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Abstract
A 1971-2000 average annual precipitation 
distribution has been prepared for the Lake 
Pukaki catchment using a combination of new 
and historical precipitation observations. The 
distribution was prepared using repeatable 
objective interpolation and is able to be 
updated as new precipitation observations 
are made. With inclusion of undercatch 
assessments, the distribution indicates over 
15 m of precipitation falls in the north west 
region of the catchment. The new distribution 
leads to a catchment-wide 1971-2000 mean 
annual precipitation of 3400 mm yr-1 which 
is within the error range of the water-balance 
derived precipitation estimate of 3600 +/- 
500 mm yr-1. A strong horizontal gradient of 
precipitation exists over the catchment, similar 
to, but not as steep, as a previous 1951-1980 
distribution estimate. The new observations 
with which this distribution was constrained 
in the upper catchment gave mean annual 
precipitation estimates in excess of any 
previous measurements made in an east coast 
New Zealand catchment, and are equivalent 
to the highest precipitation observations 
made anywhere in New Zealand.

Introduction
River gaugings have clearly identified that, by 
area, a disproportionate quantity of the South 
Island East Coast rivers water comes from 
their alpine head waters (Thompson and 
Adams, 1979). The difficulty and expense 

of undertaking precipitation observations 
in these remote regions has left large gaps in 
knowledge of the precipitation distribution 
there.

The Lake Pukaki catchment is an example 
of a South Island east coast catchment where 
the use of water is of national significance. 
Within the headwaters is Aoraki/Mt Cook 
National Park, one of the premiere tourist 
destinations within New Zealand, partly 
attributable to the extensive glacierization 
that may be directly related to the area’s 
combination of elevation and precipitation. 
Related to this tourism are skiing, climbing 
and hiking opportunities, themselves greatly 
affected by variations in the snow cover. Lake 
Pukaki itself, with 14.5 m of controllable 
head, is one of the largest single controllable 
water storages in New Zealand. The six 
electricity generating stations down stream 
from Lake Pukaki ensure that lake levels 
greatly affect electricity generation potential 
and are often cited as a reason for electricity 
price fluctuations (e.g. MED, 2003; Statistics 
NZ, 2009 ). Downstream of Lake Pukaki 
several irrigation schemes enable increased 
agricultural production critical to local 
economies with applications for consents for 
further extensive irrigation in process (e.g. 
ECAN, 2010a; 2010b; 2010c). 

An improved understanding of the 
precipitation regime that impacts on these 
industries may allow efficiency gains that 
would be felt throughout the New Zealand 
economy. This improved understanding may 
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Figure 1 – Lake Pukaki catchment location maps

be applied, for example, through improved 
resource assessment, hydrological forecasting 
or climate-change effect assessment.

This paper assesses available rainfall 
observations within the catchment to provide 
an improved description of its average annual 
distribution of precipitation.

The next section provides a description 
of the Lake Pukaki catchment. A review is 
then given of precipitation distributions 
previously described for the region. This is 
followed by a description of the precipitation 
data sources. Following this, the method used 
in preparing the 1971-2000 average annual 
precipitation totals together with undercatch 
assessments for each gauge site is described. 
The results are then presented including a 
description and outcome of the interpolation 
method used to prepare the precipitation 
distribution map. The difference between the 
resulting precipitation distribution and the 
1951-1980 average annual precipitation map 
(NZMS, 1985a) is then shown, providing an 

indication of the location and magnitude of 
differences. Lastly a summary and conclusion 
of this research is given.

Study site
The Lake Pukaki Catchment is situated near 
the centre of the South Island of New Zealand 
at 170° 10´ E, 43° 48´ S (Figure 1). The axis 
of the catchment runs roughly north-south 
with the north-western boundary on the main 
divide of the Southern Alps and the southern 
edge in the dry intermontane Mackenzie 
basin. The catchment area is 1359 km2 with 
a length of 79 km and a width of 22 km. The 
elevation of the catchment averages 1260 m, 
ranging from the lake level at 524 m up to 
3754 m, the height of Aoraki/Mt Cook, the 
highest peak in New Zealand.

The upper catchment contains 133 
glaciers, including New Zealand’s 1st, 2nd, 
6th and 7th largest glaciers (Chinn, 2001). 
Lake Pukaki itself covers an area of 168 km2 

(one eighth of the catchment area). It was 



363

originally formed behind a terminal moraine 
(Wallace, 2001) and has twice been raised, 
(1952 and 1978) for improved storage for 
hydro electric generation (Sheridan, 1995).

The climate of the catchment is primarily 
influenced by its position adjacent to and 
east of the main divide of the Southern Alps, 
which themselves lie astride the Southern 
Hemisphere westerly wind belt in a maritime 
setting. High precipitation created by 
spillover from the west dominates the north 
and western catchment with decreasing 
annual precipitation away from the divide. 
In contrast, the south and eastern regions 
of the catchment are characterised by high 
sunshine hours, and low rainfall (Ryan, 
1987). Temperatures vary throughout the 
catchment according to altitude, with the 
mountain tops remaining below zero degrees 
Celsius for the majority of the year. Snow can 
fall in the catchment at any time of the year 
but accumulation of snow from one storm 
to another is more common in the winter 
months from April until October. This 
climate has resulted in seasonal snow and 
perennial ice being important components of 
the catchment’s hydrology.

Precipitation distribution review
One of the earliest precipitation distribution 
estimations for the Southern Alps of New 
Zealand was the 1929 mean annual rainfall 
map, based on 1891-1925 observations 
(Kidson, 1929). On this map the highest, 
200 inch (5080 mm), isohyet runs along the 
head of the Lake Pukaki catchment, with 
the 30 inch (762 mm) isohyet in the vicinity 
of the lake itself. The highest precipitation 
area is shown to be west of the main divide 
in the Franz Josef névé region, but straddles 
the main divide 100 km further north east 
in the vicinity of Arthurs Pass (see Figure 
1 for locations within New Zealand). Such 
mean annual precipitation maps have been 
regularly prepared for the Southern Alps, 

each with a different subjective estimation 
of the precipitation distribution in the  
un-gauged high mountain regions. For 
example, the mean annual precipitation map 
based on the 1921-1950 rainfall normals as 
used by Anderton (1974) estimated most of 
the Tasman Glacier to receive over 7500 mm. 
The 1941-1970 mean annual precipitation 
map still had the zone of highest precipitation 
to the west of the main divide, but this time 
the maximum precipitation had been raised  
to 8000 mm (NZMS, 1975a). The 1951-
1980 mean annual precipitation map 
(NZMS, 1985a) has the 600 mm isohyet 
at the outlet from Lake Pukaki, while the 
main divide is at 9600 mm with the area 
to the west of the main divide near Aoraki/ 
Mt Cook estimated to receive over 12800 mm 
of mean annual precipitation.

