarse-grained alluvial gravel flood plain formed during past glacial phases. This is 

currently being degraded in many reaches. The river is hydraulically connected to the 
Hutt Aquifer, which provides approx imately 35% of Wellington's water supply needs. 
The catchment has a population of 101 216 (1 996 census), living predominantly on 
the lower flood plain (McConchie & Caruso 1997 ). 

Precipitation 

Water input to the Hutt catchment occurs mainly as rainfall , although snow falls on 

an average of 15-20 days from May to September each year at higher elevations. Pre
cipitation takes place when a body of moist air is cooled sufficiently for it to become 
saturated and if condensation nuclei are present for water droplets or ice crys tals to 

form. Air may be cooled in a number of ways, although the most important mecha
nism is uplift of the air mass. As air rises, its pressure decreases, and as a result it 
expands and cools. Its ability to hold water is reduced until, at the dew po int temper

ature, the air becomes saturated and condensation occurs forming clouds. The forma
tion of clouds, however, does not necessarily result in precipitation (see C hapter 9) . 
Only when the water drop lets have grown to a critical size are they able to fa ll through 
the rising air currents as precipitation. Depend ing on the temperature, this prec ipita
tion may reach the ground as rain, hail, or snow (Ward & Robinson 1990) . 

Within the Hutt catchment the major air-mass cooling mechanism is the oro
graphic effect of topography, which cools the air as it is forced over the Tararua Ranges 
(1376 m). Frequently more rain falls on the windward than on the leeward slopes, 

forming a 'rain shadow' effect. Precipitation within the catchment therefore varies 
widely, depend ing on altitude, orographic effects, and the paths of rain-bearing storms. 
For example, annual rainfall varies from about 1200 mm in low- lying areas and near 

the river mouth, to over 6500 mm in the headwater areas of the Tararua Ranges (Fig
ure 10.3). Rainfall is distr ibuted re latively evenly throughout the year, with on ly a 
sligh t winter max imum. There is, however, a high degree of annual variability and per

sistence (several years with more or less rain than normal), as shown in Figure lOA. 
Not all this precipitation contributes to runoff and streamflow, because evapotranspi
ration losses must be met before any runoff is generated. In Wellington City these 

losses are approximately 900 mm a year, leaving only 30% of the total precipitation to 
run off. 

Evapotranspiration 

Evaporation losses are made up of three components: evaporation of intercepted 
water, transpiration through leaf surfaces, and evaporation from the ground. In most 



Rainfall sites 
• Automatic 
o Storage 

Precipitation bands (mm) 

D 1200-1600 

1
,,7,. 1600-2400 

2400-3200 
3200-4800 
4800-6400 

0142805 

Water Transport Processes 

Figure 10.3 Rainfall distribution in the Hutt River catchment with site numbers indicated. 
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Figure I 0.4 Monthly rainfall totals at Phillips site 150210 in Figure 10.3 between 1976 and 1999, and the 12-month 
running mean. 

situations, particularly under vegetation cover, losses from the first two sources are 

more important because the ground is shaded. The amount of water lost through evap
otranspiration is controlled by both moisture and energy availability. Since it is actu
ally the 'effective precipitation' (precipitation less evapotranspiration losses) that 
affects the amount of moisture available in the system to maintain streamflow and 

meet human demands, it is important to see how this changes through time. 
The availability of water throughout the year can be illustrated using a simple 

water balance. The water balance is a fundamental concept in hydrology and clima
tology, as it summarises the amount of water available to plants and animals rather 
than just considering total precipitation. Total precipitation is, after all, only the 

amount of water received from the atmosphere, and this can be lost in a number of 
ways. The relationship between water gain and loss within a catchment can be 

expressed simply as: 

P =E+ Q +ST 

Water enters the 'budget' as precipitation (P), it can be lost through evapotranspira
tion (E) and runoff (Q), or it can be stored in the soil (ST) (all measured in mm of 
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water) . The potential evapotranspiration (PE) is essentially the max imum amount of 

water that will be ' lost' from the system or catchment if it is in unlimited supply, and is 
a function of incoming solar radiation, vapour pressure deficit, and wind speed. Values 
of PE are usually calculated using equations that may be physically (Penman and Pen

man-Monteith-see Chapter 11) or empirically (Thornthwaite) based. While PE is 
the potential loss of water, this maximum is often not reached, because of limitations 
on the availabi li ty of water. The actual evapotranspiration (AE) therefore represents 

the amount of water which is actually lost, and is a function of both PE and water 
availabi lity. If precipitation was the only potential source of water in the budget at any 
stage, this would represent a very harsh environment-a land of either plenty or 
drought. Most environments, however, contain a soil mantle, the pores of which act as 

a 'sponge', storing water during times of , plenty' and releas ing it at other times. Within 
the Hutt catchment it is estimated that the average so il moisture storage capacity 

(ST) is equivalent to approx imate ly 120 mm of water. 
The lack of evapotransp iration data for the Hutt catchment makes it difficult to 

calculate an accurate water balance. As a result, a balance is presented for Wellington 

C ity (Table 10.1) . It is considered that this balance will reflect the same patterns as in 
the Hutt catchment but will underestimate water surplus and overestimate periods of 

deficit because of significantly lower precipitation (1231 mm, as opposed to a Hutt 
catchment average of over 3500 mm) and higher evapotranspiration in Wellington 

City. 
As shown in the budget (Table 10.1) each month receives a certain amount of 

precipitation. The PE for that month has 'first call' on this moisture . If there is enough 

prec ipitation to meet PE requirements, then the AE will equal PE. Any moisture left 
over will either go into the so il store, if any pore space remains, or become runoff (Q) 
and be ' lost'. If the monthly precipitation is less than PE, moisture will be drawn from 

so il storage in an attempt to meet PE requirements. If sufficient moisture is present in 
the so il so that AE can equal PE, this will be used and the environment will not be 
placed under stress. If, however, there is not enough moisture in the soil to meet PE 

requirements then AE will be less than PE and a deficit will be experienced. It is 

Table 10.1 Water balance for Wellington City. Precipitation (mm) is the mean at Kelburn from 1862 to 1995; 
Penman evapotranspiration (mm) is the mean at Kelburn from 1930 to 1991. 

Jan Feb Mar Apr May June 

P 80 79 86 98 121 126 
PE 143 110 87 52 29 20 
P- PE - 63 - 31 - I 46 92 106 
ST 0 0 0 46 120 120 
L1ST -47 0 0 46 74 0 
AE 127 79 86 52 29 20 
D 16 31 I 0 0 0 
Q 0 0 0 0 18 106 

July Aug Sept 

137 121 99 
22 35 60 

115 86 39 
120 120 120 

0 0 0 
22 35 60 
0 0 0 

115 86 39 

Oct 

105 
90 
15 

120 
0 

90 
0 

15 

Nov Dec Annual 

90 
116 
-26 
94 

- 26 
116 

0 
0 

89 
136 
-47 

47 
-47 
136 

0 
0 

total 

1231 
900 

852 
48 

379 

P = Precipitation PE= Potential evapotranspiration ST= Soi l storage L1ST=Difference in soil stor'age 

AE= Actual evapotranspiration 0= Deficit Q= Surplus 
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during periods of deficit that plants experience stress and irrigation may be required 
for horticultural land uses. 

The water balance for Wellington City highlights a number of characteristics of 
water ava ilabil ity. First, on average Wellington has a moist climate. Moisture surplus is 

concentrated from May to October, with a peak in July. Since the demand for water in 
this region goes up in summer and is lowest in winter, this surplus ex ists during the 

wrong time of the year. Also, because of limited storage for surface water in lakes and 
reservoirs in the area, this surplus during winter cou ld actually be regarded as a waste 
since it runs off to the sea. Second, periods of water shortage (deficit) tend to be rela

tively short and occur only at the end of summer, when PE is high, precipitation low, 
and the soil moisture has been used up. Finally, under a natural regime the soils pro

vide an adequate buffer from seasonal moisture variability, limiting moisture stress on 
the environment. 

