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Figure 1 General location of proposed development area of the Pauatahanui Basin.



INTRODUCTION
The Pauatahanui Comprehensive Development

Plan (Hutt County Council 1970) outlined a proposed
urban development scheme for the Pauatahanui
Basin which was to accommodate a projected pop-
ulation of 45,OOO by 1986 and 80,000 by the turn
of the century. The proposed Pauatahanui Develop-
ment Area, comprising 71 km2, drains to the Pauata-
hanui lnlet, (Fig.1) a shallow arm of the Porirua Har-
bour. The Pauatahanui Environmental Programme
(PEP) was therefore set up to study the effects of
such urbanisation on the lnlet and its catchment area
with a view to understanding the present environ-
ment or ecosystem, to define its sensitive features, to
produce data of assistance to planners to enable wise
management of this natural resource as a viable en-
tity, and to establ¡sh base lines for monitoring
changes resulting from development.

ln 1975 the Pauatahanui Environmental Research
Committee (PERC) prepared a three year research
programme. Since the study objectives encompassed
wide ranging interests the research required co-
operative involvement of a number of Government
departments and Victoria University of Wellington.

This paper deta¡ls that part of the study, dealing
with the hydrology of the catchments draining to the
lnlet, which was undertaken by the Water and Soil
Division, Ministry of Works and Development. lt
sought to evaluate the spatial and temporal distribu-
tion of the stream flows and sediment loads, and
their effects on the lnlet.

Consideration was also to be given to the effects of
urbanisation on the catchment hydrology based on
observations from Browns Stream, a completely de-
veloped sub-catchment of the lnlet.

Following the initiation of the research programme
it became clear that the 1970 population projections
would not be realised due to a general depression in
the economic climate. Nevertheless the programme
proceeded because sound base line data would be

Table I : Catchment characteristics

Catchment Catchment Altitudinal
Area (km'z) Range (ml

obtained and sensitive features wóuld be identified
and understood, This would enable wise manage-
ment of the lnlet to be implemented regardless of its
rate of development.

CATCHMENT CHARACTERISTICS
The total catchment area draining to the Pauataha-

nui lnlet is 108.6 km2 of which six main streams, the
Pauatahanui, Horokiwi, Duck, Kahao, Ration and
Browns drain 105.5 km'? l97o/ol of the total area.
The remaining 3.1 km2 comprises several extremely
small catchments draining mainly the narrow nor-
thern edge of the lnlet between the Kahao Stream'
and the lnlet's confluence with the Porirua Harbour.
The water surface area of the lnlet at high tide is
4.4 km2. (Fig.2).

Details of the Pauatahanui, Horokiwi, Duck, Kahao,
Ration and Browns predominant catchment charac-
teristics are given in Table 1 . All the sub-catchments
rise gently up to the 1OO metre contour and then
generally more steeply towards the catchment boun-
daries which feature as well defined ridges.

The Pauatahanui area is traversed by faults of two
separate ages which have influenced landscape de-
velopment in the catchment (Healy 198O). An older
fault system (West Wairarapa and Horokiwi-Bel-
mont) had a northerly trend and in¡tially influenced
the drainage system in early Pleistocene times. Later
a fault system aligned to the north-east captured
much of the major drainage. Movement of the
younger faults (Owhariu, Moonshine and Haywards)
commenced in the early Pleistocene after the pre-
viously active northerly trending faults had ceased to
move. These north-easterly trending faults are still
active. Buckling associated with these faults pro-
duced irregularly d¡stributed hills and hollows modify-
ing the very large west to east uplift surface asso-
ciated with the West Wairarapa Fault (See Fig,2).

Average Channel
Slope (m/m)

Catchment CoverMain Channel
Length (m)

Pauatahanui

Horokiwi

Duck

Kahao

Ration

Browns

43,4

32.9

10.5

1 1.3
6.13
1.23

9600

1 2900

720,0

6000
4800
12o0

0.023

o.o22

0.034

0.o37
o.o27
o.065

431

530

490

439
260
157

Pastoral; pockets of scrub
ãnd bush
Pastoral; pockets of scrub
and bush
Pastoral to Urban Transi-
tion (approx. 2oo/ol
Pastoral; pockets of scrub
Pastoral; pockets of scrub

Urban development (Earth-
works phase)

TOTAL 105.5
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The bedrock is indurated siliceous sandstones with
beds of indurated mudstone known as the Wellington
greywacke argillite. The covering of the valley floors
is mainly post-glacial valley till and estuarine beds of
silt, gravel and clay varying in depth from 15 to 45
metres overlain by a general loess cover.

The present lnlet is a glacio-eustatically drowned
valley of the last glaciation terrace of the Pauatahanui
Stream and with changing catchment areas the lnlet
has tended to silt up. The valleys have filled with allu-
vial sediments but the present rivers do not appear to
have entered the mature stage of the erosion cycle
because they have been periodically rejuvenated by
uplift and sea level changes (Hutt County Council
1970).

METHODS
As the stream flows and sediment loads reflect the

characteristics and condition of each catchment a
programme to monitor continuous water and sedi-
ment flows from the six catchments was established.
A stable controlled sect¡on was located on the Paua-
tahanui Stream in the gorge at NZMS 1 map refer-
ence N 160: 47146O and a permanent water level
recording stat¡on (Site No. 30802) was installed.
Flow recording commenced on 30 May 1975.

Economics and logistics did not allow the estab-
lishment of similar installations near the mouths of
the other five streams; therefore a concurrent stream
flow gauging programme was initiated in order that
flow characteristics for each of the five streams could
be estimated by correlation with the recorded flow
data from the Pauatahanui control stat¡on. Depth in-
tegrated suspended sediment sampling was under-
taken with all stream flow measurements with a view
to establishing water versus sediment discharge rela-
tionships (i.e. sediment ratings) for the six streams so
that their sediment discharges could be estimated.
The procedure used was that of Hopkins & Moreton
(1959).

The Pauatahanui Stream level records from 1 June
1975 to 31 May 1977 (Fig.6a) were used as this
represented two years of record within the three year
PEP study period. Flows for the Horokiwi, Duck,
Kahao, Ration and Browns Streams were generated
at 15 minute intervals from the Pauatahanui flow re-
cord using the respective regression equations, thus
producing two years of continuous synthetic water
and sediment flow data for all five streams.