In an endeavour to improve on the 
acknowledged lack of observation data in 
the Southern Alps, an intensive precipitation 
observation campaign in the Hokitika-Rakaia 
region was carried out in the late 1970s 
(Griffiths and McSaveney, 1983). This work 
proved the existence of a very high horizontal 
precipitation gradient, and very high average 
annual precipitation at the cross-mountain 
precipitation transect peak, relative to the 
rest of the world. These new data enabled an 
exponential relationship to be derived between 
eastern catchment mountain precipitation 
and the distance to the windward orographic 
barrier baseline (McSaveney et al., 1978). 
This was perhaps the first objective mountain 
precipitation estimation system employed for 
these catchments. This general relationship 
was verified for other eastward flowing 
catchments through analysis of over 50 years 
of stream runoff measurements (Thompson 
and Adams, 1979). 

In 1993 a coordinated effort to improve 
knowledge of the interaction of weather 
and climate with the Southern Alps was 
undertaken through the multi-agency 
Southern Alps Experiment (SALPEX) (Wratt 
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et al., 1996). One of the outcomes of this 
initiative, following analysis of rainfall data for 
four different cross-mountain transects along 
the Southern Alps (including the Hokitika-
Rakaia transect), was that the profile shape 
was similar at each transect, merely differing 
in magnitude (Henderson and Thompson, 
1999). The suggestion was made that the 
peak precipitation location is related to 
the position of the base of the windward 
mountain slope, and that the magnitude was 
related to the barrier crest elevation. 

Instead of using direct observations, Ruddell 
(1995) modelled mean annual precipitation 
at the long term equilibrium line altitude of 
glaciers in the South Island. This resulted in 
a map of the estimated average annual total 
precipitation (for 1961-1990) of the Southern 
Alps. He estimated 7000 mm of precipitation 
at the equilibrium line of the Tasman and 
Hooker Glaciers increasing to 9000 mm at 
the equilibrium line of glaciers immediately 
west of the main divide. At about the same 
time, Horrell (1990) prepared a map of the 
mean annual rainfall for the South Westland 
region of New Zealand using precipitation 
and stream flow observations. In this map 
the glaciated regions from Aoraki/Mt Cook 
Village to Franz Josef Glacier were omitted 
as the area was still considered an unknown 
(Horrell, pers. comm.), though proximal 
regions along the main divide to the south 
west were estimated at over 12000 mm.

This array of work indicates both the 
need and the uncertainty in estimating the 
precipitation distribution in the upper Lake 
Pukaki catchment.

Data Sources
A review of the literature led to a collation of 
all precipitation gauging efforts undertaken 
within the catchment as outlined in Table 1. 
Included are ten new gauges temporarily 
(2007-2008) installed in locations that 
were identified as likely to receive high-
precipitation but were previously un-sampled 

(Kerr 2009). Figure 2 provides an indication 
of when each gauge was operating while 
Figure 3 shows the location of each gauge. In 
total 59 precipitation gauges were identified 
for 51 sites, with data for 49 of these gauges 
at 42 sites located. Unfortunately no gauges 
were found to have been located nearby in 
adjacent catchments in the high precipitation 
regions.

Average annual precipitation 
total and undercatch assessment 
methods
Long term averages of precipitation measure-
ments provide an index of a location’s climate. 
This in turn can be used for comparison to 
other locations and other time periods or 
prediction of future conditions for planning 
and risk assessment (Guttman, 1989). To 
ensure international compatibility of long 
term averages the World Meteorological 
Organisation recommends the use of thirty-
year average annual precipitation totals, for 
which they gave the name “rainfall normal” 
(WMO, 1983). For intercomparisons with 
normals prepared in other regions, the 
thirty year period starts with the first year 
of a decade. Ideally the normals utilise data 
recorded from the entire thirty years under 
consideration. 

Thirty-year normals have been published 
for various Lake Pukaki catchment pre-
cipitation gauge sites as shown in Table 2.  
Where an entire thirty-year record is 
unavailable, an estimate of the normal may 
be generated. For example the normals 
calculated for the 1941-1970 period were 
allocated a quality rating from 1 to 5. A “1” 
indicates a complete good quality record from  
1941-1970, whereas a “5” indicated the 
normal was derived from correlation. 
Similarly for the 1951-1980 period, estimated 
normals were allocated a 1 to 6 quality rating 
based on the correlation coefficient to the 
reference station used where a “1” indicated 



365

Table 1 – Lake Pukaki catchment precipitation gauges. NB: A distinction is made between the source 
“NIWA 2008” which is the NIWA Climate database, available online to the general public, and 
“NIWA”, which indicates the data is available from NIWA through request. 

Name Index Type Start Finish Data source
Tasman Saddle  1 Tipping Bucket 19/01/2002 21/02/2002 (Cutler, 2002)
Malte Brun Hut  2 Recording gauge 02/06/1967 20/07/1970 (NIWA, 2008)
Tasman Glacier  3 Storage gauge 01/04/2006 01/04/2007 (Kerr, 2009)
Rudolph Glacier  4 Storage gauge 01/04/2006 01/04/2007 (Kerr, 2009)
De La Beche Hut  5 Storage gauge 01/04/2006 01/04/2007 (Kerr, 2009)
Rose Ridge  6 Tipping bucket 17/10/2002 17/10/2007 NIWA/Meridian
Murchison  7 Storage gauge 01/04/2006 01/04/2007 (Kerr, 2009)
Ball Hut  8 Recording gauge 23/08/1972 30/01/1979 (NIWA, 2008)
Ball Hut  8 Manual daily gauge 01/10/1932 31/10/1936 Not found
Ball Shelter  8 Storage gauge 01/04/2006 01/04/2007 (Kerr, 2009)
East Hooker  9 Storage gauge 01/04/2006 01/04/2007 (Kerr, 2009)
Hooker Hut 10 Recording gauge 09/02/1962 31/12/1966 NIWA
Hooker Hut-1 10 Storage gauge 23/04/1963 18/08/1968 NIWA
Hooker Hut-2 10 Storage gauge 23/04/1963 18/08/1968 NIWA
Hooker Hut 10 Storage gauge 20/10/1977 07/11/1983 NIWA
Tasman Gl. Snout 11 Tipping bucket 17/01/1995 20/03/1995 (Purdie, 1996)
Catriona Tarn 12 Storage gauge 19/01/1990 06/01/1994 (Halstead, 1994)
Stocking Stream 13 Storage gauge 23/03/1963 18/08/1968 NIWA
Stocking Stream 13 Storage gauge 02/05/1980 11/10/1983 NIWA
Stocking Stream 14 Storage gauge 01/04/2006 01/04/2007 (Kerr, 2009)
Pinnacle Stm 15 Storage gauge 11/03/1970 06/01/1994 (NIWA, 2008)
Mueller Glacier 16 Storage gauge 01/04/2006 01/04/2007 (Kerr, 2009)
Mueller Hut 17 Tipping Bucket 19/10/1995 22/10/1995 (Neale, 1996)
Littles Hut 18 Storage gauge 20/06/1966 06/01/1994 (NIWA, 2008)
The Hermitage 19 Manual daily gauge 02/06/1928 01/03/2000 (NIWA, 2008)
Mt Cook EWS 20 Tipping bucket 30/03/2000 Current (NIWA, 2008)
Mt Cook ECAN 20 Tipping bucket 26/11/1989 Current ECAN
Aoraki/Mt Cook 20 Storage gauge 01/04/2006 01/04/2007 (Kerr, 2009)
Hooker Rd Bridge 21 Tipping bucket 04/12/1993 Current NIWA/Meridian
Hooker Flat 22 Recording gauge 03/09/1960 01/03/1970 (NIWA, 2008)
Tasman Aero 23 Manual daily gauge 01/01/1974 01/04/1984 Not found
Jollie Stream 24 Storage gauge 01/04/2006 01/04/2007 (Kerr, 2009)
Bird Creek Hut 25 Storage gauge 20/06/1966 06/01/1994 (NIWA, 2008)
Mt Kea 26 Storage gauge 01/01/1970 06/01/1994 (Halstead, 1994)
Pyramid Bluff 27 Storage gauge 12/02/1970 06/01/1994 (NIWA, 2008)
Lower Kea 28 Storage gauge 06/05/1970 06/01/1994 (NIWA, 2008)
Lower Pyramid 29 Storage gauge 06/05/1970 06/01/1994 (NIWA, 2008)
Waterfall Basin 30 Storage gauge 19/01/1990 06/01/1994 (Halstead, 1994)
Birch Hill Airstrip 31 Storage gauge 01/01/1959 22/11/1991 (NIWA, 2008)
Parsons Saddle 32 Storage gauge 19/01/1990 06/01/1994 (Halstead, 1994)
Sealey Village 33 Manual daily gauge 04/04/1969 01/05/1972 (NIWA, 2008)
Devils Elbow1-7 34-40 Storage gauge 01/01/1963 01/01/1965 Not found
Golden Gully 41 Storage gauge 20/06/1966 06/01/1994 (NIWA, 2008)
Jollie Hut 42 Tipping bucket 09/08/1972 21/12/1999 (NIWA, 2008)