The va lidity of this balance to the Hutt catchment can be tested using data from 
hydrometric sites where both rainfall and runoff are recorded. At these locat ions 

estimates of mean evaporation can be calcu lated from the difference between mean 
rainfall and mean discharge (Table 10.2). 

Table 10.2 Gross water balance for the Hutt catchment (see Figure 10. 11 for locations). 

Site River Station Area Mean Mean Mean Evaporation 
number (km') discharge runoff rainfall 

(m3 S~ /) (m) (m) (m) 

29808 Hutt Kaitoke 89 7.570 2.628 3.446 0.764 
29843 Pakuratahi Truss BI-idge 37 1.951 1.662 2.3 12 0.650 
29830 Mangaroa Te Mal'ua 104 3.250 0.986 1.705 0.719 
29844 Akatarawa Cemetery 11 6 5.D70 1.378 2.0 17 0.639 
29841 Whakatiki Dude Ranch 46 1.668 0.641 1.143 0.502 
29845 Waiwhetu Whites Line 11.6 0.241 0.400 1.295 0.655 
29901 Komkoro Mill weir 15.9 0.233 0.459 1.353 0.894 

Calculated using data fmm the Wellington Regional Council hydrometric archive 

This analysis suggests an average annual evapotranspiration loss from the Hutt 

catchment of 689 mm. This is consistent with the generally accepted allowance for 
actual evaporation in New Zealand of 700 mm. It is also in agreement with the water 
balance presented in Table 10.1, given the constraints mentioned above. 

Runoff generation 

Once evapotranspiration demands have been met, any remaining precipitation will 
e ither go into storage or runoff. Martell (1996) identified a strong association between 
prec ipitation and runoff in Wellington and found that 80% of the variation in annual 
runoff could be explained by changes in annual rainfall. 

Runoff or streamflow comprises the movement of water under the influence of 
gravity in channels of various sizes . As discussed in more detail later, the quick 
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response of streamflow following the onset of precipitat ion indicates that some of this 
precipitation takes a rapid pathway to the stream channel (quickflow). The continu
ity of flow through dry periods seems equally clearly to indicate that some of the pre
cip itation takes longer, or slower, pathways (baseflow). However, in a large river 

system the various lag effects, and the multiple contributions from tributary streams, 
complicate this pattern. Furthermore, large variations in hydrologic characteristics, 
and therefore runoff processes, can also occur over small, apparen tly homogeneous 

areas. 
The temporal and spatial variability of streamflow response to precipitation can 

be explained by the various flow paths water takes in reaching the stream channel 
(Figure 10.5). This is because streamflow at a particular point in time, and at a partic

ular point in a drainage system, integrates all the hydrologic processes and the condi
tion of all the water stores upstream. Water can arrive in the channel via a number of 

pathways. The first to arrive is direct channel precipitation, or rain that falls onto the 
river. While this is usually a very small proportion of the precipitation, it arrives very 
quickly and can increase significantly during longer storms, when the surface area of 

the stream may increase markedly. For example, during the large floods of 1998 in the 
central North Island the Waikato River flooded to occupy almost the entire lower va l
ley. Overland flow also arrives in the channel quickly, as it flows over, rather than 
infiltrates, the ground surface. This can occur either because the rainfall intensities 

exceed the rate at which water can infiltrate the so il (Hortonian overland flow), or 
because the soil is already saturated and cannot hold any more water (saturated over
land flow). 

Evapotranspiration 

Ground 
surface 

Precipitation 

Underground flow into, 
or out of, the area 

Speed of response 
of flow component 

Very fast 

Fast 

Medium 

Slow to 
very slow 

Stream runoff 

Figure 10.S Effects on precipitation arriving at the Earth's surface, including the pathways and stores it moves 
through on its way back to the atmosphere.The speed of response is indicted on the right-hand side. (AfterWard & 
Robinson 1990) 
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Hortonian overland flow only contributes to streamflow when rainfa ll intensity 

exceeds the infiltration capacity of the so il and depression storage is full. Where it is a 
dominant runoff process , it can be seen as a thin film of water moving over the surface. 
However, in most situations the zone contributing to Hortonian overland flow is only 
a very small portion of the catchment. This gives rise to the partial area concept of 

storm runoff (Dunne & Leopold 1978 ). In most humid regions, infiltration capacities 
are high because vegetation protects the soil, and organic matter and microfauna cre
ate an open soil structure. As a result , Hortonian overland flow was, until recently, 

considered rare in N ew Zealand under natural conditions, making a significant contri
bution to runoff only in urban areas , where the surface has been paved or sealed 
through human activity. 

However, op inions have now changed with the realisation that phenomena con 

sidered unimportan t at large scales may be very significant at smaller scales . At the 
hillslope scale (areas of up to 1 km2), Hortonian overland flow may be a significant 
source of runoff provided suitable conditions ex ist- high rainfall and steep smooth 
slopes to prevent ponding in depress ions. Studies in forested areas have demonstrated 
that overland flow over the mineral so il , in association with rap id subsurface flow, can 

be responsible for very rapid hydrograph rises during storms. Recent measurements a t 
Whatawhata , near Hamilton , have demonstrated that Hortonian overland flow can 
also occur in steep rural basins as a result of trampling by stock. This was confirmed 

using special collectors placed on the ground surface (Ibbitt et al. 1997). O ver larger 
areas, however, the dominant runoff processes change in response to reducing average 
ra infall intens it ies and increasing average infi ltration rates (Figure 10.6). 

1. Infiltration-excess or 'Horton ian' overland flow 

2. Saturation·excess overland flow (SOF); 
2a, Direct runoff from saturated soi l; 
2b, Return flow 

3. Subsurface stormflow (SSSF) 

4. Groundwater flow 

Displacement of 
"old" water 
through the 
soil matrix 

Figure 10.6 Paths taken by precipi tation to reach streams. and t he mechanisms of streamflow generation. (After 
Burt 1996) 
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Although gravity draws water downwards into the soil, the rate of moisture move
ment is reduced by viscosity, surface tension, and friction. Capillary forces within the 

soil can also cause the water to move upwards rather than downwards, particularly as 
the soil dries out. In relatively wet soils, however, it is the downward movement that 
predominates. Eventually the percolating moisture reaches a barrier to vertical move

ment. This barrier can be caused either because the saturated zone rises or because a 
soil layer of lower hydraulic conductivity prevents the water percolating to greater 
depth. When percolating water meets this barrier it tends to flow parallel to the bar

rier in a downslope direction. Hydraulic gradients direct this flow towards the nearest 
stream channel. As a result, the various flow paths are forced together and so move
ment slows, the water tends to 'pile up', and the level of saturation rises towards the 

ground surface. The entire regolith profile may even become saturated during high 
intensity or prolonged rainfall events. Because of drainage from upslope, lower 
hydraulic gradients, and higher initial water tables, these zones of saturation usually 

occur in the valley bottoms or other topographic concavities. Rainfall landing on such 
areas cannot enter the ground, and either ponds in any depressions or flows downslope 

as saturated overland flow. Areas producing this type of runoff expand during storms 
and as total rainfall increases. 

