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This chapter is the first of four on hydrological aspects of the physical environment. 
An introduction is provided to the concept of the hydrological system, including the 

transfer of water between the main storage components of the oceans, atmosphere, 
and land-based features such as lakes, snow, and ice. A systematic discussion is then 
provided, starting with the origins and nature of precipitation, and then moving to the 

main land-based storage components of snow, ice, and water. 

The hydrological cycle 

Water is an important part of the physical environment, acting as a life-sustaining ele

ment for the biosphere, as well as an agent of erosion and surface weathering. It also 
plays an important part in the energetics of the atmosphere, with the process of con
densation during cloud formation causing the add ition of heat to the air, and moist air 

being less dense than dry air. The change in phase of water between solid, liquid, and 
gaseous states involves significant transfers of energy, while the growth of ice can exert 
strong pressures on natural materials. 

The way in which water moves through the environment is generally represented 

conceptually using a schematic illustration of the hydrological cycle (Figure 9.1). This 
notion provides an indication of the main flow paths and storage components in the 
Earth-atmosphere system, from which the concept of water budgets can be devel
oped. Water budgets can be applied at any scale from a point on the Earth's surface to 
the globe as a whole. As shown in Chapter 10, they are most commonly applied to the 

basic hydrological unit-the catchment, which represents the spatial unit for which 
the gain or loss of water is calculated. Catchments can vary in size from a few to many 
thousands of square kilometres, and these are then amalgamated if global totals are to 

be computed. 
The results of some computations of water transfers over land and ocean are 

shown in Table 9.1. Because of the greater area of ocean, volumes of precipitation and 
evaporation are much larger, although they are also larger when considered for a con

stant area and expressed in terms of millimetres of water. Note also that the volumet
ric excess of evaporation over precipitation for the ocean is approx imately equal to 



Figure 9.1 
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Schematic illustration of the hydrological cycle. (Sturman & Tapper 1996) 

both the total runoff from the land and the excess of precipitation over evaporation 

over the land. S light discrepancies arise from errors in measurement or estimation. 

Table 9.2 shows the water held in storage on a global basis. It is clear from this 

that the vast proportion of all water is in the oceans and that an a lmost equally large 

proportion of the total fresh water is stored as ice. A lmost a ll of this is in the ice caps 

of Antarctica and Greenland , as other snow and ice bod ies amount to only 1 % of the 

total. Most of the remaining fresh water is in groundwater, with lakes and soil moisture 

combined making up less than 1 % of the total. The table also shows the turnover, or 

average residence time of water in the different stores, which can be determined from 

the total volume and the flow of water through the store. Water spends long periods of 

time in the oceans and glacial stores, but cycles rapidly through the atmosphere about 

once every 10 days on average. 

Global water budgets. 

Ocean Land 

Precipitation (km3 yr- I) 385000 111000 
(mm yr- I) 1069 828 

Evaporation (km3 yr- I) 425000 72000 
(mm yr-I) 1181 537 

Runoff to ocean from 

Rivers (km3 yr- I) 27000 
Groundwatel- (km3yr- l) 12000 
Glacial meltwatel- (km3 yr- I) 2500 
Total I-unoff (km3 yr- I) 41500 

(mm yr- I) 3 10 

Jones 1997 
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Table 9.2 

Table 9.3 

Storage of water on the globe 

Store Storage Area Per cent Per cent Turnover 
(103 krn 3

) (10' krn') total fresh water (years) 

Oceans 1350000 360 97.4 0 3000 
Ice caps/glaciers 27 500 16 1.98 85.9 8000-15000 
All land waters 8477.8 134 0.61 
Groundwater 8200 0.59 13.5 >5000 deep 

<330 active 
Inland seas 105 0.008 
Lakes 100 0.007 0.313 10 
Soil moisture 70 0.005 0.2 19 0.Q38--O.96 
Rivers 1.7 0.0001 0.005 0.Q38 
Biota 1.1 0.0001 0.003 0.077 
Atmosphere 13 5 10 0.001 0.04 0.027 
Global total 1385990.8 
Freshwater total 32000 2.4 

Jones 1997 

Similar calculations have been carried out for New Zealand by Toebes (1972). As 
shown in Table 9.3, his figures also include changes in storage. These may arise from 
errors in measurement and estimation, or may be real changes (e.g. through depletion 

of groundwater or loss of permanent snow and ice) . The gross figures expressed on a 
unit-area basis (i.e. in mm Yl-l) suggest that New Zealand is well supplied with both 
precipitation and runoff when compared with world averages. While this suggests that 

water resources may be plentiful, allowance must be made for variability of supply and 
demand in time and space. 

Water balance estimates for New Zealand. 

North Island South Island New Zealand 

Area ( 103 km') 114.7 150.5 265.2 
Precipitation (km 3 yr- I

) 188.7 357.4 546. 1 
(mm yr- ') 1645 2375 2059 

Evaporation (km 3 yr- I
) 72.6 82.2 158.8 

(mm yr- I
) 633 573 599 

Runoff (km 3 yr- I
) 120.7 272.1 392.8 

(mm yr- I
) 1052 1808 1481 

Storage change (km 3 yr- I
) -4.6 --0.9 -5.5 

(mm yr- I
) -40 -6 -2 1 

Toebes 1972 

The estimates that Toebes (1972) made of total storage amounts and residence 
time are shown in Table 9.4. As discussed later in this chapter, some of these have 
since been refined, but the basic pattern is similar. Compared with the global picture, 

ice and snow are less important because of the mid-latitude location and lack of large 
ice caps, while groundwater is equally if not more significant, and lakes playa propor
tionally greater role in water storage. 
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Water storage and turnover in New Zealand. 