Twin Stream 43 Recording gauge 01/03/1966 31/12/1969
(Archer, 1970;  
Archer and Collett, 1970)

Glentanner 44 Manual daily gauge 04/05/1967 01/04/1970 (NIWA, 2008)
The Rest 45 Manual daily gauge 02/09/1959 01/04/1976 (NIWA, 2008)
Braemar Hut 46 Storage gauge 27/07/1970 06/01/1994 Not found
Braemar Station 47 Manual daily gauge 01/12/1913 Current (NIWA, 2008)
Guide Hill 48 Manual daily gauge 03/10/1976 01/03/2000 (NIWA, 2008)
Tasman Downs 49 Manual daily gauge 03/01/1977 Current (NIWA, 2008)
Lake Pukaki No 1 50 Manual daily gauge 03/11/1952 01/02/1972 (NIWA, 2008)
Lake Pukaki, 
M.W.D.

51 Auto daily rain gauge 03/09/1969 31/12/1984 (NIWA, 2008)
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Figure 2 – Time line of precipitation gauge operation within the Lake Pukaki catchment.
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Figure 3 – Locations of precipitation gauges that have operated or are operating within 
the catchment prior to this study. Site references are given in Table 1.
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a near complete record with 6 or less months 
of missing data, while a “6” indicated the 
normal was derived from relationships to 
reference stations with correlation coefficients 
of between 0.5 and 0.6.

Analysis of relationships between 
catchment gauge site data and data from 
the long-term gauge sites’ data found the 
highest correlations were most commonly 
with The Hermitage gauge site data. To 
ensure correlations were against a stable set 
of observations homogeneity tests of the 
Hermitage precipitation record were carried 
out following Rhoades and Salinger (1993). 
These found the thirty year period from 
1971-2000 to be free of catch-affecting 
site changes, so this period was selected for 
estimating a set of precipitation normals for 
all gauge sites within the catchment. 

Further homogeneity tests for all daily sites 
with longer than twenty five years of recording 
were carried out. This analysis showed that no 
major inhomogeneities existed in these other 
sites ensuring their suitability for preparation 
of precipitation normals. 

Where observations for the complete thirty 
year period were not available, or existed only 
outside the thirty year period, an estimation 
of the climate normal was prepared through 
consideration of statistical relationships 
between sites. 

Table 2 – Published precipitation normals (mm) for Lake Pukaki catchment sites.

Normal period

Site Index 1921-1950
1941-1970  
(quality)

1951-1980  
(quality)

1961-1990

The Hermitage 19 4387 4071(1) 3985(1) 4194
The Rest 45 1467(6)
Lake Pukaki no. 1 50 640 (3) 627(4)
Braemar 47 905(4) 854
Guide Hill 48 860
Birch Hill Airstrip 31 2118 (5)
Hooker Flat 22 3900 (3) 3877(2)
Lake Pukaki, MWD 51 673(5)

Sources (NZMS, 1966)
(NZMS, 1973; 
NZMS, 1975b)

(NZMS, 1985b)
(Tomlinson and 
Sanson, 1994)

Ideally for regression purposes the variable 
of interest will have a normal distribution. 
This may be considered the case for annual 
precipitation totals, but as the period 
length shortens to monthly, the distribution 
becomes increasingly skewed (WMO, 1983). 
Following Rhoades and Salinger (1993) an 
approximation to a normal distribution was 
made through using the logarithm of the 
monthly totals. 

For stations with monthly totals for at least 
five years (i.e. five Januaries, five Februaries 
etc, not necessarily the same five years), a 
comparison to monthly totals at nearby 
longer term sites for the same years was 
made, providing correlation coefficients for 
each month type. The nearby site with the 
highest mean monthly correlation coefficient 
was identified and regression equations 
established for each month type between the 
sites. This enabled the monthly total record 
to be extended to include those months at 
the correlated site. This process was repeated 
until either all month totals for the period of 
interest had been estimated or there were no 
further correlated sites from which to extend 
the record. Once all monthly totals for the 
period of interest had been obtained, the 
normal was simply the total rainfall for the 
period divided by 30. The significance of 
the correlation between sites depended upon 



369

the number of years being compared. The 
Student’s t statistic determined that for five 
samples (years), a correlation coefficient of  
r2 = 0.80 or better is required for there to be  
a probability of 0.95 that the correlation is 
not random. To be conservative only site 
pairs with five years or more in common and 
with r2 values greater than 0.8 were used to 
extend a record. The sites that had a mean 
annual average estimated for the 1971-2000 
period are shown in Table 3.

For sites with measurement periods of 
less than 5 years, or that operate as storage 
gauges, or for which no significant month 
type correlation could be determined, 
another approach was taken. For daily gauge 
sites with less than five years, the correlation 
may be determined from all monthly totals, 
not just the same month for each year as was 
done previously. This increases the sample 
size by a factor of twelve enabling a higher 
significance of correlations to be obtained. 