As flow measurements for all the streams except
the Pauatahanui were taken at locations close to the
stream mouths (immediately beyond the tidal influ-
ence) all the flows represent each stream's total ¡nput
to the lnlet. The Pauatahanui Stream data was in-
creased by the ratio of the total Pauatahanui Stream
catchment area to the catchment area above the re-
corder station 143.4 - 39.2 : 1 .1 O7l to obtain the
Pauatahanui Stream contribution to the lnlet.

RESULTS
Stream Flow Correlations

Despite differing storm patterns and catchment
characteristics (e.9. catchment areas as small as
3.2o/o of the Pauatahanui Stream catchment area) ex-

cellent correlations were obtained with the Horokiwi,
Duck and Kahao Streams while acceptable correla-
tions were obtained with the Bation and Browns
Streams (F¡g.3). The correlation coefficient generally
diminished proportionately by the extent to which the
catchment areas were less than that of the Pauataha-
nui, this probably being due to the faster response
times associated with the smaller catchments. All
correlations explained a high percentage of the varia-
tion (minimum 96.8olo) thus justifying the use of the
respect¡ve regression equations for the generation of
continuous synthetic flow data for each of the five
streams from the Pauatahanui records.

Suspended Sediment
Suspended sediment samples taken over a range

of flows revealed concentrations from 5 to
15OO mgl-1).

The lowest concentrations were recorded in the
Ration Stream (5 to 250 mgl-11 and reflect the stable
nature of this small low relief pastoral catchment.

The Pauatahanui, Horokiwi and Kahao Stream
sediment concentrations ranged from 5 to 500 mgl-r
and were seen to be typical of the relatively stable lar-
ger catchments.

Concentrations in the Duck Stream ranged from 7
to lOOO mgl-, the higher upper limit being due to
the earthworks associated with urban development
in the upper catchment. The reduction of the lower
concentrations to a level similar to those from the
natural catchments is attributed to the large detention
dams in the catchments, downstream of the develop-
ment.

As expected, the highest concentrations were
measured in the Browns Stream due to major earth-
work development throughout its entire catchment
area. Concentrat¡ons ranged trom 25 to 15OO mgl-1
downstream of the silt pond. Although the silt pond
was effective during most storm events and large
amounts of sediments were trapped, higher concen-
trat¡ons were recorded at the outlet of the pond than
at the inlet during several very large events (e.9. inlet
concentration : lOOO mgl-r and outlet concentra-
tion : 13OO mgl-1 during flood of 16 July 1976).
These results indicate negligible settling of sediments
and a stirring up of previously impounded sediments
by the incoming waters. This suggests either inade-
quate pond capacity and/or too infrequent excavation
of the pond. From observations, greater attention to
energy dissipation of incoming waters prior to their
entry into the pond would have reduced the very not-
iceable'stirring up' effect.

Suspended sediment discharges were calculated
and the water/sediment discharge ratings were est-
ablished for all six streams (Fig.4l. These ratings
were assumed to apply to both rising and falling
stages,

The Browns Stream sediment rating has since
changed now that all surfaces in the catchment have
either been sealed or vegetated. Although flow be-
haviour has changed, with quicker rainfall response
times, sediment concentrations have returned to
levels typical of pastoral use (approximately 1O-
5OO mgl-1),
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TaHo 2 Summary of water discharges

DAILY WATER FLOWS FOR PERIOD
1.6.75-1.6.77

ANNUAL
WATER
YIELDS

MINIMUM MEAN MAXIMUM

Catchment
%
of

Tot

Ratio
to

Min

oh

of
Tor

Percent
Area Total
km2 Area

Flow Spec flow
ls-r ls-rkm-2

Flow Spec flow
ls-1 ls-rkm-2

Flow Spec flow
ls-l ls-lkm-2

Ratio
to Yield

Mean m3 x lOo

Spec 0,6 oi
Yield Annr¡al

m3 x 1O€ Yield
km-2

Pauatahanui
Horokiwi
Duck
Kahao
Ration
Browns
TOTAL

43.4 41 .2
32.9 31 .2
10.5 9.9
11.3 10.7
6.13 5.8
1.23 1.2

105.5 100

17.1 25800 594
12.1 19100 580
14.5 5890 561
14.6 5860 519
25.2 4550 742
90.o 2060 1670

63260

40.8 27.5 29.61
30.2 22.5 26.73
9.3 25.4 7.31
9.3 25.O 7.38
7.2 36.1 3.S8
3.2 229 0.29

100 75.30

0.68 39.3
0.81 35.5
o.70 9.7
0.65 9.8
0.65 5.3
o.24 0.4

100

55
70
16
16
5

0.1
162

1.27 33.9 939 21 .6
2.13 43.2 848 25.8
1.52 9.9 232 22.1
1.42 9.9 234 20.7
o.82 3.1 126 20.6
o.o8 0 I 7.32

100 2388

The Duck Stream sediment loads have since in-
creased as more of the upper catchment is affected
by urban development.

Water and Sediment lnputs to the Pauatahanui Inlet
Water. Water flows from all six streams, summed to
give a total water input hydrograph to the lnlet for the
two year per¡od, are g¡ven in Fig.6b. Daily discharges
are calculated and the minimum, mean and maximum
daily discharges for each stream are g¡ven in Table 2.

The total average annual low, mean and flood
water yields from all the streams during one t¡dal cy-
cle is O.OO9 x 106 m3, 0.11 x 106 m3 and
1 .12 x 106 m3, respectively which represents
O.4o/o, 4.60/o and 47o/o respectively of the Pauataha-
nui lnlet tidal compartment 12.4 x 1Oo m3 as calcu-
lated by Heath, 1976). This shows that fresh water
inflows to the lnlet are only significant during medium
to high floods.