Volume (km 3
) Equiv. depth per Turnover 

area covered (mm) (years) (days) 

Ephemeral snow 7.7 (max) 102 0.006 2 

Permanent snow and ice 50 58800 101 

Interception storage 1.8 (max) 7* 0.009 3 

Lakes 405 132500 177** 

Channel storage 13.3 50* 0.033 I I 

Soil moisture 13.2 50* 0.083 30 

Groundwater (basefiow) 1392 5250* 7.9 

Deep groundwater 265 1000* 

Biological storage 0.27 1* 0.00 17 6 

* Applied to the total land ar'ea 
** Assuming no mixing 
Toebes 1972 

This chapter is concerned with input (precipitation) and initial storage (ice- and 
snow-fields, and lakes) components of the hydrological cycle (see Figure 9.1). Water 

transport and exchange processes (including evaporation, runoff, and rivers), and 
downstream storage components (such as groundwater and the oceans) are dealt with 
in other chapters. Although the role of glaciers as long- term stores of water is dis

cussed here, their function as landscaping tools is also described in Chapter 15. 

Precipitation 

Precipitation can be defined as water that falls from the sky, in either a liquid (rain) or 
solid (snow and hail) form. It therefore represents the initial input of water to a catch
ment, so that its characteristics are very important to other components of the physi
cal environment and their associated processes. More specifically, the quantity and 

intensity of precipitat ion has a major impact on such environmental components as 
plant growth, so il development, surface erosion and weathering, river flows , flooding, 
and rates of atmospheric heating and cooling. Hence it has an influence on both the 
physical and human environments by controlling such things as what plants can be 

grown where and the significance of environmental hazards. 

Broad controls of precipitation 

Precipitation is the result of processes that operate at the synoptic, meso- and 
microscales. Synoptic and mesoscale lifting of air is required to cause the air to cool 
adiabatically (owing to the reduction of pressure with height), resulting in condensa
tion and the formation of precipitation-producing cloud. Synoptic-scale processes are 
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represented by weather systems, which therefore provide the background context in 
which the precipitation-generating microphysical processes can operate. Weather sys
tems such as cyclones or depressions that enhance upward motion of air frequently 

produce precipitation, as described in Chapter S. However, there is significant 
mesoscale structure within such weather systems, so that quite complex patterns of 
precipitation can result (see Chapter 6). The interaction of these weather systems 
with the terrain makes the distribution of precipitation even more heterogeneous. 

The main forms of precipitation are often categorised as convective, orographic, and 
frontal/cyclonic, depending on the synoptic and mesoscale processes responsible for 

generating rising motion, and subsequent cloud and precipitation development. The 
role of synopt ic and mesoscale processes in precipitation development was briefly 
introduced in Chapters 5 and 6 but will be elaborated here . 

Convective precipitation 

Convective precipitation is caused by vertical motion due to buoyancy effects associ

ated with unstable atmospheric conditions. Convection is frequently associated with 
small parcels of air that rise through the atmosphere, separated by areas of descending 
motion. The precipitation produced is therefore often scattered unevenly across the 

landscape, although the effects of the underlying terrain and mesoscale structure 
within synoptic weather systems may both result in more organised precipitation dis
tribution. For example, solar heating of north-facing slopes in New Zealand can 
enhance rising motion, while convective cells often coagulate into clusters that are 

unrelated to surface features. The process of convection may be defined as forced or 
free, depending on whether an initial trigger is required or not. Convection may be 

forced by a variety of triggers when the atmosphere is conditionally unstable. The lat
ter situation occurs when an air mass is basically stable but contains sufficient poten
tial energy so that a small amount of initial lifting can result in parcels becoming 
buoyant and rising freely. This initial lifting can be provided by convergence due to 

such things as surface frictional effects and local winds (Figure 9.2). Coastlines are 

Figure 9.2 Idealised representation of the role of sea-breeze convergence over Auckland in' the generation of 
convection and precipitation. (Sturman & McGowan 1999) 
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therefore frequently assoc ia ted with convergence, as are ridge lines where rising 
upslope winds converge. 

As will be described later, a sign ificant amount of lifting is required to produce 
precipitation in any quantity, because of the time required for the microphysical 
processes to operate. It is generally the case that the deeper the convection, the more 

likely the development of precipitation and the greater the quantity produced. In New 
Zealand the terrain plays an important role in generating uplift of air, as described in 
the following section. However, it may also be associated with the destabilisation of 

cold air masses as they move northwards across warmer land and ocean sUlfaces, as well 
as the development of convection due to solar heating of the ground during summer. 

Orographic precipitation 

Dynamic lifting is the major cause of orographic precipitation. It may be the sole 

mechanism for uplift of air, or may provide the trigger for release of conditional insta
bility, as already discussed . It is therefore a process that may operate alone or may com
bine with cyclonic/frontal lifting or convection to enhance the amount of 

precipitation produced. The collision of an air current with a mountain range there
fore causes air to rise on the windward side, wh ile it tends to descend to the lee. The 
pattern of rising and descending motion has a direct impact on the distribution of pre
cipitation, resulting in a greater quantity falling on the upstream side compared with 

the lee. An explanation for orographic enhancement of precipitat ion on the upstream 
side is provided by the seeder/feeder mechanism (Figure 9.3 ). This is described as the 
lifting of moist air on the upstream side of mountains to produce a feeder cloud. The 

continued arrival of warm, moist air on the upstream side leads to coalescence of con
densed droplets to form rain. A higher-level cloud may occur as the result of larger
scale vertical motion, and the precipitation from this seeder cloud may fall into the 
lower-level feeder cloud. The resulting coalescence of water droplets in the feeder 

cloud is said to enhance rainfall production. 
The Southern A lps of New Zealand provide a classic example of the impact of 

mountains on precipitation distribution. The prevailing westerlies of this region are 
forced upward by the mountains, resulting in the highest rainfalls being recorded on 
the higher slopes on the western side (Figure 9.4). There is a sharp west-east rainfall 
gradient across the Main Divide, with annual rainfall immediately upwind being more 

than 10000 mm, dropping to less than 600 mm over the coastal plains to the east. 