Table 3 – Long-term precipitation gauge sites and estimated annual average precipitation  
for 1971-2000.

Gauge Site Index

Estimated
average annual 
precipitation 

(mm)
Correlated sites used to 

complete the record Index r2

Number 
of 

months

The Hermitage 19 4346
Mt Cook-ECAN
Mt Cook-EWS
Hooker Rd Bridge

20
20
21

0.93
0.95
0.92

 17
  1
  2

Mt Cook-ECAN 20 4070
Mt Cook-EWS
The Hermitage
Hooker Rd Bridge

20
19
21

0.98
0.95
0.98

  1
244
  2

Mt Cook-EWS 20 3988
Mt Cook-ECAN
The Hermitage
Hooker Rd Bridge

20
19
21

0.98
0.95
0.98

105
244
  2

Hooker Rd. Bridge 21 2776 The Hermitage 19 0.83 280

Hooker Flat 22 4232 The Hermitage 19 0.87 340

Ball Hut  8 4321 Ball Hut 8 0.88 290

Jollie Hut 42 1312 Guide Hill 48 0.80  14

Braemar 47  855 Tasman Downs 49 0.85   9

Guide Hill 48  887 Braemar 47 0.83  70

Tasman Downs 49  882 Guide Hill 48 0.94   5

Lake Pukaki MWD 51  649 Tasman Downs 49 0.79 192

The disadvantage of this approach is that any 
seasonal variation in correlation is lost. For 
storage gauges, correlations of totals over the 
measurement periods may be obtained. In 
either case the number of months (for daily 
data), or measurement periods (for storage 
gauges) used to determine the correlation 
was kept to 5 and above, with r2 values high 
enough to maintain the level of significance 
above 0.95. Again, the log of the measurement 
period totals, rather than the totals themselves 
were used.

When a reference site was determined, the 
equation of the linear relationship between 
the log totals may be obtained along with the 
average length of the measurement period, as 
a fraction of a year. An estimate of the log of 
the precipitation total for the average period 
length at the site of interest may then be 
found using: 

 (1)
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Where
y = average precipitation total at the site of 

interest.
m = the slope of the regression line between 

measurement period log totals at the 
site of interest and the reference site.

x = average precipitation total at the 
reference site.

c = the offset of the regression line.
Af = the average measurement period as a 

fraction of a year.

The average annual precipitation total (y) 
may then be established using:

      
(2)

Correlations and derived annual average 
precipitation have been established for many 
of the short term and storage gauge sites as 
shown in Table 4. 

No significant correlation with any other 
sites was found for the Tasman Glacier Snout, 
Mueller Hut and Tasman Saddle sites. This is 
largely a result of the short period (less than 2 
months) of record from each of these sites. 

The record from The Rest had a significant 
correlation at the monthly level to the nearby 
Glentanner and Twin Stream gauges but a 
thirty year record was not able to be derived 
from the three stations. In this case the average 
annual precipitation was determined for the 
shorter period available for The Rest. In this 
situation the period for which measurements 
were available at The Rest are considered as 
representative of the 1971-2000 period. This 
extension of record loses the interannual 
variability that the correlation process allows, 
so has a major impact on the error of the final 
estimated normal (as shown later).

The Rose Ridge precipitation gauge 
site presents its own set of difficulties. The 
elevation of this site (1940 m) ensures that 
it regularly receives snowfalls and freezing 
conditions. To avoid the possibility of false 

precipitation records from snowfall, only 
summer and autumn months (December to 
April) were used to determine a correlation 
with another station. This limited the 
correlation period to just 15 months. 

Catriona Tarn, Waterfall Basin and Parsons 
Saddle are high elevation storage gauge sites 
from the Jollie catchment. Only three years of 
data has been obtained for these sites, which 
amounts to just eight measurement periods. 
No significant correlations were obtained 
between these sites and any other site. In 
this case, an average annual precipitation 
was estimated through determining the ratio 
of total recorded precipitation at the site of 
interest to the total recorded precipitation 
for the same period at nearby sites. This 
ratio was then applied to the average annual 
precipitation at the nearby sites, with the 
average of these values taken as the average 
annual precipitation value at the site of 
interest. This method makes the assumption 
that a correlation does exist between sites, but 
the small number of measurements prevents 
a significant correlation being determined. 
There is a possibility that the high and 
seasonally variable undercatch likely at these 
stations means that even with a longer record 
period no correlation in fact exists meaning 
that these values are indicative only.

No data have been obtained for Birch Hill 
Airstrip, Braemar Hut, Tasman Aero or any 
of the Devils Elbow gauges. A climate normal 
was published for Birch Hill Airstrip in the 
1941 - 1970 climate normals (see Table 2) 
so this has been used as an estimate, but 
for the other gauges no estimate has been 
determined.

Average annual precipitation 
error
The methods used to observe the precipitation 
and to calculate the 30 year average annual 
precipitation affect the error of the determined 
figure. For a site with a complete 30 years 
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Table 4 – Short-term and storage precipitation gauge sites and estimated annual average precipitation 
(AAP) for 1971-2000.

Gauge Site Index

Average 
annual 
precip. 
(mm) Correlated sites r2 Slope (m) Offset (c)

Avg. 
period 
(days)

Number 
of

periods

Tasman Saddle  1 None
Malte Brun Hut  2  5366 The Hermitage 0.66 0.832 0.15 30  21
Tasman  3  4478 Mt Cook EWS 0.86 1.06 -0.09 34   6
Rudolf  4 10904 Mt Cook EWS 0.59* 0.83 0.88 38   4
De La Beche  5  9985 Mt Cook EWS 0.91 0.86 0.76 37  10
Rose Ridge  6  4674 Mt Cook EWS 0.54 0.6 1.07 30  15
Murchison  7  2020 Mt Cook EWS 0.75* 1.15 -0.71 59   6
Ball Shelter  8  3674 Mt Cook EWS 0.97 1.04 -0.15 30  14
East Hooker  9  9051 Mt Cook EWS 0.86 1.03 0.28 34  13
Hooker Hut (recording) 10  6389 The Hermitage 0.86 0.86 0.52 30  55
Hooker Hut (Storage) 10  6760 The Hermitage 0.93 0.67 1.05 34  24
Hooker Hut (Storage 2) 10  6590 The Hermitage 0.91 0.66 1.06 35  25
Hooker Hut (Storage 3) 10  6738 The Hermitage 0.87 0.83 0.63 29  58
Tasman Glacier Snout 11 None
Catriona Tarn 12  2558*** None
Stocking St.  (Storage) 13  4633 The Hermitage 0.74 0.68 0.9 45  43
Stocking St. (Storage 2) 13  4651 The Hermitage 0.87 0.7 0.92 63  12
Stocking 14  4974 Mt Cook EWS 0.89 1.08 -0.11 32  15
Pinnacle Stream 15  2259 Jollie Hut 0.90 0.91 0.46 110  55
Mueller Glacier 16  7342 Mt Cook EWS 0.90 1.01 0.24 32  13
Mueller Hut 17 None
Littles Hut 18  1887 Jollie Hut 0.94 0.93 0.33 62 112
Aoraki/Mt Cook 20  3438 Mt Cook EWS 0.93 1.01 -0.08 32.6  13
Tasman Aero 23 No data n/a n/a n/a n/a n/a
Jollie 24  1593 Mt Cook EWS 0.83 1.38 -1.45 53   9
Bird Creek Hut 25  1591 Jollie Hut 0.88 0.85 0.42 46 165
Mt Kea 26  1955 Lower Kea 0.72 0.90 0.46 107  11
Pyramid Bluff 27  1945 Jollie Hut 0.93 0.86 0.52 94  67
Lower Kea 28  1745 Jollie Hut 0.88 0.92 0.34 96  75
Lower Pyramid 29  1994 Jollie Hut 0.92 0.88 0.48 93  73
Waterfall Basin 30  2403*** None
Birch Hill Airstrip 31  2118** No data
Parsons Saddle 32  2300*** None
Sealey Village 33  2215 The Hermitage 0.82 0.75 0.35 30  29
Devils Elbow1-7 34-40 No data
Golden Gully 41  1410 Jollie Hut 0.91 0.948 0.15 44 168
Twin Stream 43  1401 Glentanner 0.95 1.06 -0.15 31  16
Glentanner 44  1483 Guide Hill 0.67 0.87 0.47 31  11
The Rest 45  1107 Lake Puk. MWD 0.57 0.99 0.25 30  21
Braemar Hut 46 No data
Lake Pukaki No. 1 50   647 Lake Puk. MWD 0.96 0.94 0.1 30  28