A comparison between the Pauatahanui Stream
specific flow duration curve and the derived spec¡fic
flow duration curves of the other streams (Fig.5)
shows differences in the flow characteristics.
Horokiwi Stream The specific discharges are higher
than those of the Pauatahanui Stream during low
flows, indicating that the Horokiwi catchment has
greater natural storage, probably in the form of a
shallow groundwater resource in the lower valley
gravels. During high flows the Horokiwi Stream spec-
ific discharges are lower than those of the Pauataha-
nui Stream, probably due to the Horokiwi's relatively
long, flat lower channel which promotes attenuation
of flood hydrographs.
Duck Stream The flow duration curve closely ap-
prox¡mates that of the Pauatahanui Stream at low
flows but exhibits higher spec¡fic discharges than the
Pauatahanui for high flows. The latter is probably at-
tr¡butable to the urbanisation in the rrpper part of the
Duck catchment causing faster rainfall/run-off re-
sponse times.
Kahao Stream The Kahao Stream yields similar dis-
charges per unit area to the Pauatahanui Stream over
the full flow range.
Ration Stream The flow duration curve crosses that
of the Pauatahanui Stream, producing higher specific

10

discharges during high flows and lower specific dis-
charges during low flows. This is to be expected con-
sidering the size of the Ration catchment (1 5% of the
Pauatahanui Stream catchment area) and its asso-
c¡ated short runoff response time, The low dis-
charges are lower than those of the Pauatahanui
Stream probably because of the more limited stofage
areas associated with steeper channel gradients in
the lower reaches of the Ration Stream.
Browns Stream The flow duration curve demon-
strates to an even greater extent the differences be-
tween the Ration Stream and the Pauatahanui flows.
This is due to the Browns Stream's even smaller
catchment area (3o/o of Pauatahanui Stream). The
higher discharges in the higher flow range are a result
of extremely fast rainfall/runoff response times
brought about by a combination of steep natural
channel slopes, piped stormwater and large areas of
impermeable surfaces. These steep and large imper-
meable areas are also responsible for the m¡nimal
base flows shown on the Browns Stream flow dura-
tion curve. The Browns/Pauatahanui correlation coef-
ficient although good was accordingly the lowest
(0.984) also demonstrating the widely differing flow
response characteristics of the two catchments.

Overall, apart from Browns Stream, the flow dur-
ation curves exhibit a high degree of similarity, indi-
cating homogeneous hydrologic response by the
catchments draining into the Pauatahanui lnlet.
Sediment. The sediment ratings were applied to the
Pauatahanui and the five generated flow records and
the resulting sediment flows (calculated at 1 5 minute
intervalsl were summed to give a sediment input
hydrograph to the lnlet for the two year period
(Fis.6c).

Mean and maximum daily sediment d¡scharges are
given in Table 3. As with water flows, the per-
centage contribution of each stream is also noted for
comparison w¡th its respcct¡vc catchment size.

The minimum suspended sediment input to the ln-
let was approximately'1.2 tonnes per day (t day-î),
the mean was 36.6 t day-t and the maximum re-
corded during the two year period was 9O9O t day-l.

Table 3 shows the annual sediment yield from
each catchment expressed as a percentage of the
total sediment y¡elded to the lnlet. When this is com-



TaUe 3 Summary of suspended sediment discharges

DAILY SEDIMENT FLOWS FOR PERIOD

1.6.75-1.6.77
ANNUAL SEDIMENT

YIELDS

MAXIMUM

Catchment
Percent.
Total Flow
Area t day-1

Spec flow Flow
t day{ km-2 t day-l

Spec flow
t dayr km-2

Y eld
t

o/o ot
Total
flow

Area
km2

Ratio
to

Mean

Specific Vo oÍ
Yields Total
t km-2 Yield

Pauatahanu¡
Horokiwi
Duck
Kahao
Ration
Browns
TOTAL

43.4 41.2
32.9 31.2
10.5 9.9
11.3 10.7
6.13 5.8
1.23 1.2

105.5 100

12.8
10.9
4.52
3.1 5
1.29
3.94

36.6

o.295
o.331
o.430
o.279
o.210
3.20

3360
1 780
924
727
278

2020
9090

77.4
54.1
88.O
64.3
45.4
1 640

37.O
19.6
10.2

8.O
3.O

22.2
100

262 4670 108 35.O
163 3980 121 29.4
204 1650 157 12.3
231 1 150 102 8.6
215 470 77 3.5
513 1440 1170 10.8

13360 100

r0 000

pared with the catchment area of each catchment ex-
pressed as a pefcentage of the total lnlet catchment

% OF TIME DISCHARGE PER UNIT AREA IS ÊOUALLEO
OR EXCEEOED

Figure 5 Flow distribution curves for the streams drain-
ing to the Pauatahanui lnlet, June 197S-May
1977.

area the relative sediment contributions from each
stream are apparent.

W¡th the exception of Browns Stream the percent-
age sediment yield contribution from each stream is

within *4Oo/o of that which would be expected on a

proportionate catchment area bas¡s. For example the
Ration Stream sediment contribution is t(3,5 - 5.8)-
5.81 x 1OO= -39.60lo of that which would be ex-
pected on a proportionate catchment area basis. The
Browns Stream contribution is 8O0% higher than
would be expected i.e. [(1O.8-1 ./l-1'21x 1OO:
+800%.

The Kahao, Pauatahanui and Horokiwi are typical
of the rural region and produce annual sediment
yields of 1O2, 1OB and 121 tonnes km-'z (t km-') re-

spect¡vely. The Ration Stream, draining a relatively
stable, low relief pastoral catchment, produces a

much lower annual yield of 77 t km-'?. The Duck
Stream produces an annual yield of 1 57 t km-'z, re-

flecting the urban development in the upper portion
of its catchment.

The Browns Stream demonstrates the contribution
of a fully developed catchment in the earthworks
phase, producing an annual yield of 1 1 7O t km-'z, 1 5
times greater than that of Ration Stream, the next
smallest and most similar of the other five catch-
ments. Furthermore, the maximum mean daily sedi-
ment discharge from Browns Stream, during the lar-
gest flood in the two year period (16 June 1975),
was 1640 t day-l km-'z. This was approximately 35
times that of Ration Stream and was 22o/o of the total
sediment input to the lnlet on that day (Browns

catchment = 1 .2o/o of total catchment area draining
to the lnlet). For the same flood, the maximum in-
stantaneous specific sediment discharge from
Browns Stream was 6700 t day-l km-2, approxi-
mately a 7O-fold increase on the Ration Stream spec-
ific sediment discharge. This storm was estimated to
have a recurrence interval of 1 in 5 years,

RELATIONSHIP OF STUDY PERIOD
MEANS TO LONG TERM MEANS
To determine whether the study period was typical

of the long term means, the rainfall, stream flows and
sediment yields were compared with the long term
stat¡stics.
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Table 4 Summary of study period rainfall, streamflow and sediment yield