(b) 

, , , 
, Seeder rain ' , , 

_ Moist .,....-'..;.."...._.,-...
low·level 
_ flow ' 

Pre·existing seeder cloud 

, , , , 
surface rain' , , surface rain " 
upwind of hill , , at hill crest 

The seederlfeeder mechanism of orographic rainfall production. (After Browning 1979) 
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Figure 9.4 Distribution of annual precipitation across the Southern Alps of New Zealand. (After Griffiths & 
McSaveney 1983) 

Frontal/cyclonic precipitation 

100 
SE 

Frontal and cyclonic precipitation is the result of the combination of both instability 
and dynamic lifting. As described in Chapter 5, cyclonic weather systems are associ

ated with rising motion over extensive areas, although this tends not to be uniform. 
For example, in mid-latitude depressions rising motion is accentuated along frontal 
zones where warm and cold air masses meet, as well as in the centre of low-pressure 
regions (Figure 9.5). The rainfall distribution produced by these weather systems 

therefore depends very much on their mesoscale structure and how that structure 
interacts with the underlying terrain they move across. Tropical cyclones are more 
symmetric in their structure, but even they have spiralling arms of enhanced convec

tion. 

Trough 

Figure 9.5 Typical distribution of precipitation (dense shading) associated with developing cyclonic weather 
systems. The dotted area represents cloud distribution. The core of the mid-tropospheric flow is' indicated by the 
shaded arrow (from Sturman and Tapper 1996). 
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Precipitation-forming processes 

G iven background conditions that produce sufficient lifting of air, microphys ical 

processes are ultimately responsible for the creation of prec ipitation. Raindrops and 
ice crystals grow within clouds as a resu lt of complex interactions among such vari
ables as atmospheric temperature and moisture content. The operation of these 

processes is not completely understood , although laboratory and field measurement 
programmes have revealed much about how precipita tion is formed. 

Condensation 

When the relative humidity exceeds 100% and the air becomes supersaturated, 
aerosols act as nuclei on to which moisture can condense. These aerosols are a neces
sary requirement of the condensation process , and include such natural and artificial 
sources as po llutants from combustion, pollen , dust, and sea sa lt. The size of these par

t icles range fro m 10-4 jJm to tens of micrometres. The condensation process is made 
more complicated by chemical reactions that can occur between the particles, liquids, 
and gases suspended in the atmosphere. For example, hygroscopic nuclei can induce 

condensation when the relative humidi ty is less than 100%, or before the air is satu
rated relative to pure water. A droplet formed in this way may be composed of a solu
t ion that has a lower saturation-vapour pressure than pure water, resulting in the 
solute effect . This is the growth of droplets when the air is below, but close to , satura

tion re lative to water. T his drop let may grow to a size when it becomes so d ilu te that it 
has a similar saturation point to water, and, because the air is not satura ted relative to 
water, moisture is evaporated back into the a ir and the droplet size is reduced. The 
equilibrium size of the droplet increases as the relative humidity approaches 100%, as 
indicated by curve AB in Figure 9.6. 

99 -

I 
0.1 

c 

I 
0.5 1 5 

Droplet rad ius (mm) 

Figure 9.6 C loud dro plet growth as a result of t he solute and curvature effects. AB represents droplet growth 
via the solute effect, CD via the curvature effect, and EF a combination of the two. (Sturman & Tapper 1996) 
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Table 9.S 

The curvature effect a lso controls droplet growth as air approaches saturation. 

This is the effect of the curved nature of the surface of small droplets, which acts to 
resist further addition of moisture. Water is more easily absorbed by plane water sur
faces. The reduction in curvature as a droplet grows means that this resistance is 

reduced. Air must therefore become supersaturated for droplets of pure water to grow, 
while as droplets increase in size the supersaturation required for further growth is 

reduced. This process is illustrated by the curve C D in Figure 9.6. 
The two curves AB and CD in Figure 9.6 represent the changes in size of droplets 

as they approach saturation, when they are composed of a relatively strong salt solu
tion (10-17 kg of sodium chloride in a droplet of given radius) and pure water respec

tively. Droplets of intermediate solution may be influenced by both effects, resulting 
in a droplet-size change similar to EF (Figure 9.6). In this latter case, the droplet starts 
to grow when the air is unsaturated, but grows most rapidly when the a ir becomes 

supersaturated. Once its size approaches 5 !-lln, the requirement for supersaturation is 
much reduced. 

Therefore condensation starts to occur on hygroscopic nuclei as an air mass is 

lifted and cooled so that its temperature approaches dew point. At this stage, relative 
humidity is generally between 90 and 100%. However, significant growth in droplet 
size only occurs when further cooling causes supersaturation, although the degree of 
supersaturation required is reduced as the droplets grow. The two processes described 

above result in the production of cloud droplets of about 10 j.lm in radius. This is about 
a tenth the size required for precipita tion. 

Precipitation formation 

Precipitation can only occur when water droplets within a cloud have grown to a 
sufficient size that they fall towards the ground under the influence of gravity. As 

they fall they experience evaporation, and therefore need to be sufficiently la rge that 
they are not totally removed before reaching the surface. The evaporation rate during 
descent depends on drop size, which determines fall velocity. The relationship 

between drop size and fall velocity is given in Table 9.5. 

Rain and cloud droplet sizes and associated fall velocities. 