* Not statistically significant at the 0.95 level
** Estimate from 1941–1970 normals (NZMS, 1975b)

*** Estimate based on average of ratios of total observed to total observed at nearby stations
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Similarly the variance of the log of the 
average monthly precipitation ( ) may be 
found:

 
(5)

Where
 are the variances of each esti-

mated log of the average month type pre-
cipitation.

The 95 % upper (+CL(0.95)) and lower 
(CL(0.95)) confidence limits for an average 
month may then be found by:

+ +  (6)

 (7)

Where
 = mean log of monthly pre-

cipitation.
The average annual precipitation error 

may then be determined from the difference 
between the confidence limits and the average 
monthly precipitation, and multiplying by 
twelve. Where the correlation was derived 
from variable length measurement periods (i.e. 
storage gauges) the variance of the thirty years 
of residuals is estimated from the variance of 
the residuals for all the measurement periods 
using equation 3 above. The confidence 
limits for an average measurement period 
may be determined using equation 6 and 7, 
and then these extended to an annual value 
by multiplying by the ratio

 30 years: measurement period length.
While this method provides an indication 

of the error of the determined total, it is 
based on the assumption that the residuals are 
normally distributed. Figure 4 shows a plot 
of the frequency distribution of the residuals 
between the log of monthly totals at Braemar 
Station and the estimated log of monthly 
totals derived from the correlation between 
Braemar and Guide Hill. The figure also 

of precipitation observations, there is no 
calculation error, but there is a random error 
from the precision of the measurement, and 
systematic errors through undercatch. The 
measurement precision may be considered 
to be +/- half the smallest scale division for 
each observation. As measurement error 
may be considered to be random, over many 
measurements it will largely cancel itself 
out. Where the normals were derived from 
correlations to nearby sites these derived 
values are an estimate only and so include an 
error, which in turn affects the overall error of 
the precipitation normal. It also needs to be 
remembered that the regression is based on 
the log of monthly totals, so the final error 
confidence limits in mm is 10 raised to the 
power of the log error limits. 

An estimate of the variance of the entire 
thirty year population of residuals (s 2) from 
the regression line may be estimated from 
the variance of the sample of known residuals 
from which the regression line was created 
using (Heyworth and Sealy, 1980):

 
(3)

Where
i = sample number.
N = number of samples. 
xi = the residual from the regression line for 

sample i.
x = mean of the residuals. 

The variance of the log of the average 
month type precipitation  may be 
found as follows:

 
(4)

Where
 are the variances of each estimated 

log of the monthly total for a specific month 
type.
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shows the normal distribution based on the 
mean and standard deviation of the residuals. 
Clearly the residuals are not a perfect fit to 
the normal distribution, but have a rightward 
skew. This would result in the estimated 
errors being less than they actually are. This 
result may be in part a result of the imperfect 
conversion of the monthly precipitation 
totals to a normal distribution by the log 
transformation (WMO, 1983), and may also 
be a result of using least squares regression 
when the independent variable is known to 
have error (Henderson et al., 2003).

the standard deviation of the annual totals. It 
is this value that is important for prediction 
of annual totals (under the assumption of 
no climate change). And again relies on the 
assumption that the annual precipitation 
totals are normally distributed random 
variables, which they are not, so again this is 
merely indicative.

An assessment of measurement error and 
undercatch has been prepared for each gauge 
and is shown in Table 5. For automatic sites, 
the measurement resolution was estimated 
from the instrument calibration. For the  
Mt Cook EWS and Hooker Rd Bridge 
sites, the gauges were calibrated within 3% 
(Fenwick, 2008). For the automatic gauges 
without a known calibration: the tipping 
bucket gauges were given an arbitrary 3% 
precision, while the automatic gauges at 
Hooker Hut, Malte Brun and Ball Hut were 
allocated an arbitrary 5% measurement 
precision. 

The undercatch at the different daily 
gauges was assessed as follows. The wetting 
undercatch is based on a loss of 0.1 mm per 
rain event (Austin, 1939), with, on average, 
one rain event assumed to occur per rain day. 
The wind induced undercatch was calculated 
for daily gauges following Yang et al. (1998) 
based on estimates of station wind speed 
and temperature. These values were taken 
from either The Hermitage, or the Mt Cook 
EWS sites, depending on which provided 
the greatest overlap with precipitation data. 
In either case the temperature was estimated 
at the sites using an elevation lapse rate of 
0.005° m-1 (Kerr, 2005). Orifice heights were 
assumed to be 300 mm above ground, except 
for the Ball Hut site, where the gauge frame 
is still on-site, with the top of the frame  
2 m above the ground. The Malte Brun and 
Hooker Hut daily gauges were likely to have 
orifice heights above 300 mm, but in both 
cases their measurement record was outside 
the period for which wind data was available 
(from 1972). The daily undercatch parametric 

Figure 4 – Distribution of residuals between a 
regression of the log of monthly precipitation 
totals at Braemar against the log of monthly 
totals at Guide Hill.

A second, possibly more important, 
assumption is that the residuals are a random 
variable. It is likely that relationships 
between gauge sites vary with long term 
climate fluctuations (e.g. Interdecadal Pacific 
Oscillation, El-Niño Southern Oscillation, 
longer term trends), so that if one month 
is estimated low, the likelihood of the next 
month being estimated low is increased. This 
means that the random error range is less 
than if this dependence was accounted for. 
The random error determined here provides 
a lower bound of the real error and enables a 
relative measure of error for each site.