Parameter Period

1.6.75 to 1.6.76 1.6,76 to 1.6.V7 1.6.75 to 1.6.77 Long Term

Rainfall (mm)
Streamflow {mm)
Sediment Yield (t yrll

1 191
612

5750

+ 6%l
+ 19%)
+ 423o/ol

15OB (+ 34o/ol
92O (+ 78o/ol

2690 (+ 198%)

135O (+ 2O%l
766 (+ 48ohl

4220 l+ 31O%)

1126
515

1 360

(Percentages in brackets signify relationship to long term mean annual yields')

Rainfall
The 30 year normal rainfalls derived from several

rainfall stat¡ons in the area were available in New Zea-
land Meteorological Service (1973) and ranged from
1O4O to 14OO mm (mean 1126 mm). Rainfalls for
the two study years {1 June 1975 to 1 June 1976
and from 1 June 1976 to 1 June 19771 were re-
spectively 6% and 34% greater than the 30 year
normals.

Stream Flow
A long term mean flow of 640 I sec-1 120.2 x

106 m3 or 515 mm depth) for the Pauatahanui
Stream was derived from a correlation with the
longer term Mill Creek at Papanui (Site No. 30516)
records (see Appendix 1).

The Pauatahanui Stream flows for the years 1

June 1975 to 1 June 1976 and 1 June 1976 to 1

June 1977 were higher than the long term mean
flow by 19% and 78olo respect¡vely.

The stream flow records indicate an unusually high
number of storm events within the period. Fortun-
ately this provided greater opponunity to measure
flood discharges and allowed a better estimate of a

possible upper limit of the annual sediment yields'
However, the greater numbers of large events pre-
sented some difficulty in establishing the long term
sediment yields due to the enorrnous ¡nputs of sedi-
ment during these large floods (discussed later).

Sediment Yields
The long term mean sediment yield of 1360

tonnes per yeai for the Pauatahanui Stream was de-
rived by a normal storm distribution adjustment
method and checked using sediment rated, synthetic
flows derived from Mill Creek records (see Appendix
2t.

The Pauatahanui Stream recorded sediment yields
for the two study years were greater than the derived
long term mean annual sediment yield by approxi-
mately 4OOo/o and 2OOo/o in 1975-76 and 1976-
77 respectively.

Table 4 shows that the sediment yields for 19751
76 exceed the long term mean annual yield by more
than the 1976177 sediment yield which is in contrast
w¡th the rainfall and flow, both of which exceed the¡r
long term means by more during '1976177 ' This is at-
tributed to the larger incidence of intense floods dur-
ing the winter of 1975. Although the base flows
were generally less during 1975176 than in 1976177
the massive ¡nputs of sediment during the 1975/76
floods were responsible for the greater yields for that
year.

STORM EVENTS
As the storm events are the major contributors of

both water and sediment (Fig.6b and 6c) many field
measurements were carried out during these events.
The results of two events, which were monitored in
detail, are given in Tables 5 and 6 and plots showing
the stream flow and sediment contributions from all
catchments during the storm of 16-18 July 1976
are shown in Fig.7 and I respectively.

The relative sizes of the streamflow hydrographs in
Fig.7 are generally proportional to catchment areas.
Note that the Duck and Kahao Streams, very similar
in size, behave almost identically and appear as one
line.

The storm sediment hydrograph rankings (Fig.8)
are not so predictably related to catchment size as
the Browns Stream hydrograph crosses over and ex-
ceeds both the Rat¡on and Kahao hydrographs. The
Duck and Kahao hydrographs separate, the former,
although the smaller of the two catchments, contrib-
uting more sediment during the storm peak.

TIME ( OAYS)

Figure 7 Stream flows for the storm of 16-20 July
1 976.
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Tabfe 5 Storm inputs for flood oÍ 18-23 June 1976
(Total storm rainfall at Moonshine gauge (.1411931 = 105 mm; Main burst of rainfall = 73 mm)

WATER SEDIMENT

Stream % of Total
Catchment

Area

Yield

m3 x 103 mm

o/o of Total
Storm lnput

Yield
t

Specific
Yield o/o of Total
t km-2 Storm lnput

Pauatahanui
Horokiwi
Duck
Kahao
Ration
Browns

41.2
31.2

9.9
10.7

5.8
1.2

1 968
1 834

522
523
321
25

37.9
35.3
10.0
10.1
6.2
o.5

256
350
129
80
35
10

5.9
10.6
12.3

7.1
5.7
8.1

29.8
40.7
15.0

9.3
4.1
1.1

45
56
50
46
52
20

TOTALS 100 51 93 100 860 100

% of long term mean annual water yield

% of long term mean annual sediment yield

5193 x 103 m3

51.4 x 106 m3 =1O.1

86O t
39OO t =22.O

Table 6 Storm inputs for flood of 16-20 July 1976
(Total storm rainfall at Moonshine gauge '141193) : 103 mm; Main burst of rainfall = 91 mm)

WATER SEDIMENT

Stream % of Total
Catchment

Area

Yield

m3 x 103 mm

o/o of Total
Storm lnput

Yield
t

Specific
Yield % of Total
t km-2 Storm lnput

Pauatahanui
Horokiwi
Duck
Kahao
Ration
Browns

41.2
31.2

9.9
10.7

5.8
1.2

2515
2252

657
657
432
67

38.2
34.2
10.0
10.o
6.6
1.0

857
806
348
244

98
109

20
24
33
22
16
89

60
68
63
58
70
54

34.8
32.7
14.2
9.9
4.O
4.4

TOTALS 100 6580 100 2462 100

% of long term mean annual water yield

% of long term mean annual sediment yield

The storm event of 18-23 June 1976 contributed
1Oo/o of the long term mean annual water input and
22o/o of the long term mean annual sediment ¡nputs
to the lnlet. The 16-20 July 1976 storm event cori-
tr¡buted 1 3olo and 63% of the long term mean annual
water and sediment ¡nputs respectively. For the in-
crease of 3o/o in the mean annual water ¡nput during
the two storm events, an increase of 4Oolo of the
mean annual sediment ¡nput was realised.