Drop type 

Large raindrop 
Small I"aindrop 
Fine rain 
Drizzle 
Large cloud drop 
Medium cloud drop 
Small cloud drop 
Incipient drop 
Large nucleus 

After Preston-W hyte & Tyson 1988 

Diameter (pm) 

5000 
1000 
500 
200 
100 
50 
10 
2 
I 

Fall velocity (m s-I) 

8.9 
4.0 
2.8 
1.5 
0.3 
0.076 
0.003 
0.00012 
0.00004 
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Turbulence is greater around larger drops, so that when they become bigger than 
4 mm they start to break up. Estimates of the fa ll distance achievable by drops of d if
fering size suggest that droplets smaller than 60 }..1m in diameter will evaporate within 

less than a metre, although a suffic iently large raindrop should be capable of falling 
through the depth of the troposphere without evaporat ing. However, a key question is 
how cloud droplets grow to become raindrops, particularly within the time frame 

observed in nature. 
Knowledge of the processes of prec ipitation formation is incomplete , although it 

is obvious that some form of selective growth of drop lets is required. As d iscussed ear
lier, hygroscopic nuclei grow preferentially, so that developing cloud contains a range 
of droplet sizes. The two generally accepted theories used to explain the growth of 

cloud droplets to form rain are based on , first, collision and coalescence within warm 
clouds (with temperatures greater than O°C), and second, the formation of ice crys tals 
in cold clouds (0 to -40°C). The fonner theory is based on the fact that larger droplets 

should fall fas ter than smaller ones, resulting in collision and coalescence. The larger 
drop absorbs smaller droplets that it collides with , but also coalesces with droplets 
drawn into its wake (Figure 9.7). This process is sa id to cause droplets to grow at a rate 
proportional to the square of the droplet rad ius, which is enough to explain observed 

growth in warm clouds. 

0 0 

0 0 

0 0. .0 

° ljO 0 

0 

0 

~ 0 0 

o 

0 0 
0 0 0 

0 0 0 

Figure 9.7 Schematic illustration of the collision and coalescence theory of raindrop growth.The large arrows 
indicate the motion of air re lative to the fa lling droplet. (Stu rman & Tapper 1996) 

The second theory relates to clouds with temperatures between 0 and -40°C that 

contain both supercooled water droplets and ice crystals. A water droplet will only 
freeze when an ice embryo of a critical size has developed, and this is less likely with 
pure water. Some particles in the air can act as preferential freezing nucle i, so that cold 
clouds are generally a mixture of water and ice. Once ice crys tals have formed, they 

grow by sublimation (water transfer direct from vapour), through coll ision with other 
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T=-10°C 
e= 2.8 hPa 

(a) 

ice crystals, and by collision with water droplets (riming). In the first case, when the 

temperature of air falls below O°C so that it is saturated with respect to water, it 
becomes supersaturated with respect to ice. For example, air at -20°C that is saturated 

with respect to water (relative humidity of 100%), is supersaturated with respect to ice 
(relative humidity of 122%). Because the vapour pressure gradient is greater between 
air and ice, the ice crystals often grow at the expense of the droplets, through the 

process of sublimation. Figure 9.8a provides an illustration of this process. The droplet 
and ice crystal are suspended in a cloud at a temperature of -10°C and a vapour pres
sure of 2.8 hPa, so that the air is not saturated with respect to water (97%), but is 

supersaturated with respect to ice (108%). There is therefore a moisture gradient from 
the water to the air and from the air to the ice, so that the ice crystal will grow at the 

expense of the water droplet. 
Once ice crystals start to form they may develop into a variety of shapes, includ

ing plates, stars, needles, and columns. They also vary in size, so that their speed of 
descent is similarly variable. This, together with turbulent motions within the cloud, 

leads to collisions and aggregation of ice crystals when they are relatively warm (i.e. 
above about -SOC). The more complex the ice crystals, the more likely they are to 
become entangled while the warmer conditions allow refreezing to lock them together 

(Figure 9.8b). 
Riming, the third process that can lead to precipitation formation, occurs in 

clouds comprised of a mixture of water droplets and ice crystals. Collisions between 
them result in water droplets freezing onto the ice crystals (Figure 9.8c). The continu

ation of this process causes the ice crystals to lose their shape and so become graupel, 
or soft hail, and eventually hail. The layered structure of hail stones is caused by 
repeated ascent and descent within the cloud, with the clear layers forming when they 

are coated with water, while opaque layers are caused by direct adsorption of ice crys

tals owing to collisions. 
As mentioned above, droplets and ice crystals can remain within a cloud and 

remain suspended until their size is too great for the convective motions to keep them 
from falling to the ground as precipitation. This precipitation can fall as snow during 
subzero temperatures, and rain when temperatures are higher, although this is not a 

clear discrimination because snow can fall with air temperatures slightly above zero. 

Dendrites Needles 

(b) (c) 

figure 9.8 The main mechanisms for ice crystal growth in cold clouds: (a) sublimation, 
(b) aggregation through collision of ice crystals, (c) riming through collision of water droplets with ice crystals. 
(Sturman & Tapper 1996) 

o 
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Similarly, hail can occur at much greater air temperatures, owing to its significant 

mass. 
In summary, for clouds to produce precipitation, if they are warm (above O°C) 

they must contain a lot of water droplets that are available to coalesce. They should 

also be deep and contain sign ificant turbulence, which increases the probabili ty of 
collisions as we ll as the like lihood of temperatures be ing in the range of 0 to -40°c. 
The latter is important for enhanced ice-crystal growth, as mentioned above. Also, 

the longer the clouds remain, the longer the time availab le for these collision and 
aggregation processes to operate. These cloud-environment factors are controlled by 

the synopt ic and mesoscale processes discussed earlier in this chapter. However, the 
mid-latitude location of New Zealand ensures that most deep-cloud development 
results in a mixture of ice particles and water droplets, a situation ideal for precipita

tion development. Seasonali ty in the thermal regime results in a drop in the freezing 
level during winter, when snow falls on higher terra in, and occasionally also to lower 
levels. During summer the enhancement of convective lifting due to surface heating 

can result in intense rainfall , and sometimes thunder and hail, part icu larly when 
combined with dynamic effects. 