The estimated error should not be 
confused with a measure of the variability of 
the annual precipitation total. This value is 
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Table 5 – Measurement, random, wetting and undercatch error leading to average annual precipitation 
(AAP) totals, with error ranges.

Gauge Site Index

Meas.
Error 
(%)

Random 
Error
 (%)

Wetting 
Error
 (%)

Under-
catch
(%)

Estimated 
observed 

average annual 
precipitation 

(mm)

Estimated 
true 

average annual 
precipitation 

(mm)

Malte Brun Hut  2 5.0* 0  1.7 0.3 16*  5400 +/- 400  6300 +/- 400
Tasman**  3 0.7 0  1.4 4 20  4700 +/- 300  5900 +/- 400
Rudolf**  4 0.90  0.04 4 20 12200 +/- 700 15200 +/- 900
De La Beche  5 0.4 0  1.2 4 20 10000 +/- 700 12400 +/- 800
Rose Ridge  6 300***  1.0 0.6 16*  4300 +/- 300  5000 +/- 400
Murchison  7 0.7 0  3.9 4 20  2300 +/- 200  2800 +/- 300
Ball Hut  8 5.0* 0  1.3 0.3 13.9  4300 +/- 300  4900 +/- 300
Ball Shelter  8 0.8 0  1.3 4 20  3900 +/- 300  4800 +/- 300
East Hooker  9 0.3 0  1.8 4 20  9000 +/- 600 11200 +/- 800
Hooker Hut 10 5.0* 0  1.1 2.0 14*  6400 +/- 400  7400 +/- 500
Hooker Hut 10 0.2 0  1.0 4* 14*  6500 +/- 100  7700 +/- 100
Hooker Hut 10 0.2 0  1.0 4* 14*  6500 +/- 100  7700 +/- 100
Hooker Hut 10 0.1 0  1.4 4* 14*  6900 +/- 100  8100 +/- 200
Catriona Tarn 12 0.05 3* 12*  2600 +/- 500*  3000 +/- 600*
Stocking Stream 13 0.2 0  1.6 4* 10*  4800 +/- 100  5500 +/- 100
Stocking Stream 13 0.1 0  1.7 4* 10*  5200 +/- 100  5900 +/- 100
Stocking 14 1.0 0  2.3 4 20  5100 +/- 400  6300 +/- 500
Pinnacle Stream 15 0.1 0  1.0 4* 10*  2250 +/- 90  2560 +/- 100
Mueller 16 0.4 0  1.1 4 20  7000 +/- 500  8700 +/- 600
Littles Hut 18 0.1 0  1.5 4* 19*  1870 +/- 90  2100 +/- 100
The Hermitage 19 0.2 0  0.3 0.4 18.0  4350 +/- 20  4720 +/- 20
Mt Cook-ECAN 20 3* 00  1.0 0.4 18.3  4000 +/- 200  4400 +/- 200
Mt Cook-EWS 20 3***  0.9 0.5 18.4  4000 +/- 200  4300 +/- 200
Aoraki 20 0.9 0  1.3 4 20  3500 +/- 300  4300 +/- 300
Hooker Rd. Br. 21 3***  1.0 0.6 18.4  2800 +/- 100  3000 +/- 100
Hooker Flat 22 1.8 0  1.3 0.4 18*  4200 +/- 200  4600 +/- 200
Jollie 24 1.1 0  2.8 4 20  1700 +/- 200  2100 +/- 200
Bird Creek Hut 25 0.1 0  1.8 4* 18*  1620 +/- 80  1810 +/- 90
Mt Kea 26 0.1 0  0.7 4* 11*  2000 +/- 100  2300 +/- 100
Pyramid Bluff 27 0.1 0  1.0 4* 10*  1960 +/- 80  2240 +/- 90
Lower Kea 28 0.1 0  1.1 4* 19*  1760 +/- 70  1990 +/- 80
Lower Pyramid 29 0.1 0  1.0 4* 19*  2030 +/- 80  2290 +/- 90
Waterfall Basin 30 0.05 3* 12*  2400 +/- 500*  2800 +/- 600*
Birch Hill Airstrip 31 No data 4* 19*  2120 +/- 20  2390 +/- 30
Parsons Saddle 32 0.05 3* 12*  2300 +/- 500*  2600 +/- 600*
Sealey Village 33 0.60  1.9 1.1 18.3  2310 +/- 70  2520 +/- 80
Golden Gully 41 0.10  1.5 4* 18*  1430 +/- 70  1540 +/- 70
Jollie Hut 42 3*  0.5 1.1 16.7  1320 +/- 40  1420 +/- 40
Twin Stream 43 0.30  0.5 0.7* 18*  1700 +/- 700  1900 +/- 700
Glentanner 44 0.70  1.7 0.7 18*  1800 +/- 600  1900 +/- 600
The Rest 45 0.30 44 0.6 16.9  1300 +/- 600  1400 +/- 600
Braemar Station 47 1.10  0.2 1.0 16.6   860 +/- 10   920 +/- 10
Guide Hill 48 1.30  0.7 1.4 16.8   890 +/- 30   970 +/- 30
Tasman Downs 49 1.20  0.5 1.3 16.6   890 +/- 50   960 +/- 50
Lake Pukaki No. 1 50 1.40  1.5 1.4 16*   650 +/- 90   700 +/- 90
Lake Pukaki MWD 51 1.50  1.3 1.5 16.3   660 +/- 70   710 +/- 70

*These values have been subjectively estimated.
**Indicative only as figures are derived from a non-significant correlation.
***These values are from calibration
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approach is not suitable for storage gauges as 
there is no daily assessment of precipitation. 
For these sites, undercatch was allocated 
subjectively based on nearby or similar sites 
accounting for the site elevation, average 
annual precipitation, and orifice height. 

For most of the storage gauges no 
evaporation estimate was made, as the 
standard technique for storage gauges is to 
add an anti-evaporation oil barrier to gauge 
contents. For the storage gauges installed 
by Kerr (2009) it was known that no anti-
evaporation oil was applied as it was found 
to affect the operation of the logger that was 
used. For these gauges the evaporation was 
combined with wind induced undercatch 
through comparison of the storage gauge 
observations at Aoraki/Mt Cook with the 
tipping bucket observations at the same site. 
The undercatch ratio determined (20 %) was 
then applied to all the Kerr storage gauges.

Interpolation
Production of an average annual precipitation 
map requires interpolation of precipitation 
normals from measurement sites to all sites 
within the region of interest. The average 
annual precipitation maps produced in New 
Zealand have used subjective analysis from 
climate experts to determine the values at non-
measured locations. Objective methods of 
spatial interpolation are commonly available 
on geographic information systems, though 
the selection of the objective method is still, 
itself subjective. The primary advantage of 
using an objective interpolation system is that 
it may be recreated enabling intercomparison 
of distributions (either through time and/
or space). Interpolation methods vary 
considerably requiring the considered 
selection of an appropriate technique. Two 
frequently used systems for precipitation map 
production are spline interpolation (e.g. Daly 
et al., 1994; Tait et al., 2006) and kriging 
(e.g. Kastelec and Kosmelj, 2002; Atkinson 
and Lloyd, 1998). 