The flood of 16 June 1975, recorded shortly after
the start of flow recording, was the highest during
the two year study period and was calculated as con-
tributing 1O 35O tonnes, approximately 3 t¡mes the

14

mean annual sediment input to the lnlet.
Since the end of this two year period, three storms

with peak discharges higher than the 16 June 1975
tlood {.47.7 m3s-1) have been recorded in the Pauata-
hanui Stream. On 26 June 1977,4 July 1977 and
22 November 1977 peak discharges of 69.7, 62.0
and 69.4 m3s-1 respectively were recorded, high-
lighting the uncertaint¡es of flood frequency est¡ma-
tion with such a short length of record.

However, an attempt to estimate the frequency of
occurrence of the floods recorded was undertaken
using comparisons with the Mill Stream (see Appen-
dix 1l and other hydrological records in the region.
The 16-2O July 1976 flood was est¡mated as being

6580 x 103 m3

51.4 x 106 m3 ='12.8

2462 t
39OO t =63.1
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approximately equal to the average annual flood (1 in
1 year recurrence ¡ntervall in terms of a peak dis-
charge but slightly higher than the average annual
flood in terms of total water and sediment inputs due
to the attenuated nature of its hydrograph. The 1 in 1

year flood was therefore estimated to contr¡bute ap-
proximately 12o/o oÍ the mean annual water input and
5Oo/o of the mean annual sediment ¡nput to the lnlet.

The maximum instantaneous discharges at the
Pauatahanui recorder station were plotted against
total sediment inputs to the lnlet resulting from the
respective storm events (Fig.9). Using a dimension-
less flood frequency distribution typical of catch-
ments in the region, the 1 in 1, 2.33, 5, 1O, 20,50
and 1OO year floods were derived and inserted in
Fig.9 to give some indication of the quantities of sedi-
ment involved with the high ranking floods.

Assuming stable sediment rat¡ngs and typical
hydrograph shape the mean annual flood (1 in 2.33
year return period) is seen to produce a sediment in-
put equal to approximately 90% of the long term
mean annual input, whilst the 5, 10, 20, 50 and 1O0
year floods are seen to produce total sediment inputs
of approximately 1 5Oo/o, 22Oo/o, 3OOo/o, 4600lo and
75Oo/o of the long term mean annual sediment input
respectively. These estimates are conservative as
normally with floods of the magnitude described
much land slipping and slumping would occur, thus
increasing the sources of supply of sediment to the
streams and temporarily altering the sediment rat-
rngs.

The extent to which the annual variability of sedi-
ment yield is influenced by the occurrence of the
larger events is clear and indicates that an upward
variation of an order of magnitude in annual sediment
yield can occur.

Samples for particle size distribution were taken
from all streams during the June 1976 storm and re-
sults (Table 7) show that on average 5Oo/o of all sus-
pended sediment is clay sized (finer than 0.0O2 mm).
Suspended sediment from the Browns Stream
(catchment in earthworks phase) was much finer
with 75olo of the particles in the clay range. This sug-
gests good suspension. However, comparing the ln-
let residence time of 2-5 days (Heath 19761 with
laboratory flocculation data which show as little as
25o/o of fine sediment to be in suspension after 1 2
hours (Healy 1977l.indicates this may not be suffici-

ent to permit adequate flushing of sediments from
the lnlet.

Monitoring of suspended sediments at the lnlet en-
trance during both the June and July 1976 storm
events showed concentrat¡ons to rise to a peak of
70 mg l-1 and then return to the normal range of
1O+8 mg l-1 three days after the peak river flows.
This suggests both rapid settlement of suspended
material and efficient tidal flushing of the whole lnlet,
the latter part¡cularly as the flushing period cor-
responds well with the lnlet residence time (Smith &
McColl 1978). lt is therefore surmized that strong
tidal currents coupled with wind act¡on considerably
enhance the flush¡ng ability of the lnlet. However, in
embayments such as Browns where these actions
are not prevalent, problems of sediment accumula-
tion have arisen. This is discussed in Appendix 3
"Hydrological effects of urhíânisation on the Pauata-

hanui lnlet and Catchment".

coNcLUsroNs
1 There were very high correlations (all with Pear-

sons R>0.98) between the recorded flows in
the Pauatahanui Stream and gauged flows in
the five other streams draining into the lnlet.
Surprisingly this applied to the Browns Stream
catchment which is only 3.2o/o of the Pauataha-
nui lnlet catchment area, Major savings in
establishment, ¡nstrumentation, operat¡onal and
personnel costs can be achieved by utilising
flow correlation and generation techniques on
projects where stream flow information is re-
quired on a number of streams within a climato-
logically and geologically homogeneous area.

2 Minimum mean and maximum specific flow
contributions from each catchment varíed
significantly, the variat¡ons being aüributable to
individual catchment character¡st¡cs.

3 Only the combined mean stream water flows
and above are significant inputs to the lnlet
when considering their tidal cycle contributions
expressed as a percentage of the lnlet t¡dal
compartment.

4 Suspended sediment concentrat¡ons were gen-
erally within the range of 5 to 5OO mg l-1' how-
ever concentrations in the fully developed
Browns Stream ranged f rom 25 to
15OO mg l-1.

Table 7 Particle size distribution of stream sediments sampled during storm of 20-21 June 1976

Stream

Percent of Particles Finer Than

O.OO2 mm 0.006 mm O.02 mm 0.06 mm

Pauatahanui
Horokiwi
Kahao
Duck
Ration
Browns

67
77
65
59
57
91

44
55
43
44
40
75

87
92
78
81
81
99

100
100
100
100
100
100

16

50 100MEAN 8669
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11

The minimum, mean and maximum daily sedi-
ment ¡nputs to the lnlet during the two year
study period were approximately 1 .2'ì. day-1
(0.01 t day-' ¡--',, 37.O t day-t (0.35 t
day- km-2) and 9000 t day-1 (85 t day-t ¡r-z¡
respectively.

Annual sediment yields for the two year study
period ranged from approximately 75 t km-'zfor
a low altitude pastoral catchment, through to a
median of 1 1O t km-2 for three similar catch-
ments, to approximately 160 t km-'z for a par-
tially urbanised catchment, The fully developed
Browns Stream Catchment produced approxi-
mately 12OO t km-2, in excess of 1 5 times
greater than its pastoral counterpart. (Long
term mean annual yields would be approxi-
mately 0.3 of these recorded yields).