Much of the streamflow in the Hutt catchment arrives as throughflow within the 
regolith on the slopes. This is water that infiltrates the soil surface and then moves lat

erally through the regolith to the stream channel. This movement can occur as either 
unsaturated flow (particularly through macropores such as root channels or cracks 
between the soil peds) or as a saturated layer. Mosley (1982b) measured flow through 
macropores in steep forest soils in the South Island and found mean velocities of 0.3 
cm S-1 (260 m day-I) with a maximum of 0.42 cm S-I. Macropores in that experiment 

transmitted up to 40% of the water rapidly to the measurement trough. Variability in 

flow velocity and the amount of rapid outflow were found to be a function of 
antecedent moisture conditions and the relative importance of the various flow paths 
at a given site. This in turn was a function of the characteristics of the soil, the macro
pore network, and the parent material at the base of the soil. At sites where the soil 

had an open structure and the parent material was shattered or permeable, the macro
pore network was a less important control on hydrological behaviour. 

In other situations saturated flow occurs within a shallow perched water table 
above the main groundwater zone. This type of flow is particularly common in the 
Hutt catchment, where shallow permeable regolith overlies steep relatively imperme

able greywacke bedrock. In such situations the regolith rapidly saturates during pro
longed or intense storms. The high lateral, relative to vertical, conductivity of the 
regolith promotes the horizontal movement of water in such situations. In areas where 

the soil is highly stratified there may be several levels of throughflow, but this is prob
ably uncommon in the Hutt catchment. 

Depending on the circumstances, water moving through the soil may encounter a 
saturated zone further down the slope. If this happens, the throughflow may be forced 
back to the surface (return flow) and become a component of the saturated overland 

flow. This emphasises the rather arbitrary nature of flow characterisation, particularly 
as the size of the study area increases. 
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Models of runoff generation 

Considerable debate has taken place in the New Zealand literature about the relative 
importance of different runoff-generating processes. Brammer and McDonnell (1996) 

discussed the findings of various research projects and the evolution of the various 
runoff generation models that resulted. These studies were carried out in the Maimai 
catchment in the Paparoa Range, on the west coast of the South Island. 

In this catchment the mean annual precipitation of 2600 mm is estimated to pro
duce 1550 mm of runoff. The catchment responds rapid ly to storm rainfall and, as a 
result, quickflow comprises 65% of the mean annual runoff and 39% of the total pre

cipitation. The total porosity of the regolith is typical of steepland forest so ils, averag
ing 70% by volume, and saturated hydraulic conductivities are 250 mm h- I. The 

relatively low-density regolith overlying bedrock promotes the lateral development of 
root networks and channels that allow the formation of preferential flow paths 
through the extensive macropores. Preferential flow also occurs along so il horizon 
planes and the so il-bedrock interface. 

In this hillslope catchment Mosley (1979) found that subsurface flow and stream 
hydrographs were close ly a ligned in response time and that discharge increased 
downslope with catchment area. This indicated that water was moving rapidly and 
over considerable distances through the soil during the rising limb of the hydrograph. 

Significant seepage was also noticed during storm events, particularly at the base of 
the B horizon or subsoil. Water was measured flowing from pipes at rates approaching 
20 I S- I. Tracer experiments measured travel velocities at rates up to 300 times greater 
than predicted on the basis of the saturated hydrau lic conductivity. Mosley (1979) 

argued that the very rapid response of storm hydrographs to rainfall cou ld not be 
explained so lely by saturated flow through the mineral so il. Instead he suggested that 

macropore flow was occurring and that this short-circuited the hydrologica l processes 
so that 'new' water could appear rapidly in the stream hydrograph. 

More recent evidence and isotopic studies show that considerable dilution of new 
water is occurring. Therefore much more mixing of water in the soil is occurring than 

wou ld result so lely from macropore flow. There is also a suggestion that the earlier 
experiments modelled extreme events and may in fact have induced macropore flow. 

Pearce et al. (1 986) suggested that the mixing of o ld and new waters (defined on the 
basis of isotopic analysis) occurred on the h illslope to produce an isotopically uniform 
mixture of subsurface water that did not vary with storm size. This meant that only 

small contributions of new water occurred at high flow rates, which directly refuted 
Mosley's earlier finding. The amount of new water was only 15-25% of the total 
stormflow, and this could be accounted for by flow from those areas of the catchment 
capable of generating saturation overland flow. 

During this study large water table rises were measured on the midslope and near 
the stream during storms. The highest response was detected close to the stream chan
nels, and this was sufficient to almost achieve surface saturation. Overland flow was 

only detected in the valley bottom areas. A mechanism was therefore needed to 
explain the rapid stream response to storm rainfall , and the fact that most of the 
water that caused this response had previous ly been 'stored' within the rego li th. Two 
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mechanisms were suggested. First, the conversion of the capillary fringe (water held 
under tension and essentially immobile) into phreatic water (under positive pressure 
and able to flow under the influence of grav ity). Second, the rapid lateral inflow of 

displaced old water from shallower so ils into areas of deeper soils. Both mechanisms 
appear to be triggered by the infiltration of new water, but old water from the saturated 
zone still dominated storm runoff (Pearce et al. 1986). Intensive field data did not 

prove the first hypothesis but in fact showed that the lower so il depths did not receive 
apprec iable moisture from above until streamflow response had subsided during small
scale storms. During large-magnitude storms the lower soil horizons responded almost 

instantaneously to infiltrating rain. This response appeared to be a function of a dise
quilibrium in soil moisture pressure potential during wetting caused by the presence of 

soil macropores. 
Generally, when rainfall intensities were low but pre-storm so il water content was 

high, additional rainfall rapidly filled the available so il moisture storage and perched 
water table (phreatic) conditions quickly developed at the soil-bedrock interface. On 

the other hand, if short-term rainfall intensities were high, rainfall bypassed the upper 
so il horizon and moved to the profile base via vertical cracks (macropores), so that 
tensiometers in the lower half of the soil profile responded ahead, or independent, of 

the upper tensiometers . Elevations of the water table were of very short duration and 
showed a close correspondence with hills lope throughflow rates. Downslope drainage 
of the perched water was extremely efficient, and this indicated that lateral saturated 
flow was rapid and moved through pipes formed at the so il-bedrock interface (Pearce 

et al. 1986 ). 
The fact that macropore flow can result in old water displacement has now been 

confirmed (McDonnell 1997). Detailed studies show that in the Maimai catchment, 

valley bottom groundwater can respond rapidly enough to account for the old water 
component in small storms and hydrograph rising limbs of larger events . However, dis
charge through this zone cannot explain all hydrographs. At high flow rates, hillslope 

hollow discharge into steep first-order ephemeral channels dominates runoff and old 
water stormflow volumes. A crack pipe model for hills lope runoff is needed to explain 
the stormflow vo lumes of the appropriate isotopic composit ion at the catchment out

flow. 
Away from the relatively steeply sloping terrain of the headwaters, where runoff is 

dominated by throughflow, most of the rainfall that infiltrates the soil surface will per

colate down to the underlying groundwater system and will eventually reach the 
stream through this saturation zone. Since groundwater can only move slowly, because 
of the low hydraulic gradients, small pores , and high friction, its contribution to 
streamflow will be delayed. In general, however, the flow is more regular and repre

sents the main long-term component of total runoff. 