Kriging has been used to prepare an isohyet 
map for the Lake Pukaki catchment based 
on the estimated average annual measured 
precipitation, and for the estimated average 
annual true precipitation. Ordinary kriging 
(where the mean of the precipitation field is 
assumed to be constant but unknown) was 
applied from within ArcGIS™ 9.2.  The 
output cell size was set to 1000 m with at least 
12 sample sites used to interpolate each point. 
A spherical model of the semivariogram was 
used with its parameters calculated internally 
by the application. The two isohyet maps 
are shown in Figure 5. The estimated true 
precipitation varies from 710 mm per year 
in the south eastern corner of the catchment 
to 13200 mm in the north west of the 
catchment. The precipitation distribution 
shows a striking gradient perpendicular to 
the main divide suggesting that the governing 
control on the precipitation distribution may 
be related to this major topographic feature. 
The very high precipitation in the elevated 
north west is based on the extrapolation of 
precipitation gradients from low elevation 
sites to the east. Personal observation of 
these regions indicate that this is reasonable, 
and may even be conservative. The average 
precipitation for the catchment as determined 
from these surfaces is 2913 mm and 3396 
mm for the estimated measured and true 
surfaces respectively.

The estimated average annual measured 
and true precipitation surfaces have been 
compared to the NZMS 1950-1981 normal 
map (NZMS, 1985a) Difference maps 
are shown in Figure 6. The estimated true 
surface is greater than the NZMS 1951-
1980 surface in the southern region of the 
catchment, but is less in the northern areas. 
It would be expected to have been greater 
in all areas, as the other surfaces are derived 
from measurements without any undercatch 
assessment.

The difference in the northern region 
highlights the uncertainty in this high 
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Figure 5 – Estimation of average annual precipitation as gauged (a) and adjusted for 
undercatch (b).

Figure 6 – Difference maps of estimated average annual precipitation less NZMS 
1951–1980 average annual precipitation surface, as gauged (a) and after adjustment 
for undercatch (b).
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precipitation region. The measured surface 
matches well to the NZMS 1951-1980 surface 
in the southern region of the catchment but 
has an even greater difference in the north. 
All comparisons show increased precipitation 
estimation for the mid-western region of the 
catchment compared to the NZMS 1951-80 
surface. This area is near the Twin Stream, 
The Rest and Glentanner average annual 
precipitation totals, values that would not 
have previously been used.

An alternative assessment of the catchment’s 
total precipitation may be made through the 
water-balance approach using:

P = Qs + Qg + Δ Ss + Δ Sl + ΔG + E (8)
Where:
P = precipitation
Qs = surface water flow
Qg = ground water flow
ΔSs = change in snow and ice water storage
ΔSl = change in lake storage
ΔG = change in groundwater storage
E =  evapotranspiration

For the 1971-2000 period, the average lake 
inflows (supplied by NIWA)  were 133 m3  s-1, 
equivalent to 3100 ± 200 mm (assuming 
6% accuracy) depth of water over the entire 
catchment every year. Ground water flow was 
considered negligible following McKerchar 
et al. (1996). An assessment of ice loss and 
lake growth based on comparison of repeat 
mapping between 1978 and 2000 led to a 

loss of ice equivalent to 100 ± 100 mm depth 
of water over the entire catchment each year, 
and a gain of lake volume equivalent to  
1.0 ± 0.3 mm depth of water over the entire 
catchment each year (Kerr 2009). Changes 
in ground water storage were considered 
negligible over the 1971-2000 period while 
evapotranspiration losses from the catchment 
are estimated as 600 ± 200 mm yr-1 (Kerr 
2009). This leads to a water-balanced based 
catchment precipitation of 3600 ± 500 mm. 
Table 6 compares this value to that obtained 
from various precipitation distribution 
estimates. This indicates that the distribution 
based on the gauged observations without 
undercatch assessment is too low, while 
Anderton’s assessment (Anderton 1974) 
may be too high, though this was prepared 
for a different period (1921-1950) than that 
from which the water balance assessment was 
derived.

Discussion
The estimated average annual true pre-
cipitation in the north west of the 
catchment indicates the region is an extreme 
precipitation area. Equivalent precipitation 
has been observed 80 km to the north east in 
the Cropp Basin (Griffiths and McSaveney, 
1983) and 200 km to the south west in 
Milford Sound (Henderson and Thompson, 
1999). Both of these locations are considered 
to be the highest precipitation in their local 

Table 6 – Mean annual precipitation totals as estimated by various distributions compared to a water-
balance assessment.

Precipitation distribution
Average annual precipitation 

estimate (mm yr-1)

1971–2000 water balance 3600 ± 500 

1971–2000 precipitation distribution as gauged 2913

1971–2000 precipitation distribution including undercatch assessment 3396

1951–1980 (NZMS 1985a) 4018

1959–1970 (Thompson and Adams 1979) 3466

1921–1950 (Anderton 1974) 4275
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region, and were both west of the main 
divide. There is no indication from the 
data gathered from within the Lake Pukaki 
catchment as to the location of the cross-
mountain precipitation peak. Empirical 
estimation of the precipitation peak in the 
region by Griffiths and McSaveney (1983) 
suggested a value of 16 000  mm near the 
main divide. This very high value was based 
on the main divide near Aoraki/Mt Cook 
being the first barrier to the predominant 
westerlies, and it being particularly high 
(relative to other Southern Alps barriers). 
In most other regions of the Southern Alps, 
mountain ridges windward of the main divide 
act as initial orographic barriers prior to an 
air mass reaching the main divide. It is also 
not always the case that the main divide is 
the highest barrier an air mass will meet as it 
passes over the Southern Alps. This identifies 
two characteristics of the Lake Pukaki 
catchment unique to a leeward catchment; 
the north west edge of the catchment is very 
high (relative to New Zealand elevations) 
and the north west edge of the catchment is 
the highest point on the initial orographic 
barrier to the predominant westerly flow. The 
precipitation distribution used as input to a 
glaciological model of the Franz Josef Glacier, 
immediately to the west of the catchment, 
suggests a precipitation peak considerably to 
the west of the divide, with the precipitation 
dropping to the leeward (Anderson, 2004). 
Such a regime is in line with that which has 
been observed elsewhere in the Southern  
Alps (Henderson and Thompson, 1999). 
The average annual precipitation estimated 
by Anderson (2004) at the north west edge of  
the Lake Pukaki catchment is less than 
5000 mm, considerably less than the 
10000 mm to 12000 mm estimated here. 
This discrepancy may be accounted for by 
the possibility of a dual peak in the cross 
mountain average annual precipitation in this 
region, with a second peak close to, or just 
to the lee of, the main divide. Precipitation 