The maximum recorded mean daily sediment
discharge from the Browns Stream was
approximately 1640 t day-' km-'z, about 35
times greater than its pastoral counterpart and
22o/o of the total sediment input to the lnlet on
that day (Browns catchment area is 'l .2o/o oÍ
the lnlet catchment area). For a 1 in 5 year re-
currence interval flood Browns Stream pro-
duced a maximum instantaneous sediment dis-
charge of approximately 6700 t day-l km-2,
about 75 t¡mes that of its pastoral counterpart.

A long term mean annual water yield and sedi-
ment yield of 4.87 x 1O5 m3 km-2 and 37.O t
km-2 respectively were calculated with a rea-
sonable degree of confidence despite the two
year study period recording rainfall, streamflow
and sediment yields of approxímately +2Oo/o,
+5Oo/o and +3O0% of their respective 30
year normals.
The average annualflood (approximately 1 in 1

year recurrence interval) is estimated to contri-
bute 1 2o/o of the long term mean annual water
yield and 50% of the long term mean annual
sediment yield.
The mean annual flood (1 in 2.33 year recur-
rence interval) is estimated to contribute 9O7o
of the long term mean annual sediment yield
whilst the 1 in 5, 10, 20, 50 and 1OO year
floods are estimated to produce approximately
15Oo/o, 2OOo/o, 3OOo/o, 4OOo/o and 750% of
the long term mean annual sediment yield.
All particles of suspended matter were silt-sized
or smaller (<O.OG mm) and, with the excep-
tion of Browns Stream; an average of 5Oo/o

were clay sized (<0.002 mm). Suspended
sediment from the developed Browns catch-
ment was finer with more than 75o/o in the clay
range and when allowed to discharge into
Browns Bay with its low energy currents, floc-
culation and settlement occurred before the
tidal flushing action could remove the suspend-
ed particles from the Bay. Whilst tidal flushing
of the lnlet is generally thorough, care must be
taken to minimise erosion during urban develop-
ment particularly in catchments draining into
embayments and quiescent areas.

12 Monitoring of suspended sediment concentra-
tion both upstream and downstream of the
Browns Bay silt trap showed sediment concen-
trations to be up to 30% higher downstream
than upstream during part¡cularly large events.
This suggests inadequate pond capacity and/or
too infrequent clearing of the pond. Greater at-
tent¡on to energy dissipation of incoming
waters is important to reduce the amount of
'stirring up' in the ponÇ,

13 The Pauatahanui Stream flow recording station
with its stable bedrock control (a rare feature in
the region) has proved a most efficient and re-
liable indicator for all the streams flowing into
the Pauatahanui lnlet. Although the projected
developments around the lnlet have been de-
ferred, the Pauatahanui Stream record with its
now known relationship to all the significant in-
puts to the lnlet, remains a valuable tool for the
prediction and monitoring of changes resulting
from any future urban development.
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APPENDIX 1

Estimation of Long Term Mean Flow fo¡ the
Pauatahanui Stream

ln order to establish long term mean water flow for
the Pauatahanui Stream, water discharge measure-
ments were carried out on the Pauatahanui Stream
and the Mill Creek (a tributary of the Makara Streaml
over a wide range of flows. The simultaneous flows
from each stream were correlated with a resulting
correlation coefficient of 0.96. From the Mill Creek
records, the mean daily flow for the years 1g7O-
1976 is 154 ls-l. The Mill Creek mean annual rain-
fall for these years closely approximates its long term
normal; thus its mean catchment rainfall for the same
period was used to check the results. Using the Mill

Creek mean catchment rainfall of 1240 mm and
allowing an average evapotranspiration rate of
7OO mm a runoff of 54O mm was obtained which
equates to 160 I s-1 ,17.'l I s-l km-2) from the
9.35 km'?catchment area. Tlris agrces well with re-
corded flows.

Using the Pauatahanui-Mill Creek regression (y :
3.67 x +O.O75), 154 I s-1 corresponds to a long
term mean daily discharge of 640 ls-l (16.3 ls-1
km-2) or an annual yield of 2O.2 x 106 m3 for the
Pauatahanui Stream. Table 2 shows the Pauatahanui
Stream's contribution to be 39.3% of the total water
input to the lnlet and so, assuming this relation holds,
the long term average annual water yield from all
streams to the lnlet is 51,4 x 1Oo m3.

20



APPENDIX 2
Estimation of the Long Term Mean Annual

Sediment Yield

Two methods were used for calculating the long
term mean annual sediment yield. The first method
used the flow correlation between the Pauatahanui
Stream and the Mill Creek in order to extend the
Pauatahanui records back to establish the long term
mean. The Pauatahanui Stream sediment discharge
rating was then applied to the synthesized flows and
the long term annual sediment yield was generated.
The second method was one of establishing a 'num-
ber of storms/rainfall depth' distribution in¡tially for
the long term mean year and comparing this with that
obtained for the two year period of record. An aver-
age relationship was then established between indivi-
dual storm event rainfalls and the resulting storm
event sediment ¡nputs to the lnlet from all the
streams. This relationship allowed a correction of the
recorded sediment yield, on the basis of the number
of storms outside the numbers occurring in a 'normal'
year, and hence enabled the establishment of the
long term average annual sed¡ment yield.

For the flow correlat¡on generation method, a time
series correlation of hourly water flows for the two
years of common record was used, this giving a high-
est correlation coefficient of O.85 at zero hours time
lag. This correlation was lower than that obtained for
the instantaneous flow correlation probably because
its analysis included all storms, some with differing
spatial and temporal rainfall patterns. All measure-
ments relating to the higher correlation coefficient of
0.96 were taken on the receding portion of flood
hydrograph, hence giving better results. Using the
time regression, mean daily flows were generated
from the Mill Creek data for the per¡od 1970-1976.

Although annual rainfall and flow data for the
period 197O-1976 approximated the long term
mean data, much variation was seen within the in-
dividual years. Rainfall and flow data for 1970 was
seen to differ from the long term data by only -3%
and -7o/o respect¡vely and so the generated Pauata-
hanui Stream sediment data yield for 1970 was
taken as representative of the long term annual sedi-
ment yield. The mean daily sediment discharge gen-

erated for 1970 was 3330 kg day-1 or an annual
sediment yield of 1200 tonnes. This was then multi-
plied by the ratio of the total Pauatahanui Stream
catchment area upon the catchment area monitored
by the Pauatahanui recorder (1.107) giving a total
sediment contribution from the Pauatahanui Stream
of 1 330 tonnes.