Runoff hydrograph 

Streamflow at a point within a drainage basin fluctuates tempora lly, as a result of the 
processes discussed, and can be plotted as a hydrograph (Figure 10.7) . The hydrograph 
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reflects the integration of all the inputs, outputs, moisture stores, runoff generation, 
and streamflow processes operating higher in the catchment (Figure 10.8 ). As men

tioned earlier, water which arrives rapidly after the onset of precipitation is termed 
storm runoff (direct runoff/quickflow). Water that takes longer or slower pathways is 
called baseflow (dry weather flow/delayed flow). In practice, the separation of the 

stormflow from the baseflow within a flood hydrograph has often proved difficult in 
New Zealand, where catchment responses are quite different to those where the 'stan
dard' methods were derived. For example, Hewlett and Hibbert (1967) produced a 
flow separation line that rises during the storm at a rate of 0.0055 I s-I ha-I h,l. In 
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Figure 10.7 Major features of a typical flood hydrograph. 
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Figure 10.8 Transient and permanent controls of t he flood hydrograph. (After Rodda 1969) 
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many New Zealand catchments that are relatively small and steep, including the Hutt, 
this line rises too slowly and produces inappropriate separation of flow. In the Hutt 
catchment, flow separation lines would appear to rise at least an order of magnitude 

faster than suggested by Hewlett and Hibbert (1967). 
Flow separation is important because it affects est imates of catchment runoff coef

fic ients , or the proportion of a rainstorm event that will appear as stormflow. While 
runoff coefficients are strongly influenced by antecedent conditions, a comparison can 
be made for extreme events when much of the catchment is saturated. Forested sub

catchments in the Hutt have runoff coefficients of about 0.3, which increase to about 
0.45 during 100-year return period (yr RP) events. Similar subcatchments, but in pas
ture rather than forest, have runoff coefficients of about 0.44, which increase to about 

0.65 for 100 yr RP events. 
This separat ion of the components of flow is, however, rather arbitrary and 

changes at different po ints in the catchment - for example, storm runoff in the head

waters may be baseflow by the time it reaches the lower catchment. The proportion of 
total streamflow appearing as storm runoff in New Zealand catchments ranges from 
near zero in areas of porous pumice soils, where most rainfall is absorbed quickly, to 

over 70% in steep land catchments , where shallow soils overlie less permeable bedrock 
(Pearce & McKerchar 1979) . 

Streamflow 

As discussed, periods of surplus in the water budget generally result in increased 
streamflow or discharge. While this is the case in the Hutt catchment, the major con
trol on streamflow in the Hutt River is the location of the catchment's headwaters 

with respect to the regional rainfall distribution. This effect is so strong that it tends to 
mask all others. 

The regional average streamflow yield in Wellington reflects its rather moist cli
mate, with every square kilometre producing approximately 20 I S-i of runoff (Table 

10.3). Rivers with headwaters within the Tararua Ranges (e.g. Hutt, Akatarawa, and 
Otaki) have sign ificantly higher yields than those that drain the lower areas closer to 

Wellington City (e.g. Korokoro, Porirua, and Taupo Swamp ). Catchments that have 
been deve loped or are cons idered for water supply are those from these higher yielding 
areas . 

While the average flow regimes of Wellington's rivers are controlled largely by the 
orographic effect on precipitation-that is, areas of higher elevation have higher rain
fall and therefore higher streamflow-the specific discharge patterns are controlled by 

a range of other factors. This is because the steep slopes and shallow regolith in 
Wellington have a very limited water storage capacity, so any precipitation tends to 
runoff very rapidly. The major controls on the flow regimes of specific rivers are there

fore: the location of the headwaters with respect to the prec ipitation pattern; and the 
shape, size, and slope of the catchment. 

Moving down the Hutt catchment from the headwaters towards Wellington Har
bour, the average discharge, size of the average annual flood, and the maximum and 
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Characteristics of river flows. or discharges. in the Wellington region. 

River Area Mean Maximum Minimum Median Yield 
(km') discharge discharge discharge discharge 

(m] s-') (m ] s-') (m ) s-') (m ] s-') (m ) s-'per 
100 km') 

Orongorongo 7.1 0.372 63.380 0.013 0. 154 2.2 
Wainuiomata 77.5 2. 132 120.874 0. 114 1.201 1.5 
Hutt 555.5 25.644 I 298A70 1.628 14.853 2.7 
Mangaroa 1023 3392 245.523 0.063 1.941 1.9 
Whakatiki 46.0 1.67 1 139.557 0. 10 1 1.033 2.2 
Pakuratahi 37.2 2.068 135.007 0. 111 0.923 2.5 
Akatarawa 113.5 5.254 480.593 0.703 3A06 3.0 
Waiwhetu 11 .6 0.275 16.960 0.002 0. 156 13 
Korokoro 15.9 0.255 30.893 0.020 0. 175 1.1 
Porirua 44.8 0.7 16 11 5.800 0.007 0.374 0.8 
Taupo 8.2 0.077 7.574 0.00 1 0.03 1 OA 
Waikanae 124.5 4.526 264.738 0.562 3.1 09 2.5 
Mangaone 9.2 0.322 19.001 0.046 0.2 13 2.3 
Waitohu 19.2 0.942 64.077 0.130 0.506 2.6 
Mill Creek 9A 0. 134 2 1A5 1 0.002 0.054 0.6 
Pauatahanui 39.2 0.730 104300 0.033 OAOO 1.0 
O taki 306.0 31.900 1245.990 2.695 16.700 5.5 

Data from the Wellington Regional Council hydrometric archive 

minimum discharges all increase. T his is because the catchment area supplying th ese 
lower sites is a lso increasing. The specific yields, however, decrease downstream as one 

moves out of the higher rainfall areas . T he specific yield is a measure of the volume of 
water that would drain under grav ity from a cubic metre of saturated mate ria l. By Taita 
Gorge specific yields are only half of what they were 25 km upstream at Ka itoke we ir 
(see Figure 10.11) . It is also apparent that tribu taries with their headwaters in the 

higher, and therefore wetter, areas also have higher discharges and specific yields. 
Tributaries near Petone have yields that are only 25% of those of the h eadwaters of 
the Hutt River. T hus even within the H utt River catchment the effects of catchment 

area and location with respect to the rainfall distribution are apparent (Table 10.4). 
Rivers with in the Wellington area also have highly variable discharges because of 

limited storage capacity within their catchments. H igh discharges are experienced fol

lowing heavy rainfall, with a number of flood events occurring each year. These are 
separated by sustained periods of relative ly low flows (Figure 10.9). As a result, the 
mean discharge for the H utt R iver at Taita Gorge (25 m} s -)) is actually q uite mislead

ing because this flow rate is equalled or exceeded only 2 7% of the time. The median 
discharge is perhaps a better measure of average conditions (since it is equalled or 
exceeded 50% of the time), and for this site it is just under 15 m} s - ) (only 60% of the 
mean discharge ). 

This illustrates why, although Wellington h as excellent water resources , there are 
still significant management problems- for example, rivers have highly variable dis
charges, with a few 'big' floods that must be controlled and long periods of low dis
charge during which water supply and environmental quality requirements must still 
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Table 10.4 Discharges for tributaries of the Hutt River (see Figure 10.1 I for locations) . 

Site 
number 

29808 
28188 
29809 
29843 
29844 
29830 
29841 
2990 1 
29845 

Name 

Hutt at Kaitoke weir 
Hutt at Birchville 
Hutt at Taita Gorge 
Pakuratahi at Truss Bridge 
Akatarawa at Cemetery 
Mangaroa at Te Marua 
Whakatiki at Dude Ranch 
Korokoro at Mill weir 
Waiwhetu at Whites Line 

7.6 12.6 
22.4 36.9 
24.9 43.6 

2.1 4.4 
5.7 11 .2 
3.6 6.3 
1.7 3.0 
OJ 0.3 
OJ 0.7 

258.4 
697.7 
864.6 

85.9 
291.7 
120.8 
72.2 

8.6 
10.7 

Qmox 
(m3 S- I) 

393.5 
1227.2 
1298.5 

135.0 
480.6 
245.5 
139.6 
30.9 
16.1 

Qmin QIA 
(m3 S- I) (m3 51 per 

100 km 2) 

1.38 8.54 
2.03 5.25 
3.00 4.48 
0.20 2.59 
1.09 4.91 
OJ3 3.46 
OJ2 2.07 
0.06 1.88 
0.02 1.58 

Period 

I 967- present 
I 970-present 
I 979-present 
I 978-present 
I 979-present 
I 977-present 
I 976-present 
I 980-present 
I 978- present 

Q = Mean annual discharge QSd = Standard deviation of discharge Qmo{ = Mean annual flood 
Qmox = Maximum recorded discharge QIA = Specific yield Qmin = Mean annual minimum 
discharge 

Data from the Wellington Regional Counci l hydrometric archive 
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Figure 10.9 The long-term flow regime of the Hutt River at the Taita Gorge. 1979-99. 
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Figure 10.10 The short-term flow pattern for the Hutt at Taita Gorge. showing significant discharge peaks. 
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be met. While low-flow conditions tend to occur towards the end of summer and into 

autumn, large floods can occur at any time of the year (Figure 10.10). 