Patterns of precipitation in New Zealand 

Precipitation is a major input to other environmental components, including glaciers, 

lakes , runoff and rivers, groundwater, oceans, and biologica l systems. Its temporal 
characteristics can have a significant effect on processes that operate within these 
components, and, of course, to human activity. C limatologists derive precipitation 

totals, averages and their variab ili ty from data co llected da ily, monthly, and yearly. 
These data provide the basis for evaluating the significance of drought periods and 
their likely occurrence in particu lar areas. Duration and intensity are also obtained for 

shorter time periods and provide the basis for such applicat ions as flood prediction, 
either on a day-to-day basis or for long- term planning. 

Precipitation varies spat ially and temporally across New Zealand, depending on 
the predominant synoptic and mesoscale processes. Freely available moisture from the 

surrounding oceans means that precipitation is a common feature of most regions of 
the country. However, there is significant spatial variability as a result of the interac

t ion of synoptic weather systems with topography. The size and orientation of the 
mountain ranges with respect to the prevailing westerly winds ensures that the west
ern side of the mountains of both islands are significantly wetter than the eastern 

coasta l regions. However, the smaller-scale complexity of the terrain produces distinct 
local variations of precipitation, many of which are too small to be picked up by the 
ex isting rain-gauge network. 

The annual rainfall distribution shows values between about 400 and 11 000 mm 
(Figure 9.9). The western slopes of the Southern Alps receive the highest values, 
while the driest areas are in Central Otago, an area surrounded by mountain ranges. 
The peak values occur on the upper slopes along the western side of the Main Divide, 

at around 1500 m above sea level. The influence of terrain is therefore clearly ev ident 
from the rainfall d istr ibution over both main islands. The degree of inter-annual 
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Figure 9.9 
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(Left) Distribution of average annual rainfall over New Zealand. (After Tomlinson 1992) 

Figure 9.10 (Right) Spatial pattern of the coefficient of variation (%) of annual rainfall over New Zealand. (After 
Tomlinson 1992) 

variability can be illustrated using the coefficient of variation, as shown in Figure 9.10, 
with the mountains and east coasts of both islands experiencing the greatest variation 
in rainfall from year to year. Seasonal variabi lity is not strong over major sections of 
the country, although some areas have a slightly higher peak in winter (such as coastal 

North Island). This is illustrated in Figure 9.11. 
When shorter period variation in precipitation is examined, few parts of the 

country experience a particularly strong diurnal signal. Where it does occur, it is often 
related to summertime development of convection within a humid a ir mass, owing to 
slope heating and sea breezes. The most intense rainfall is often associated with the 

southwest of the South Island, where cyclonic weather systems embedded in the 
prevailing westerlies experience enhanced lifting by the Southern A lps. However, 
other parts of New Zealand may also encounter intense rainfall during strong, short

duration convective storms or the occurrence of tropical cyclones moving southward 
from the western central Pacific, particularly where the terrain prov ides additional 
uplift. Hail may be associated with deep convection, occurring particularly a t higher 
altitudes and in the co lder southern parts of the country. Attempts to identify hail 

belts, or regions particu larly susceptible to hail damage, have not produced conclus ive 
results. At the intermediate time sca le, the movement of weather systems across the 
region can become locked into a weekly cycle, which has a predictable effect on the 

occurrence of precipitation. 
Drought is also a frequent occurrence in many parts of the country, particu larly 

along the east coasts of both islands. However, it may also affect the west coast of the 
South Island, as well as the intermontane region. For example, drought condit ions in 
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Figure 9.11 The distribution of seasons of maximum and (b) minimum rainfall over New Zealand. Summer (Su): 
DeclJan/Feb;Autumn (A): Marl Apr/May; Winter (W): June/Julyl Aug; Spring (Sp): Sept/Oct/Nov. Areas with more than 
30 and 35% of total rainfall in the season of maximum are indicated by shading. along with those less than 15 and 
25% of total rainfall in the season of minimum. Areas of no clear maximum or minimum are labelled Var. (After 
Tomlinson 1992) 

the hydro catchments led to a national electricity shortage in 1992 and 200l. The 

major controls of these regional drought periods appear to be larger-scale changes in 
the atmospheric c irculation of this section of the Southern Hemisphere. For example, 
the change in phase of the Southern Oscillation (described in C hapter 8) is said to 

cause a switch in the general flow of air across the country, between anomalously fre
quent northeasterlies (La Nina) and southwesterlies (EI Nino). The effect of the dif
ferent air masses and their interaction with the terrain causes distinctly different 

patterns of precipitation anomalies over New Zealand. It is expected that the west and 
south of the country will experience higher precipitation during EI Nino events, while 
the north and east have higher values during La N ina. It is thought that the frequent 

occurrence of EI Nino events during the 1980s and 1990s has resulted in glacier 
growth in South Westland as a result of these patterns. 

Water storage in the environment 

As mentioned above, water storage is a major component of the hydrological cycle, 

with the major types of storage being atmospheric water, seasonal snow, glaciers and 
ice sheets, lakes, interception/storage by vegetation, soi l water, groundwater, and 
water in the oceans. Water storage has an obvious influence on rates of evaporation 
and runoff, as well as on such biological processes as transpiration and p lant growth. 