From Table 3 the total Pauatahanui Stream catch-
ment was seen to contribute 35.Oo/o of the total an-

nual sediment ¡nput to the lnlet and so, assuming that
this relation holds, the long term average annual sedi-

ment yield from all streams to the lnlet is 3820
tonnes.

For method 2 the Pauatahanui rainfall data (Met.

No. E1 41941from 1 959 to 1976 was used but be-
cause the particular years that approximated the an-
nual long term mean contained extremely wide varia-
tions within the months, the year with the monthly
rainfall depth that most closely approximated the 3O
year normal depth for that month was selected, This
then produced an 'average year' made up of a com-
bination of months from various years and enabled
the 'normal' number of storms/rainfalldepth distribu-
tion to be computed (Fig.1 Oa). Similarly a distribution
was derived for the years 1 June 1975 to 1 June
1976 (Fig.1Ob) and 1 June 1976 to 1 June 1977
(Fig.1Oc) and compared with the normal distribution
(Fig.1Oa).

As the mean monthly selection process did not in-
clude a storm of annual flood status (60-80 mm in
Fig,lOa)the normal distribution was extended to in-
clude one of these storms. This also gave a smoother
distribution at the upper rainfall depth end.

The storm rainfall totals during the period of Paua-

tahanui flow records were plotted against their result-
ing sediment input to the lnlet and an average rela-

tionship established (Fig.1 1 ).
The number of storms during the two year period

outside the normal distribution (Fig.1Oa) were tallied
and using the averaged mean sediment ¡nput/storm
rainfall relationship (Fig.11) the necessary correc-
tions were made to the record thus producing the
long term average sediment input to the lnlet (Table

8).
From Table 3, the average annual sediment yield

for the two year period of record was 1 3360 tonnes,
or 26720 tonnes totalyield for the two year period.

From Table 8, the sediment input corrections total
18760 tonnes and so a long term mean two-yearly
sediment yield of 26720 - 18760 : 7960 tonnes
was calculated giving a long term mean annual sedi-
ment yield of 3980 tonnes.

Comparing the two methods then, good agree-

ment was obtained with results of 3820 tonnes long
term annual sediment yield by the correlation genera-

tion method and 3980 tonnes by the number of
storms/rainfall depth distribution method. A long
term mean annual suspended sediment yield of
(3980 + 3820) : 2 = 39OO tonnes was therefore
adopted.

Visual inspections of the stream outlets revealed

little change in the delta profiles over the two year

period and so it was assumed that negligible amounts
of bed load were being transported, an assumption
also supported by lrwin (1976). The total long term
average an ld
draining to nl

terpreted a a

ment yield o
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NUMERALS OENOTE

MONTH , YEAR

a2 77

42.77
r5 76

a5?7
a 6.75

.11 76

at 76

1

Figure 11

10 100 1000 1(

TOTAL STORM SEDIMENT INPUT TO INLET
( TONNES )

Relationship between storm event rainfall and total storm event sediment input to the Pauatahanui lnlet.
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Tabþ I Number of storms during 1 June 1975 to 1 June 1977 outsidethe number of storms with various
rainfall depths occurring during a 'normal' year.

Total storm
rainfall depth
range (mm)

Number of storms
outside those

occurring during a
'Normal Year'

Mean sediment
input for

average rainfall
range (t)

Correction
(t)

75176 76177 Sum

10- 15
15- 20
20- 25
25- 30
30- 40
40- 50
50- 60
60- 80
80-1 00

1 00-1 25
1 25-1 50

Total

-6 +1 -5O+2+2ooo
-3 -2 -5+2 +2 +4
-3 +1 -2ooo
+1 +3 +4
+1 O +1
o+1+1

+1 O +1

o
3

24
86

170
450
710

1600
2800
4000
6200

+

+

o
6
0

430
680
900

o
6400
2800
4000
6200

- 18756



APPENDIX 3
Hydrological Effects of Urbanisation on the

Pauatahanui lnlet and Catchment

Water
According to the synthetic flood frequency distri-

bution six floods of greater magnitude than the mean
annualflood (1 in 2.33 year) occurred during the per-
iod June 1975 to December 1977 , three of which lie
between the 1O-year and 2O-year return period.

On most of these occasions survey personnel were
on location and so visual records of the extent of the
flooding are available,

Slips and channel erosion occurred in the upper
reaches of the Pauatahanui and Horokiwi catchments
causing blockages and washouts to both the Paeka-
kariki Hill and Moonshine Roads. Moderate flood plain
flows were reported in the Pauatahanui Valley
through the Judgeford Basin and Duck Stream

through the golf course, but the most severe flood-
ing was through the lower reaches of the Horokiwi
Valley. ln this area flood waters topped the Pauataha-
nui-Plimmerton roadway west of the Horokiwi
Bridge by up to 1 metre and other sections of the
road to a lesser extent on several occasions. The ex-
tent of flooding is largely dependent on the coinci-
dence of the tidal and stream flow hydrographs, the
worst case being peak stream flows on a spring high
tide. The whole lower Horokiwi Valley floor is ex-
tremely prone to flooding indicating the need for ex-
tensive stopbanking if the proposed industrial em-
ployment areas as noted in the Pauatahanui Compre-
hensive Development Plan 197O (Fig.12) were to
proceed. This is even without the existence of the
proposed low density residential and open space net-
work areas which would of course increase both the
magnitude and frequency of occurrence of the var-
ious floods. sizeable waterway areas would be re-

N

A -Judgeford Bosin

B -Plimmerlon

C - Horokiwi Bridge

D - Moonsh ine

E -Poekokor¡k¡ Hill

F -Pouotohonui Goroe
(Belmqrt Confluen-ce)

I TOWN oENTRE USES

l-l uNrvERSrrY oR REsIoENnAL

ffi HosPrrAL -I 

OPEN SPACE

MOTORWAY

- 

EXPRESSWAYS

G -Hoywords
H - Whitby

NE TWORK

rNousrRrAl EMpLoyHENT anelf,RrDGEs & HIGH couNTRy

-COLLECTOR 

-DISTRIBUTOR ROADSs RAILWAY

Figure 12 Pauatahanui Development Plan Test Scheme B (from Hutt County Council 197O).
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Figure 13

quired to contain floods within such a low gradient
channel in these lower reaches. This needs to be
taken into account in planning the development of
this area.

lf urbanisation proceeds, another area requiring
stopbanking would be the Pauatahanui Stream
through the Judgeford Basin (SH 58-Moonshine
Road intersection downstream to the lower gorge)
and through to the lnlet where the town centre is pro-
posed. With the flood waterway restr¡cted by stop-
banks a larger waterway area would be required for
the bridge at NZMS 1 Map reference N 160:
485424 and the highway would need to be raised
through the lower flood plain section west of this
bridge.