Land-use impacts 

Critical to any analysis of hydrometric trends and the interpretation of probability of 
certain size events is the assumption of stationarity-that is, that the relationship 
between rainfall and runoff remains the same and that the amount of precipitation has 

not changed over time. This assumption is seldom met in reality, with significant cli
matic variations occurring within a human time scale and even within the relatively 

short length of many of the hydrometric records. As long as these variations are ran
domly distributed about a mean value this does not matter, but any 'regular' trend seri
ously compromises the validity of analyses of frequency and magnitude. Perhaps the 

biggest impact on the relationship between rainfall and runoff, however, has been 
landuse change-in particular, the replacement of forest vegetation with pasture and 
residential subdivisions. This has been a significant change within the Hutt catch
ment. Studies cited in Fahey and Rowe (1992) have shown that pasture catchments 

have higher annual water yields, peak discharges, and quickflows than comparable 
catchments in native or pine forest. At Purukohukohu Experimental Basin, in the 

central North Island, annual water yield from pasture was 60% higher than that from 
native forest, which reflects the lower evaporation loss from pasture. Quickflow from 
pasture was almost 10 times higher than from forest , and delayed flow was less sus

tained and lower overall than from forest (Table 10.5). 

Table 10.S Components of the annual water balance under different land uses in mm (water equivalent). 
Numbers in brackets are the percentage of precipitation. 

Native forest 8-1 D-year-old pines Pasture 

Precipitation 1484 1398 1427 
Quickflow 8 (> I) 31 (2) 74 (5) 
Delayed fiow 331 (22) 223 (16) 469 (33) 
Total streamfiow 339 (23) 254 (18) 543 (38) 
Evaporation 1045 (70) 1054 (75) 784 (55) 
Groundwater loss 100 (7) 100 (7) 100 (7) 

Data from Fahey and Rowe ( 1992) 

Depending on planting densities, the interception storage capacity and aerody
namic resistance of mature pines should be similar to that of native beech or podocarp 
forest. Thus replacement of native forest with plantation species should not alter the 
catchment water balance in the long term. However, in the short term water yield 

should increase dramatically immediately after the removal of. the original forest 
cover. This increase is a result of reduced interception and consequent evaporative 
losses. Also apparent are increases in quickflow, higher peak discharges for smaller 

storms, and increased delayed flow. 
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Floods 

While the major land-use change since European settlement has been the 

replacement of native forest with pasture, in many areas this trend is now being 
reversed. As pastoral land use becomes financially marginal over much of New 
Zealand's hill country, conversion to exotic forestry is increasing rapidly. As discussed, 

this has the potential to alter streamflow characteristics and affect downstream users. 
Average runoff may be up to 45% less under forest than pasture. In the Mangaroa sub
catchment of the Hutt River this could lead to a reduction in mean discharge from 
approximately 3.6 to 3.2 m3 s -1. These reductions would be particularly important 

during low flows, when water quality problems are already experienced. Reduction of 
potential flow in the Pakuratahi River subcatchment as a result of afforestation is of 

particular concern, since during low flows this tributary provides the only water in the 
Hutt River available for water extraction to meet supply demands (Wellington 
Regional Council 1995a). 

Flood hydrology 

As a consequence of the runoff processes within its catchment, the Hutt River floods 
a number of times each year (Figure 10.9). In fact, most rainfall producing storms that 
pass over central New Zealand have the potential to cause floods in this catchment. 

This is because the Hutt catchment is relatively small (656 km2) and short, with four 
steep tributary subcatchments located around its headwaters (Figure 10.11) . To produce 

• 

29838 

Flow monitoring sites 
Catchment boundary 
Subcatchment boundary 
Rivers/streams 

Figure 10.1 1 The stream network, major tributaries, and monitoring stations within the Hutt River catchment. 
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a big flood that might threaten the flood defences and put urban areas at risk, how
ever, a large storm must affect most of the catchment. Even in this situation a big flood 
may not occur, because of the condition of the catchment immediately prior to the 

storm. 
Most of the headwaters of the Hutt River are covered in dense vegetation, which, 

when it starts raining, intercepts and stores much of the precipitation. As the rain 
continues, less and less water can be intercepted. The shallow regolith mantling the 
slopes also stores some of the precipitation, although again this amount decreases dur

ing the storm until the catchment is saturated. Following saturation, any further rain
fall flows quickly into the streams. The river will then start to rise and the hydrograph 
will show a flood peak. Analysis of the hydrometric record (Figure 10.10) also suggests 

that floods often occur in clusters within the same storm, or during unsettled climatic 
periods that keep the catchment saturated and leads to greater and more rapid runoff. 

Figure 10.12 shows a storm event and the resulting flood passing through Taita 
Gorge during October 1998. This is the largest recorded flood on the Hutt River since 
1939. It had a peak discharge of 1530 m3 s -) and an estimated return period of 26 years. 
This flood was particularly large (Figure 10.13) because it occurred only about a week 

after another big event which was about 10% smaller and had a six-year return period. 
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Figure 10.12 The largest flood on record for the Hutt River at the Taita Gorge. 28 October 1998. 
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Figure 10.13 Impact of the October 1998 flood on an electrical substation, showing the situation (a) during and 
(b) before the event. 
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The hydrograph in Figure 10.1 2 shows a number of characteristics common to flood

ing within the Hutt catchment. First, the flood peaks arrive very rapidly and are of rel
atively short duration. Second, the magnitude of the flood response increases per unit 
of rainfall as the storm lasts longer and the catchment begins to saturate. This also 

reduces the lag time to sequentia l flood peaks. Third, the catchment drains rapidly 
because of the steep slopes and thin so ils, so that the river tends to reach low-flow 

conditions quite qu ickly after the rain stops. 
Figure 10.14 explores in more detail how the flood peak at Taita Gorge reflects 

the cumulative response of the entire catchment. The flood peak can be seen moving 
down the catchment from Kaitoke to Taita Gorge, and the size of the flood can be 
seen to get larger as it receives input from the various tributaries. This illustrates the 
reasons for the variable flood response of the Hutt River to different storms. In some 

events only a few of the subcatchments are affected as a result of the storm path. At 
other times the storm passes over a ll the tributaries, but at different times, giving peaks 
that do not coincide to generate a big flood . To generate a really big flood, therefore, 

the catchment must be saturated, the storm must affect the majority of the tributaries, 
and their flood peaks must coincide so that the maximum amount of water arrives 

below the confluences at the same time. 
Not all floods have the potential to breach the flood defences, or lead to flooding 

of urban areas. For this to happen the floods must be either high enough to overtop 
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Figure 10.14 Flood hydrographs for the Hutt River and several tributaries during October 1998, showing the 
coincident nature of the flood peaks for the various tributaries. 
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the stopbanks, or last long enough to erode through the defences. Analysis has shown 

that floods with a 1 in 20 chance of occurring each year start to put the defences at 
serious risk of erosion. Floods with a 1 in 50 chance of occurring each year are likely to 
lead to stopbank breaches, although the short duration of most floods means that high 

levels may not last long enough to cause widespread flooding of urban areas. Floods 
with a 1 in 100 chance of occurring each year are likely to breach the defences and 

lead to widespread flooding of urban areas (Wellington Regional Council 1996). 
Smaller, more frequent floods can also lead to indirect flooding. Floods with a 1 in 

10 chance of occurring will start to close the flood gates on urban stormwater outfalls 

where they drain into the river. If the rainfall that has caused the river to rise has not 
fallen in the urban areas as well, this will not be a problem. However, if the urban 

areas are also affected, ponding will spread from the stormwater systems to low-lying 
areas. This can lead to widespread damage even though the flood defences and 
storm water outlets have functioned as they were intended (Wellington Regional 

Council 1996). 