166 The Hydrological Environment 

Obvious economic app lications of water storage include domestic supplies, industrial 
processes and hydro power. The significance of water storage can, at t imes, become 

critical, such as during the 1992 hydroelectricity shortage in New Zealand and the 
occasional shortages of water in Auckland. A range of techniques has therefore been 

developed to monitor ex ist ing water storage and predict future changes over the short 
to medium term (months to years). These include direct measurement of precipitation 
and lake inflows, as well as the application of water budget models. 

Storage of water as glaciers and snow cover 

There is significant interest in the amount of water stored as glac iers and snow cover 

in the mountains of New Zealand because it has both local implications for generation 
of hydroelectricity and recognised links between snow and ice volumes and sea level 
at the global scale. It is therefore important to monitor and interpret both short and 

long term changes that occur. The volume of perennial snow and ice in the Southern 
A lps is currently estimated to be at least 60 kmJ . Most of this is concentrated in the 
central part of the A lps, with the largest glacier having an area of 101 km2 and a 

length of 29 km. In winter, snow covers about 35% of the South Island, but retreats to 
less than 5% in summer. Seasonal snow accounts for 11 % of the annual runoff in the 
large hydro basins, and 40% in spring. However, it is relatively more important for 

small, higher-e levation basins. 
Of the more than 3000 glaciers in the Southern Alps, the largest is the Tasman in 

the Mount Cook region (Figure 9.12). Rising to about 2700 m on the eastern slope of 

the Main Divide, it has a length of 29 km and a width of 1 km, with a terminus at 700 
m. Other important glaciers on the eastern slope are the Murchison (length 17 km), 
the Mueller (13 km), the God ley (13 km), and the Hooker (11 km). Most of the 
perennial snow and ice stored in the glaciers of the Alps is concentrated in the Wait

aki catchment (Table 9.6). By far the greatest vo lume of ice is located in the Pukaki 
basin, a tributary of the Waitaki River, which has 39% of the New Zealand total, 
mainly owing to the large contribution made by the Tasman Glacier. The eastern 

basins account for 57% of the volume of perennial snow and ice, compared with 43% 
west of the Main Divide. 

Under present climatic conditions the eastern glaciers are releasing water from 

long-term storage in excess of the input from snowfall. The quantities of water derived 
from this depletion of storage make significant contr ibutions to the flow of the Wait
aki and several other eastern rivers. If the estimated average net balance for the Tas

man Glacier of about 1 m water loss over the whole surface area is assumed to apply to 
all glaciers in the Lake Pukaki basin, then the mean annual contribution of water from 
long-term storage in these glaciers is about 190 x 106 mJ . If this meltwater is released 
from January to March, the contribution is equivalent to a mean flow of 24 mJ s- l and 

represents about 10% of the inflow to the lake for this period. The contribution is 
greater in dry summers, and is especially important for the Waitaki River, because its 
eight hydroelectric power stations have a combined generating capacity of over 1700 
MW. This is 40% of New Zealand's total installed hydro capacity, and more than a 

quarter of the total generating plant, including thermal power stations. 
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Table 9.6 Area and volume of South Island glaciers, reported by catchment. 

East coast basins West coast basins 
Basin Glacier area Glacier volume Basin Glacier area Glacier volume 

(km') (kmJ) (kmJ) (kmJ) 

Waitaki Cook 
Lake Pukaki 186.9 24.58 Fox 41.7 5.27 
Lake Tekapo 43.1 2.58 Others 12.9 0.93 
Lake Ohau 20.7 0,71 Cook total 54,6 6.20 
Waitaki total 250.7 27,87 

Clutha 
Lake Wakatipu 38.1 2,22 Waiho 57,8 5.61 
Lake Wanaka 32.5 1.32 Arawata 57,9 3.82 
Lake Hawea 4.2 0,12 Whataroa 47.7 3.28 
Others 2.9 0.12 Karangal-ua 34,6 1.68 
Clutha total 77.7 3.78 Wanganui 39,2 2, 11 

Waiatoto 27,1 1.51 
Rakaia 43.6 2,26 Haast-Landsborough 30.4 106 
Rangitata 39.4 1.59 Hollyford 11.6 0.41 
Ashburton 4.2 0,20 Milford Sound 7.7 0.33 
Waimakariri 4.3 0,11 Paringa 6.1 0,24 

Hokitika 5.9 0,18 
Waitaha 4.5 0,13 
Cascade 2.9 0,11 
Turnbull 1.4 0.06 
Mahitahi 1.9 0.04 

East coast total 419.9 35,8 1 West coast total 389,6 26.77 

Anderton 1973 

The mass balance concept has been applied to the study of growth and depletion 
of glaciers throughout the world and is a way of representing estimated changes in ice 
volume and therefore the 'health' of a glacier. A positive mass balance is associated 
with thickening and advance of glaciers, while glaciers experiencing a negative mass 
balance are wasting away and retreating. Figure 15.3 shows in general terms how this 
works, though changes of glacier thickness and terminus position depend on the 

nature of the glacier. In historical times, the West Coast glaciers with large accumula
tion areas and steep ablation zones in narrow valleys tend to respond by advancing 
and retreating, while the large, low-angle glaciers east of the Main Divide have 
responded by downwasting and formation of terminal lakes. Mass balance fluctuations 

of glaciers in the Southern Alps are due to atmospheric circulation changes linked 
with large-scale centres of action in the Pacific. These are the size of the subtropical 
anticyclones often located over Australia in the winter accumulation season; the lati

tude of the subtropical high to the north of New Zealand in the summer ab lation sea
son; and the strength and persistence of the westerlies over the South Island. Changes 
in mass balance of glaciers in the Southern Alps are often associated with anomalous 
airflow directions. Positive balances are associated with anomalous south to southwest 

flow, whereas negative balances are assoc iated with enhanced north to northeast flow. 
Extremes phases of the Southern Oscillation are also linked to fluctuations in glacier 
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Figure 9.12 Distribution of glaciers and seasonal snow cover in New Zealand. (After Fitzharris et al. 1992) 

mass balance of the Southern Alps through their effect on precipitation, as mentioned 
earlier. Many El Nino events are concurrent with positive mass balance, whereas La 
Nina events are frequently coincident with a negative mass balance. Current knowl

edge suggests that atmospheric circulation patterns exert a strong control on equilib
rium-line altitudes, and hence mass balance, of glaciers of the Southern A lps. 