gauging in the region immediately to the 
west of the Lake Pukaki catchment would 
help clarify what the distribution really is, 
and provides direction for future work.   
Modelling of orographic processes on 
idealised mountain forms raises the possibility 
of a dual peak in a precipitation transect with 
one peak to windward of the orographic 
barrier and a second peak close to or even 
leeward of the orographic barrier (Sarker, 
1966; Zängl, 2005; Zängl, 2008). Such a 
regime requires a precise combination of 
topography and atmospheric profile that may 
occur in the Aoraki/Mt Cook region. A dual 
peak average annual precipitation transect 
may also occur through the combination 
of two different single peak distributions. 
Analysis of individual storms has found that 
the cross mountain precipitation peak moves 
as conditions change (Sinclair et al., 1997), 
so that it may be that the cross mountain 
precipitation distribution is bi-modal. 
Application of high resolution precipitation 
models to the area, with validation from new 
gauging, as mentioned earlier, would assist in 
limiting the speculation of the cross-mountain 
precipitation distribution and is considered 
another valuable direction for future work.

Internationally the magnitude of the 
precipitation and the precipitation gradient 
are both very high. If measured in Europe, 
Australia or North America, the De La 
Beche and Hooker precipitation gauge sites 
would set new records (WMO, 2008). The 
estimated average annual precipitation in the 
north west of the catchment is the equivalent 
to the highest recorded in Africa and not far 
short of the highest recorded in Asia and 
South America (WMO, 2008). 

The horizontal precipitation gradient in the 
north west areas of the catchment are estimated 
at over 1000 mm km-1. Equivalent gradients 
are estimated for the central Southern Alps 
in the NZMS 1951 -1980 surface (NZMS, 
1985a), either side of the precipitation peak 
in the Hokitika-Rakaia transect (McSaveney 
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et al., 1978) and along the lower Franz Josef 
Glacier region (10 km to windward of the 
main divide of the Southern Alps) (Anderson, 
2004). Even higher gradients (~ 1200 mm 
km-1) are estimated within the Cropp Basin 
(Griffiths and McSaveney, 1983). This shows 
that while the gradients are high, they are not 
unprecedented, at least within the Southern 
Alps of New Zealand. The generally lower 
precipitation of North America and Europe 
makes these extreme precipitation gradients 
highly unlikely with precipitation gradients 
estimated at 316 mm km-1 in the Olympic 
Peninsula (Daly and Taylor, 2000), 350 mm 
km-1 in the Seymour River near Vancouver 
(Loukas and Quick, 1996) and a maximum 
of 685 mm km-1 in the Swiss Alps from 
published 1961-1990 precipitation normals 
(MeteoSwiss, 2005).  More extreme 
precipitation gradients have been observed 
on the San Rafael Glacier on the windward 
side of the Northern Patagonian Icefield with 
1500 mm km-1 (Fujiyoshi et al., 1987) and 
2080 mm km-1 near the summit of Koolau, 
a leeward mountain range on the island of 
Oahu in Hawaii (Mink, 1960). As is the 
case with the precipitation magnitude, the 
precipitation gradient is globally high, but 
not extreme. 

Conclusion
Recorded observations from forty nine of 
the known fifty nine precipitation gauges 
that have operated at fifty one different sites 
within the Lake Pukaki catchment have been 
obtained. This included ten new gauges at 
eight new sites. Where possible a 1971-2000 
precipitation normal has been generated 
for these sites. This has involved estimation 
of precipitation for periods when no record 
is available. This estimation was enabled 
through significant correlation to nearby sites 
with records that extended into the missing 
periods. For daily records correlations were 
based on monthly totals, for storage gauges, 
correlations were based on measurement 

periods. Precipitation normals ranged from 
652 mm at the outlet of Lake Pukaki, to 
15000 mm in the north-west of the catch-
ment. The use of correlations has introduced 
extra error into the determined normals. 
This error has been statistically determined 
and ranges from 0.3% for The Hermitage 
(which was missing 20 months from the 360 
required) to 3.9% for Murchison (which had 
just 5 observation periods). Measurement 
errors were determined for each site. These 
ranged from 5% at recording sites through to 
0.05% at infrequently visited storage gauge 
sites. Estimates of undercatch have been 
prepared for all sites. This estimate has largely 
been subjective through the consideration of 
gauge orifice heights, snow fraction of the 
gauge catch, and gauge exposure to wind. 
Where possible, wind and temperature data 
have been used to assist with estimation of 
wind-induced undercatch at sites with daily 
data. Values between 6% (at the Lake Pukaki 
outlet) through to 16% (half way up the 
Tasman Glacier) were estimated. Wetting 
errors were subjectively estimated based on 
likely precipitation frequency and depth of the 
gauge. Values as high as 4% were estimated 
for the 2 m high gauges located in the drier 
regions of the catchment. Total undercatch 
was estimated as high as 18% for a 2 m high 
storage gauge in an area with a significant 
proportion of frozen precipitation and high 
total precipitation. The highest error estimate 
(measurement plus random) was for the site 
with uncalibrated automatic measurement 
and no record within the 1971-2000 period.

Two 1971-2000 average annual pre-
cipitation surfaces have been prepared for the 
catchment based on all estimated normals. 
One map is of measurement totals and 
one is for true totals (which accounts for 
undercatch). The interpolated surfaces show a 
strong south-east to north-west trend with the 
precipitation gradient increasing as the north-
west side of the catchment is approached. This 
is in agreement with previously established 
average annual precipitation surfaces of 
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the catchment. The high precipitation 
estimates determined in the north-west of 
the catchment are in conflict with modelled 
precipitation immediately to the west of 
the catchment. This disparity questions the 
application of a general Southern Alps cross–
mountain precipitation profile to the Aoraki/
Mt Cook region. A dual peak profile may 
explain this disparity.  

The precipitation magnitudes estimated 
within the catchment are equivalent to 
high precipitation regions elsewhere in 
New Zealand and approach the magnitudes 
determined in notably high precipitation 
regions of the world. The horizontal 
precipitation gradient is also very high. Few 
high density precipitation gauging networks 
return similar gradients. Other than in 
New Zealand, equivalent values have been 
determined in Hawaii and Patagonia, both 
extreme precipitation locations.

The new gauge measurements have 
provided extension of an observation -based 
precipitation surface for the Lake Pukaki 
catchment. The measurements and surface 
confirm the upper catchment as being 
a high precipitation region with a steep 
horizontal precipitation gradient away from 
the orographic barrier. Consideration of 
undercatch at gauge sites presents a similar 
precipitation distribution structure within 
the catchment with proportionally elevated 
values throughout. In the northwest of the 
catchment this leads to an estimated extra 
2000 mm of precipitation, a significant 
quantity, even considering the small area it 
applies to. The estimated true precipitation 
surface should prove a valuable resource for 
hydrological and glaciological applications 
within the catchment.
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