Protection worl<s 

The first Hutt River stopbanks were built at the turn of the century to prevent regular 
and widespread flooding of Petone and Lower Hutt Boroughs. As the boroughs have 

grown, the stop banks have been raised, strengthened, and extended. The flood 
defences now include 26 km of stopbanks and associated river management works. 

Despite the ongoing and costly efforts to reduce the flood risk to inhabitants of 

the Hutt Valley, the potential for flood damage has actually increased. In 1954 it was 
estimated that the total value of property improvements in flood-prone areas was $1.6 
billion. The value of improvements in these areas is now approximately $4.1 billion. 

Over the same period the population of the valley has increased from 69000 to 
130000. Current investigations estimate that approximately 70000 people will be 
affected and damage may be as high as $890 million if the flood defences fail. Poten

tial damages will continue to increase if development within flood-prone areas does 
not take account of this risk (Wellington Regional Council 1996). 

Monitoring 

The large capital investment on the Hutt Valley flood plain requires that efforts are 

made to reduce the risk of flooding. Monitoring of potential flood events is an impor
tant element of this strategy. This is, however, not easy because of the very rapid 
response times of flood events and the strong orographic influence of topography on 

precipitation within the catchment. 
Throughout the Hutt catchment is a network of automatic rainfall and water

level recorders (Figures 10.3 and 10.11). These are fitted with alarms triggered by con
ditions that may indicate the onset of a flood. For example, the rain-gauge alarms are 
triggered by 20 mm of rainfall in two hours, and the stage (water leve l) alarms are 

triggered by the stage reaching a threshold height or changing significantly within a 
certain time period. Once the alarms are triggered, all the data from each can be 
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downloaded by telemetry and reviewed to assess the degree of saturation of the catch

ment. From this information predictions are made as to how the rivers are likely to 
respond to the storm. The intensities and depths of rainfall are then monitored con
tinuously, as are the river levels once they begin to rise. The flood event is then routed 

down the catchment to provide an estimate of its likely size and timing. 
This flood modelling is undertaken using RORB, a rainfall-runoff model devel

oped in Australia. This model routes a flood through a river system and simulates 

streamflow during the flood event. Modelling begins by dividing the river system into 
10-15 subcatchments, with discharge from each calculated by routing the effective 
rainfall (the rainfall minus losses to soil moisture, groundwater, and the atmosphere) 

through a non-linear storage function: 

where St is the storage in the subcatchment at the start of interval t; Kr is the relative 
storage value determined as the proportion of travel time through a subcatchment 
reach to the average of travel times through all reaches; qt is the discharge during the 

time interval t; and Kc and m are parameters of the model. 
The addition of the flow from the various subcatchments, which are assumed to be 

homogeneous, allows an estimate of the total catchment response (Ibbitt & McKerchar 

1992) . 
Using parameters appropriate to the Hutt catchment, the model produces good 

estimates of flood discharges (Figure 10.15) . The model is also useful for estimating 

flood hydrographs corresponding to design rainfall depths. The major limitation of 
RORB is that it only models the quickflow response to storm rainfall. Rainfall that 
infiltrates and moves through longer and slower flow paths is treated as a loss. In steep, 

rapidly responding catchments such as the Hutt this is a relatively minor limitation. 
The steep nature and rapid response of the Hutt River to storm events mean that 

even with this intensive monitoring and sophisticated modelling only four to seven 
hours warning can be given of the arrival of the flood peak in the lower valley with its 

population of over 100000 persons (Figure 10.16). 

Groundwater 

In most river systems, discharge is considered to increase downstream, although this is 
not always the case. In some situations, including the Hutt, the river may in fact lose 
a component of its flow through its bed and banks into porous material underneath. 

In its lower reaches, below Taita Gorge, the Hutt River flows over extensive lay
ers of coarse gravels and sands that were deposited during past glacial phases of 
Wellington's climatic history. Under these conditions the mean annual temperature 
dropped by 2-5°C, leading to the replacement of the forest vegetation in many areas 

by scrub, alp ine grassland, and even bare ground. The loss of vegetation cover, expo
sure of the soil surface, and lower temperatures increased the rate and effectiveness of 
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Figure 10.15 (Left) Comparison of actual and modelled flows for a major flood event in the Hutt catchment 
during November 1994. 

Figure 10.16 The amount of warning provided by monitoring sites at various locations through the Hutt 
catchment. (Warwicks is site 59007 in Figure 10.3.) 

physical weathering, such as freeze-thaw activity, particularly in the closely jointed 
greywacke bedrock. This produced large amounts of debris. Either towards the end of 

the glacial, or when runoff rates increased with subsequent warming, this sediment 
was transported to lower levels and deposited in large fans, terraces, and other alluvial 

deposits. 
With lower sea levels during glacial periods the Hutt River flowed through what 

is now Kilbirnie, to reach the sea 5-10 km south of the present coastline. As a result, 
the Hutt delta and much of the harbour basin was infilled with large quantities of 
gravel (Figure 10.17). Bore holes show gravels up to 300 m thick behind Petone beach 

and seismic data suggest these gravels thicken to at least 600 m offshore from Ngau
ranga Gorge (Cowan & Hatherton 1968). The granular nature of these deposits 
means that they have lots of holes (pore spaces) between the solid particles, forming a 

large 'sponge' that can hold a considerable amount of fresh water. 
During interglacials the higher sea levels re-invaded the harbour and the lower 

Hutt Valley. For example, approximately 6500 years ago the 'shoreline' was at Melling, 
over 10 km up the valley (Figure 10.17). This reduced the gradient of the Hutt River 
and caused the deposition of a layer of silt, clay, and peat on top of the river gravels. 

Now that this layer has been uplifted by tectonic activity it acts as a very low perme
ability 'cap', trapping water that infiltrates through the bed of the Hutt River. 
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Figure 10.17 Idealised north-south section through the Wellington region, showing the sediments that make up 
the Hutt aquifers. (After Donaldson & Campbell 1977) 

Aquifers 

Where the Hutt River flows over porous gravels some of the flow passes through the 
bed and flows downwards under the influence of gravity. If this moisture is in sufficient 
quantities, it will start to fill the pore spaces. Once all the available pore spaces are 

full, the unit is saturated. However, although a geologic unit holds a lot of water, this 
does not mean that it is an aquifer. For example, clays can hold up to 50% moisture, 
but they do not form aquifers. There are two reasons for this: the pores are not linked 

together and therefore the water is essentially trapped; and the pores are so small that 
the water is held at high tensions and friction is so great that movement is too slow. 

To be termed an aquifer the saturated unit must release its water fast enough to 

act as a water resource. If the aquifer is connected, via its pore spaces, directly to the 
ground surface above, it is called unconfined. In some situations, however, the aquifer 
is actually covered by an impermeable layer. In this case the aqu ifer is termed con

fined. Obviously all aquifers must be, or have been, unconfined somewhere, since the 
water has to be able to get into the pores. 