The winter elevation of the snowline is highly variable but averages 1000 m in 
the south and 1400 m in the north, which means that towards the end of winter snow 
usually covers 53000 km2 (35%) of the South Island (Figure 9.12). Seasonal snow 
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accumulation exceeds 4000 mm water equivalent near the Main Divide but is gener
ally less than 1000 mm in the eastern mountains (Chinn 1969; Fitzharris 1979). By 

the end of summer the snowline retreats to elevations of between 1500 m and 2200 m, 
which marks the perennial snow margin. The influence of snow and ice melt on the 
annual runoff regime for three rivers influenced to varying degrees by snow and ice 

melt is shown in Figure 9.13. 

(a) 20 
::: Hooker River mean flow 19 rn3 S·1 
0 

:;:: 

iii 
:::> 
c 
1ii 10 
c 
<1l 
Q) 

:2 
:;,g 
0 

0 
J F M A M J J A S 0 N D 

(b) 20 
::: Manuherikia River mean flow 15 m3 S·1 
0 

:;:: 

iii 
:::> 
c 
1ii 10 
c 
<1l 
Q) 

:2 
:;,g 
0 

0 
J F M A M J J A 0 N 

(c) 20 
::: Motu River mean flow 89 rn3 S·1 
0 

:;:: 

iii 
:::> 
c 
1ii 10 
c 
<1l 
Q) 

:2 
:;,g 
0 

0 
M A J J A 0 N 

Figure 9.13 Influence of snow and ice on the annual runoff regime for three rivers: snow- and ice-melt influence 
on the Hooker River near the Main Divide; (b) seasonal snowmelt influence on the Manuherikia River in Central 
Otago; (c) no snow or ice influence shown by the Motu River, eastern North Island. (After Fitzharris et al. 1992) 

If all the river basins that supply inflow to hydro storage lakes are lumped together 

to form an integrated catchment of area 26000 km2, long-term estimates of its water 
balance indicate that seasonal snow storage is equivalent to 450 mm (11 %) of mean 
annual runoff. This represents about two-thirds of controlled lake storage. The role of 

snow is more important for small basins at high elevation. For example, in the Fraser 
basin of Central Otago (area 120 km2

), snow storage is equivalent to 33% of mean 
annual runoff and exerts a strong influence on its seasonal flow regime. Thus the 
October (spring) flow is 2.8 times the annual mean, while that in July (winter) is only 

0.4 times the mean. 
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Unfortunately, there are only three snow courses in New Zealand with sufficiently 

long records to estimate mean annual variability in seasonal snow storage. At Alans 
Basin, at an elevation of 1750 m in the Craigieburn Range (Figure 9.12), peak snow 

accumulation varied between 230 mm and 1030 mm over a 12-year period, with a 
standard deviation of 240 mm and coefficient of variation of 44%. The record is 

shown in Figure 9.14. An 18-year record of snowpack variations at elevations above 
1300 m in the Two Thumb Range showed a coefficient of variation of 52% (Chinn 
1981). Snow accumulation has also been estimated in the Fraser Basin of Central 

Otago over 17 winters (Harrison 1986). The driest winter had a 40% lower water 
equivalent and produced 55% less runoff than the winter with the heaviest snow 
cover. These snow courses are in low-precipitation areas but demonstrate that sea

sonal snow storage, and hence its contribution to runoff, has a wide natural range. 
From analysis of lake inflows over a 50-year period, fluctuations in snow storage have 
accounted for about 40% of the variations in spring runoff, whereas fluctuations in 

spring precipitation have accounted for the remaining 60%. To place this in context, 
spring runoff averages 800 ±500 mm, or about a third of the annual value. 

With so few snow courses, alternative methods have been developed to estimate 

the quantity of seasonal snow during winter and its subsequent contribution to melt
water. This generally involves a variety of methods, including modelling, indexing, 
satellite imagery, and remote weather stations. Computer models are used to simulate 
the snowline and the snow wedge, using daily temperature and precipitation measured 

at climate stations in mountain valleys. Snowmelt runoff models based on those 
developed in Europe have also been applied to a few rivers in the Southern Alps (e.g. 
spring runoff at Camp Stream in the Craigie burn Range, and in the Fraser Basin, Cen

tral Otago). Rather than estimating the absolute amount of seasonal snow storage, its 
size relative to the long-term mean value can be indexed from daily temperature and 

precipitation data from low-elevation climate stations located on both sides of the 
Southern Alps. A daily or weekly index represents the relative size of seasonal snow 
storage, and performs much the same function as the Dow Jones Index for indexing 
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Figure 9.14 Snow water equivalent observations at Alans Basin in the Craigieburn Range. (After Moore & 
Prowse I 988) 
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the state of the stock market. Data can be expressed as deviations from normal tem
perature and precipitation for that time of year, and weighted according to how well 
they represent the South Island hydro basins. The index can be monitored as the win

ter progresses to provide an up-to-date assessment of the relative state of seasonal 
snow storage. 