Fortunately all State Highway bridges are designed
for the 1 in 1OO-year flood and urbanisation is not re-
ported to greatly effect floods of this magnitude,
however, with the considerable reduction in flood
plain storage as a result of the required stopbanking
through the Judgeford Basin, some increase in the

26

Extent of flooding through proposed site of Town Centre during a flood of 18-19 September 1959. Note the
extremely flat berms that would be inundated in a larger event (> 1 in 5 years).

peak discharge must be expected. Consequently, to
ensure a flood free carriageway, the raising of SH 58
through the Pauatahanui Gorge, immediately down-
stream of the Bèlmont confluence, would be neces-
sary as the 1 in 2O-year flood has been seen to rise
almost to road level at this point within the catch-
ment which, of course, is still in its undeveloped
state. Possibly a closed channel would be required
through the proposed town centre in order to maxi-
mise the area available for the town centre complex.
However, with careful design it is considered that the
channel would be better developed as an aesthetic
amenity of the centre, Figure 1 3 shows the extent of
flooding experienced in the vicinity of the proposed
town centre during a flood on 18-19 September
1 959. The total storm rainfall was 1 32 mm over the
two days and the resultant flood was estimated to
have a return period of approximately 1 in 5 years.
However, the relationship betweeen the time the
photograph was taken and the stage of the stream
and tidal hydrographs is not known.



Table 9 Hypothetical sediment yields based on fully developed catchments (in earthworks phase).

Sediment Yield

Catchment
lProposed

urban
tPercent

of
catchment

Sediment
yield factor
for stripped
condition
(% x 15)

Long term
mean annual

Study
period
annual
yield

(t)

areas
(hal Rural

(t)
Stripped

(t)

Pauatahanui
Horokiwi
Duck
Kahao
Ration
Browns

TOTAL

1210
461
384
162
40s
123*

28.6
17.6
35.3
13.5
58.O

100

4.29
2.64
5.28
2.O2
8.70

*

1 360
1 160
480
340
140
NA

5830
3060
2530

690
1220
420

4670
3980
1 650
1 150

470
1440

2745 26.0 1 3750 1 3360

* Already developed
t Figures according to Hutt County Council 1 970

Sediment
ln order to test the effects of urbanisation on the

sediment yields of the streams draining into the Paua-
tahanui lnlet, the data collected from the Browns
Stream during the earthworks phase of urban de-
velopment was compared with those from the Ration
Stream, the next smallest monitored rural catchment
draining into the lnlet.

The mean daily sediment discharge per unit area
for the Browns Stream was recorded as a 1 5-fold in-
crease on the rural catchment while for the flood of
16 June 1975, (the largest in the two year period of
record) the maximum daily sediment input was re-
corded as a 36-fold increase on the rural catchment.
The maximum instantaneous discharge from the
Browns Stream for the same flood (estimated 1 in 5
year flood) was 6700 t day-r km-2, a 74-fold in-
crease on the rural catchment.

The Pauatahanui Comprehensive Development
Plan proposed that a total of 27 .4 km2 (260/o of the
lnlet catchment area, according to Hutt County
Council 197O) be designated suitable for urban
development and so various sediment yields can be
calculated depending on the area in the earthworks
phase of urbanisation at any one time. For example, if
the whole 461 hectares in the Horokiwi catchment
was developed concurrently, an annual input of
306O tonnes, approximately 75o/o of the mean an-
nual yield from all of the catchments, would be pro-
duced (Table 9). The extent to which this str¡pped
condition influences sediment input to the lnlet ¡s de-
pendent on the occurrence of major events and, as
these are unpredictable, every effort to both restrict
development to manageable areas each construction
season and to ensure that these are adequately gras-
sed and drained prior to the onset of winter, should
be considered in the development plan. S¡lt traps

should be suitably sited and designed to achieve set-
tling of most of the finer sediments. lt is desirable that
entry structures and retent¡on times be such that
flushing during the larger events, as was observed at
the Browns Stream trap, is avoided. These measures
would be necessary to minimise significant changes
to stream channel morphology and sedimentation of
the lnlet embayments.

The ability of the lnlet to receive the extra sediment
loads produced by urban development and to remain
in its present 'healthy' state is largely dependent on
the flushing action of the tides. The fact that the
post-storm event flushing time of the lnlet coincides
with the lnlet residence time (Smith & McColl 1978)
indicates generally good flushing, as does the fact
that the two year study period which produced, with
no overall ill effects, an average annual yield 97% of
that wh¡ch would have been produced with 26% of
the lnlet developed during a mean annual year (Table

9). However, some local effects were observed in the
central lnlet/Browns Bay area where as a result of in-
tensive urban development, accumulation of sedi-
ments with a high silt content and less than 1Oolo

sand were recorded. The Browns Bay bed showed a

slight increase in clay content with the coarser grains
towards the lnlet shoreline (McDougall 1976) indi-
cating that the particle size of the sediments from a
developed catchment with eroding subsoil 175o/o claY
<O.OO2 mm) may not be as easily flushed due to
flocculation and settlement. A further explanation
could be the lack of circulating currents in the Browns
embayment allowing the settling of sediments in that
Bay.

Where catchments undergoing urban development
are discharging into embayments with low tidal flush-
ing, particular care is necessary to ensure adequate
erosion prevention measures are adopted.
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7. Effects of dsnestic wastewater disposal by land irrigation on groundwater
quality of the central Canterbury Plains ($1-00)
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J R Waugh 1978

1978Research and Survey annual review 1977

The problem of coastal erosion alonq the
New Zeal and ($1-50)
J G Gibb
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1980

20. New Zealand fìood study
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