In the Hutt Valley the aquifer is unconfined between Taita Gorge and Melling 
but confined below this reach (Figure 10.l7). In this unconfined zone water in the 

Hutt River can flow through its bed into the porous gravels beneath. However, 
between Melling and the harbour the aquifer is confined under a layer of marine silts 
and clays , which form an aquitard. These fine materials have very small pore spaces, 

which limit the speed and amount of water that can move through this layer, effec
tively trapping the water below. Because the water enters the aquifer higher up the 
valley, and is then trapped by the silts and clays, water in the lower valley is actually 
under pressure and will form a 'fountain' about 2 m above ground level if a well is 
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drilled through the aquitard . In this region, therefore, the groundwater system is arte
sian and wells do not need to be pumped to extract the water. 

This pressurised system is important for another reason. The coarse sediments 
forming the aquifer continue out under the harbour (Figure 10.17), so the sea is in 

contact with the fresh water in the aqu ifer. It is only the pressure of the fresh water in 
the confined zone that stops the salt water intruding into the aquifer and contaminat

ing a major component of Wellington's water supply. Considerable effort, care, and 
monitoring is therefore required to prevent disruption to the natural pressure balance 
of the aquitard in this area. 

The Hutt Valley actually contains three main aquifers (Figure 10.17). The first is 
unconfined and lies near the surface. It is in this zone that most of the recharge occurs. 

Because this aquifer is in direct contact with the ground surface, care must be taken to 

prevent contamination of the water. The second is the main artesian aquifer (consist
ing of the Waiwhetu gravel formation), which is approximately 20 m below the 
ground under the aquitard. The depth to this aquifer varies across the valley from 

about 25 m near the Wellington fault scarp in the west, to 10 m at Seaview in the 
east. Another aquitard separates this aquifer from the deepest aquifer, which lies about 
100 m below the ground surface. 

Groundwater movement 

Once water has percolated from the river into the aquifer beneath, it continues to 
move laterally under the influence of gravity and pressure. Groundwater moves as a 
result of its energy, which is a function of its elevation above some base-level datum, 

the pressure head, and its velocity of movement. To equalise energy, water flows from 
areas of high energy to areas of low energy. As a result of the influence of elevation on 
the total energy of the water at a point, flow occurs from higher positions to lower 
positions. 

This energy of the water is referred to as potentiometric or piezometric head. It is 
possible to map potentiometric head (measured by piezometer) over an area to pro

duce a potentiometric surface, which is basically just a contour map of water energy 
(Figure 10.18). Since water attempts to equalise its energy as quickly as possible, in a 
homogeneous medium it will move along the line of maximum energy gradient, which 

is essentially along a line at right angles to the contours. If plotted on the potentio
metric surface, these lines indicate both the direction and relative magnitude of 
groundwater flow. 

As water moves through the pores some of its energy is lost because of friction, 
therefore the total energy line slopes. The slope of this energy line is called the hydraulic 
gradient, which affects the rate of flow because it is the 'driving force' behind the water 

flow. The movement of water through the aquifer is therefore summarised by Darcy's 
law, which states that the rate of flow (Q) through a porous media is a function of the 
cross-sectional area, the hydraulic conductivity and the hydraulic gradient: 
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where A is the cross-sectional area of the sample; K is the hydraulic conductivity (this 
ranges from 1 for coarse gravel down to 10-12 for fine glacial clay); HI and H z are the 

total heads at two sites; and L is the distance between the two sites. 

Darcy's law, however, really discusses 'mass transport' through a cross-section of 
the saturated unit. In reality, movement can only take place through the pores, and 

therefore the water must actually be moving faster to account for all the 'solid' mater
ial in the aquifer. This faster flow rate is the seepage velocity (VJand reflects the 
actual speed at which the fluid is moving. 

v = s 
q 

e 
where q is mass transport discharge rate, and e is the porosity of the material (must be 
less than 1). 

This concept is very important. For example, while aquifer management may be 

more concerned with mass transport throughout the medium, the speed of flow of any 
contaminants in the aquifer will be controlled by the seepage velocity. As a result, 
contaminants will move much faster and further than predicted by the simple Darcy 
flow equation. 

Flow characteristics 

The main source of water for the Hutt Valley aquifers is the Hutt River, with water 
entering through the unconfined zone. The amount of water entering the aquifer is 

controlled by the width of the bed, the river level (Figure 10.19), and the degree of 
silting of the riverbed, which can block the pores. River recharge estimates show that 
during a mean annual low flow of 3.4 m3 s -1 the river loses 0.9 m3 s -lover the 6 km 

between Taita Gorge and the Kennedy-Good bridge. Some return flow to the river 
from the aquifer is also evident below the bridge (0.208 m3 s -1). Therefore the net 

river recharge to groundwater during mean annual low-flow conditions is estimated to 
be 0.7 m3 s- l. This loss to groundwater is, however, highly variable and ranges between 

0.208 and 1.6 m3 s -1. The lower rates are experienced during periods of very low flow 
in the Hutt River when infiltration is slowed by silt deposition and algal growth on 

the bed (Wellington Regional Council 1995b). On the basis of radio-isotope data it is 
estimated that it takes between 2.5 and 3.5 years for water within the aquifer to move 
from the recharge zone to Hutt Park at Petone. This is a very rapid flow rate for a 

groundwater system. 
Some recharge of the aquifer also occurs from rainfall over the unconfined zone. 

This is estimated to provide a maximum of 526 mm Yil. Much of the unconfined zone 
is, however, now covered with urban development, which reduces this figure by up to 

60%. The most optimistic estimates of rainfall recharge are less than 45% of the most 
conservative estimates of river recharge. As a result, rainfall recharge is often regarded 
as insignificant, increasingly so as urban development continues to reduce the area 
available for infiltration (Wellington Regional Council 1995b). 

The ability of an aquifer to store and transmit water is defined by its specific yield, 
or storativity, and transmissivity. It is important to remember that not all water in the 
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Figure 10.18 (Left) Elevation of the groundwater level in the lower Hutt valley. (After Wellington Regional Council 
I 995b) 

Figure 10.19 Plot of the level of the river (solid line) and groundwater within the unconfined zone at Taita, 
showing recharge of the groundwater system from the Hutt River. 

aquifer will drain, as some is held by capillary tension (the specific retention) . The 

sum of the specific yield and the specific retention equals the total porosity. An 
unconfined aquifer can store a significan t amount of water, since as it takes up water 

the water table simply rises towards the ground surface, increasing the volume of satu
rated material. Confined aquifers are not so productive because the ent ire zone con
taining the water is already saturated and small amounts of water can only be added by 
increas ing the pressure, through some slight expansion of the aquifer (elastic ) and 

minor compression of the water. Storativity of unconfined aquifers may range up to 
0.3, whereas confined aquifers usually have storativity in the range from 10-4 to 10-6. 

Whether a saturated unit can meet water supply demands also depends on its 

transmissivity. This is a measure of the aquifer's ability to transmit water, which is a 
function of the rate of flow through unit width under unit hydraulic gradient. Trans

miss ivi ties are commonly in the range of tens to hundreds of metres per day, but can be 
significantly higher in some of the alluvial aquifers in New Zealand. 

The Hutt aquifer is extremely permeable, has the ability to transmit large quantities 
of water, and is particularly high yielding (Table 10.6), which is why it is able to meet 

approximately 35% of Wellington's municipal water supplies. In the unconfined zone 
the storativity is about 0.3, while daily transmissivities range from 3000 to 53000 m2• 

Within the confined zone, daily transmissivities, obtained from pump testing, are very 

high, ranging from 10000 to n 000 m2, and storage coefficients are estimated to be 
between 1 x 10-3 and 1 x 10-5 (Wellington Regional Council 1995b) . 