Lakes 

Hydrological significance and (ormation 

As shown in Table 9.4, lakes represent a significant proportion of storage in New 

Zealand's water budget. However, water moves through lake systems relatively slowly, 
taking on average almost 200 years for replacement, so lake water is much more vul
nerable to human activities throughout a lake's catchment (Spigel & Viner 1992). 
The morphometric properties of lakes, such as volume, depth, and other characteris

tics, reflect processes of formation as shown in Table 9.7, while the location of these 
and other lakes is shown in Figure 9.15. 

Characteristics of selected New Zealand lakes. 

Lake Type Area Max. length Max. depth Volume Mean depth 
(km') (km) (m) (km3

) (m) 

North Island 
Atiamuri D 1.7 4.7 28.5 0.Q2 11 .6 
Horowhenua W 3.8 3.3 1.8 0.005 1.3 
Okataina V 10.8 6.2 78.5 0.48 44.0 
Rotol'ua V 78.8 12.1 44.5 0.80 10.0 
Taupo V 622.6 40.5 162.8 61.02 88.0 
Wairarapa R 80.7 12.1 2.5 0.12 1.5 
Waikaremoana L 55.7 16.0 248.0 
South Island 
Te Anau G 347.5 60 4 17 45.87 132 
Ellesmere B 242 26.3 2.7 5.08 2.1 
Ohau G 53.8 16.8 128 4.02 74.5 
Rotoroa G 21.4 15.3 121 2.07 86.5 
Mahinerangi D 18.6 21.5 31.2 0.12 6.2 
Waitaki D 6.2 7.2 21.4 0.04 6.4 
Wakatipu G 283 75.2 380 61.56 2 10. 1 

v = volcanic.W = windblown sand (dunes), R = riverine, G = glacial, B = barrier. D = artificial dam, 
L = landslide 

Spigel and Viner 1992; Lowe and Green 1987 
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As Figure 9.15 and Table 9.7 suggest, some lake types are characteristic of certain 
areas, with almost all volcanic lakes in the North Island and a majority of the glac ial 
lakes (particularly the larger ones) in the South Island. Artificially impounded lakes 
used for hydroelectricity or water supply purposes are much more widespread, while 
barrier lakes and lakes formed by windblown material are most common in coastal 
locations. 
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Figure 9.15 Location of lakes shown in Table 9.7 and other lakes for which bathymetric information is available. 
(Modified from Spigel & Viner 1992) 

Water balance of lakes 

C hanges in lake storage and the fac tors that influence it can be calculated if informa
tion on the following flows is obtained (see also Figure 9.16): 

• 
• 

~n-river inflows 

~w.in-groundwate r inflows 



• 
• 
• 
• 
• 

~w,ollt-groundwater outflows 
P-precipitation on the lake 
E-evaporation fro m the lake 

~ro-surface water runoff 

~Ilt-r iver outflow. 
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Most lakes have only one outflow, located at the lowest po int of the lake basin. 
Those lakes with one or more outflows are referred to as open basins. However, it is 
possible, especia lly in arid, semi-arid , or karst regions for there to be no outflows (a 

closed basin). The change in lake storage can be computed from change in the lake 
level (shown as ~ZS in Figure 9.16). For closed basins such changes may be consider

able, whereas lake level varies much less for natural open basins. However, the level of 
many New Zealand lakes that are used for hydroelectricity, urban water supply, or irri
gation is managed at outlet dams, allowing control of the timing of water resource use. 

In some lakes, measuring water level may be complicated by wind effects on surface 
elevation causing rises and falls of level (seiches) over periods of 20 to 60 minutes. 

For lake catchments with relatively porous bedrock, the groundwater losses and 
ga ins may be quite sign ificant. For example, at Lake Rotoiti, near Rotorua in the 

North Island, the permeable bedrock means that groundwater fl ows are likely contrib 
utors to the water balance (Spigel 1989). On the other hand, est imation of the rela
tive importance of snow- and ice-melt compared with precipitation for inflows into 

Lakes Tekapo and Pukaki in the South Island have assumed no groundwater loss or 
gain because of the impermeable nature of the glacial tills and lake silts that encom
pass the lake basins (McGowan & Sturman 1996a). 

Figure 9.16 Lake water balance components. (After Spigel & Viner 1992) 
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Precipitation on the lake surface can be approximated using measurements from 
land-based stations. Evaporation from the lake must also be taken into account, either 
by using information from evaporation pan measurements or by applying formulae 

that provide estimates of evaporation using meteorological measurements such as tem
perature, solar rad iation, and wind speed. Evaporation is likely to be particularly 
important in arid and semi-arid areas where all. oasis effect arising from dry air moving 
across the lake surface accentuates the amount of evaporation occurring. However, 

because of its relatively humid climate, there has been little interest in lake evapora
tion studies in New Zealand (Spigel & Viner 1992). 

Summary 

This chapter focused on two important aspects of the hydrological cycle: precipitation 
processes and water storage. After a description of the hydrologi~a l cycle, which 
included information on global water budgets, the chapter discussed precipitation 

processes. The controls on precipitation were outlined and then the different types of 
precipitation (convective, orographic, and frontal) were discussed. While the forma
tion processes of precipitation are not completely understood, the current theories 

were outlined and all. analysis of the spatial and temporal patterns of precipitation in 
New Zealand was provided. This showed strong spatial variability as a result of the 
interaction of synoptic weather systems with topography, but weaker seasonal variabil
ity over major sections of the country. The remainder of the chapter discussed some of 

the major types of water storage, including glaciers , snow cover and lakes, which have 
considerable significance for Zealand because of the country's dependence upon the 
generation of hydroelectricity. 

Further reading 
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Sturman, A.P. & Tapper, N.]. 1996, The Weather and Climate of Australia and New 

Zealand, Oxford University Press, Melbourne. 


	The Physical Environment_Frontmatter.pdf
	Rights
	Pages from The Physical Environment_basics-6.pdf

	Chapter 9_The Physical Environment