Aquifers have a number of advantages over rivers in providing potable water. This 

water is clean and can be used even during flood conditions when rivers carry such 
high silt loads that there are limits to extraction. By being essentially an underground 
lake, or sponge, these water reserves can also be used during times of low river flow, 

9 
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Table 10.6 Hydraulic properties of the Hutt Valley aquifers. 

Aquifer name Aquifer Aquifer Through~ow (Transmissivity Hydraulic Storativity Estimated Total 
depth thickness (m' day') (m' day') gradient safe yield volume 
(m) (m) (m/m) (m' day') allocated 

(m' day') 

Taita alluvium 2- 10 5 31500 3500 0.003 0.3 90000 7930 
Waiw hetu art esian 20-80 60 42 000 35000 0.0004 5x l ()-4 90 000 172 850 
Moera gravel 100- 120 20 3960 3300 0.0004 (est.) I x l ()-4 4000 250 

Data from Wellington Regional Council ( 1995b) 

when water cannot be taken without detrimentally affecting the biological and 
instream values of the rivers. 

The Hutt aquifer, like many of the alluvial groundwater systems around New 

Zealand, is hydraulically connected to the sea. As a result, pressure levels within the 
confined zone are affected by the tides. They are also affected by pumping from the 
water-supply wells, and close monitoring is essential (Figure 10.20). A calibrated 
finite-difference model of the Hutt groundwater system has been developed by the 

Wellington Regional Council as a predictive management tool. This mathematical 
model, which is regularly updated to include river flows and rainfall and groundwater 
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Figure 10.20 The influence on the confined zone of the aquifer of tidal fluctuations and abstraction by pumping to 
meet water-supply needs for Wellington. 
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Figure 10.21 Application of a three-d imensional model to prediction of t he response of the Hutt River to various 
natural and human-induced influences. 

Seeps 

usage and levels, incorporates all the available geo logical and hydrological informa
tion relating to the aquifer. The model simulates water leve ls and is used to prevent 
over pumping and contamination by sea water, which might occur if water pressures at 
the foreshore fall below 1.4 m (Figure 10.21) . 

Detailed analys is of the behav iour of the aquifer has shown that the long- term 
sustainable yield of water from the aquifer is approximately 90 Ml day-I . On this basis 
the groundwater resources are currently over-allocated, although the actual daily usage is 
less than this figure (70 Ml day-I ). Over 90% of the allocated vo lume is used for water 

supply by the Wellington Regional Council (Wellington Regional Council 1995b) . 
The importance of groundwater to the development and well-being of Welling

ton requires that it be carefully managed. Critical issues include: gravel extraction 
from the Hutt River; location of abstraction wells; construction of building, bridge 
and port foundations; maintenance of Hutt River low flows; and pollution of river 
water and groundwater within the unconfined zone. The Wellington Regional Coun
cil has had to dea l with the leakage of petrol into the aquifer fro m underground stor

age tanks. It has also had to manage old water supply wells that were not grouted when 
taken out of service. These must be plugged when they are 'rediscovered' by bulldozers 
and diggers. Since the 1900s there have been a number of other artesian blowouts 
caused by subsurface investigations and river dredging, including a blowout during the 

construction of the piles for the Po int Howard wharf which was on ly repaired with 
some difficulty. 

Because the aquifer is connected to the sea, freshwater leaks have been detected 
within the harbour. Somes Island (Matiu) , for example, obtains its fresh water supply 
from a well in the seabed. In many instances, this leakage tends to be diffuse , with the 

fresh water mov ing slowly under the driving pressure of the aquifer through the 
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aquitard. While the rate of transmittance of water is very slow, significant amounts of 
water may still be lost when leakage occurs over a large area. 

Wellington Harbour, however, also contains a number of submarine springs, 
where leakage from the aquifer emerges through the sea floor as upwelling currents 
with measured velocities of 0.7-0.8 m s-l (Harding 2000). In these areas where the 

aquitard has been disrupted, the upwelling currents can erode the seabed. The result
ing depressions, which are conical-shaped with a top diameter of 60 m and a 'tip' 

diameter of 20 m, can be significant topographic features and are apparent on high res
olution bathymetry maps. 

Where the covering aquitard is thin or weak, the chances of its being breached 

are increased, especially if the pressures within the aquifer are high. It is therefore 
quite possible that the springs may be initiated by an extremely large and rapid 
increase in piezometric pressure, such as caused by seismic shaking. Once the aquitard 

has been breached, a flow path can easily be established through which discharge will 
continue. Of the springs investigated in detail, only localised areas appeared to be 
'leaking' under present conditions. This may be caused by reduced driving pressures in 
the aquifer as a result of abstraction for municipal water supply. 

The springs appear to concentrate in four locations: 
1 The sediment/basement contact, including two very deep (32 m) depressions 

south of Somes Island (Matiu). These most likely formed as a result of blow-outs 

during earthquakes following differential movement at the bedrock interface and 
rapid increases in piezometric pressure. 

2 The Petone foreshore area near the Hutt River mouth. This cluster of springs lies 

between 700 and 1200 m from the present foreshore. The aquitard in this area 
may have been disrupted during a massive dredging programme to obtain fill for 

the Thorndon reclamation in the late 1920s. A considerable drop in pressure in 
the artesian supply was noted at that time, and recovery of the head loss was very 
slow. These appear to be the most significant leakages at present in the harbour. 

3 The Falcon Shoals near the entrance to Wellington Harbour. Leakage in this area 

occurs over a large area rather than through discrete springs. Again it would 
appear as though dredging during the 1920s to deepen the harbour channel may 
have weakened the aquitard. 

4 Along the Wellington Fault and associated splinter faults. There is considerable 
evidence of aquifer discharge along the Wellington fault, with some of these even 
shown on the hydrographic chart NZ 4633. Whether this is actually leakage from 

the Hutt Aquifer System, or locally derived water flowing through the alluvial 
fans mantling the foot slopes of the scarp, is worthy of investigation. The major 
leaks identified appear to be located off the mouths of the significant streams in 
the area (Harding 2000). 

These leaks and springs represent the last step in the longest journey through the 
hydrological cycle within the Hutt River catchment. In the harbour, this water joins 
that arriving as surface runoff in the 'great evaporator', which accumulates most of the 
outputs of the many hydrologic pathways operating within the Hutt catchment. Here, 

solar energy will eventually evaporate this water, returning it to the atmosphere for 
redistribution as precipitation somewhere on the Earth. 
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Summary 

The hydrological cycle provides a relatively simple conceptual framework for investi
gating the movement of water through a drainage basin. This does not mean, however, 

that the actual processes are simple or that our understanding of them is complete. 
Many questions re lating to water resources remain, particularly those relating to spa
t ial and temporal variability of the processes operating. While excess water has tradi

tionally been the focus of attention, particularly minimising the effects of floods on 
human activity, concerns now extend to predicting shortages, monitoring contami

nant movement, waste disposal, and others. A modem society poses modem problems 
that must be solved in an innovative manner. Solutions come only from a sc ientific 
understanding of the natural processes and our place in the world . Only through such 

an understanding of water-transport processes can we become wiser custodians and 
managers of this vital resource. 

Further reading 
Mosley, M.P. 1992, Waters of Ne~u Zealand, New Zealand Hydrological Society, 

Wellington. 
Mosley, M.P. & Pearson, c.P. (eds ) 1997, Floods and Droughts: The New Zealand Expe

rience, New Zealand Hydrological Society, Wellington. 
Ward, R.C. & Robinson, M. 1990, Principles of Hydrology, 3rd edn , McGraw-Hill, 

London. 
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