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The climate system 

C limate variation in the New Zealand and Southwest Pacific region is very much a 

subset of climate variation within the global climate system. The climate in any place 
over a particular time period is determined by processes within the Earth- atmosphere 

system, as well as ex ternal components. Those regarded as external to the system 
include the Sun and its so lar output, the Sun-Earth geometry, and the Earth's slowly 
changing orbit around the Sun. These features determine the mean climate, which 

may vary owing to natural causes within the climate system. The Earth absorbs radia
tion from the Sun, main ly at the surface . This energy is then red istributed by the 
c irculation of the atmosphere and ocean and radiated to space at longer wave lengths , 

as described in C hapter 4. O n average, for the ent ire globe, the incoming solar energy 
is balanced by outgoing terrestrial radiation. Any factor that alters the quantity of 

rad iation received from the Sun or lost to space , or alters the redistribution of energy 
within the Earth-atmosphere system, can effect climate. Therefore, change in the 
energy available to the climate system is essentially a rad iative forcing. 

Within the Earth-atmosphere system there are processes and interactions of spe

cific sectors that vary. These include the atmosphere, the hydrosphere (oceans, rivers, 
and lakes), the cryosphere (snow and ice) , and the land surface, including the bios
phere. The main component that can vary within the atmosphere is its gaseous com

position, be it the main gases such as oxygen or nitrogen, or the trace gases such as 
carbon dioxide and wate r vapour. Changes in concentration of aerosols-minute 
solid and liquid particles in the atmosphere-are also important. Finally, variation in 

cloud amount also impacts on climate. Within the hydrosphere, the variation of ocean 
currents is the most important mechanism of climate variation. The cryosphere has 
important longer time-scale impacts on climate. The extent of snow or ice cover on 
the Earth 's surface has important effects on subsequent climate variation. Changes in 

the land sUlface can also influence climate, but normally on a smaller scale. These 
include changes in land use , vegetation cover, and ecosystems. Finally, climate can 
vary because of alterat ions in the internal exchanges of energy or in the interna l 
dynamics, such as between the atmosphere and ocean. Often a dist inct ion is made 

between factors that cause natural variat ion of the climate system and those due to 
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human activities, such as agricultural and forestry operations, industrial processes, 
urbanisation, and transport. 

This chapter will briefly review the main known processes that have caused past 
and present climate variability. The effects of these will be detailed through a sketch 
of climate variation, past and present. Information exists for New Zealand for the last 

2 million years, but more particularly in the last glac ial/interglacia l cycle from 120000 
years ago. Information is better for the las t millennium. The record of detailed 

observed climate for the New Zealand and Southwest Pacific region exists since the 
late nineteenth century. Finally, it is possible to make some projections of the future 

course of the climate system in the region through information produced by climate 
models and scenario studies. 

Causes of climate variation 

External causes 

The main known external causes of climate variab ility are changes in so lar output, 
and orbital variations. These both affect the amount or seasonal distribution of solar 
radiation received by the Earth-atmosphere system. 

So lar output 

Energy is generated in the Sun by hydrogen being converted into helium by a complex 
set of nuclear reactions. Until recently it was thought that the actual luminosity of the 
Sun was constant. Revised models now assume that variations take place in the Sun's 

internal structure, giving changes in luminosity. Such theories tend to postulate a 
variation in solar luminosity over several million years. These changes in so lar lumi
nosity may explain very long-term changes in global climate, and particularly the very 
warm climate in the Cretaceous and early Tertiary, when the poles were largely ice
free, compared to the present glacial climate, with polar ice caps. 

Much attention has been placed on short-term variations in the solar constant 

because of the II-year sunspot cycle. Essentially, the number of sunspots varies on an 
ll-year cycle, with the sunspot minima lasting for a few years, then the number of 
sunspots increases to a maximum, roughly three to six years after the minimum. The 

whole cycle lasts approximately 11 years. Space-borne satellite measurements since 
1978 show that the solar irradiance varies by 0.2 W m-2, or about 0.1 % of the incom
ing so lar radiation at the top of the atmosphere (Intergovernmental Panel on Climate 
Change (IPCC) 1994). Mean annual numbers of sunspots have been recorded for 

many years by astronomers, and these show the relative absence of sunspots from AD 
1650 to 1700, the Maunder Minimum, with a slight decrease in solar output (Eddy 
1976). This minimum has been linked by some to explain the Little lee Age 
(1430-1850) cold period in Europe. Estimates place the increase in solar irradiance 

between the Maunder Minimum and now at between 0.5 and· 1.4 Wm-2, or an 
increase of 0.3% of the solar irradiance (IPCC 1996). 
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Orbital variations 

The variation of the Earth 's orbit around the Sun affects the seasonal and geographi
cal distribution of so lar radiation received on the Earth's surface, but integrated 
annual totals remain constant. This variability occurs on time scales of tens of thou

sands of years and is due to astronomical variat ions. There are three sources. First, the 
Earth's orbit varies from almost a complete circle to a marked ellipse, when it will be 

nearer the Sun at one particular season, called the eccentricity. One complete cycle of 
the orbits eccentric ity takes between 90000 and 100000 years. When the orbit is 
elliptical the intensity of the solar radiation reaching the Earth undergoes a seasonal 
range of about 30%. 

The second mechanism is the wobble of the Earth's ax is, so that the season of the 
closest approach to the Sun varies. This is termed the precession of the equinox, and 

the complete cycle takes 21 000 years. Currently the Earth is closest to the Sun in the 
Southern Hemisphere summer (3 January), so Southern Hemisphere summers will be 
warmer, and winters cooler, than at 10000 years ago, when the Northern Hemisphere 

was closest to the Sun in July. Finally, the tilt of the Earth's ax is of rotation, relative to . 
the plane of the orbit, varies between 21.8 and 24.40 over a period of 40000 years. 
This effect is the obliquity of the ecliptic. The greater the tilt of the Earth's axis, the 

more pronounced is the difference between summer and winter. 
These three long- term mechanisms are called Milankovitch mechanisms, after 

the sc ientist who first described them (Milankovitch 1930). There is some evidence 

that they played an important part in controlling the variations in climate in the dis
tant past, such as the last glac ial/ interglacial cycle (1 0000-100000 years), because of 

the different seasonal and geographical distribution of incoming solar radia tion on the 
Earth's surface. 

Internal causes 

Within the Earth-atmosphere sys tem there are many mechanisms that can lead to 

climate variab ility, some well understood, and some only poorly described. There are, 
as well, factors that have yet to be discovered. Of the myriad causes internal to the 
Earth-atmosphere system, the main emphasis will be placed on those arising from 

atmospheric causes, which are best understood and are responsible for climate varia
tion and change on time sca les of tens to hundreds of years. Within this framework, 
the natural causes of climate variat ion will be discussed first . Causes arising from 
human or anthropogenic activities will be treated in the subsequent section . 

Natural causes of climate variation 

Atmospheric composition 

Greenhouse gases Within the atmosphere there are naturally occurring green
house gases, which trap some of the outgoing infrared radiation emitted by the Earth 

and the atmosphere. The princ ipal greenhouse gas is water vapour, but carbon dioxide 
(COz), ozone (03), methane (CH4), and nitrous ox ide (NzO), together with clouds, 
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also keep the Earth's surface and troposphere 33°C warmer than it would otherwise be. 

This is the natural greenhouse effect. Changes in the concentrations of these gases 
will change the efficiency with which the Earth cools to space. More of the outgoing 

terrestrial radiation from the surface is absorbed by the atmosphere when concentra
tions of greenhouse gases increase. This radiation is re-emitted in all directions at 
higher altitudes and colder temperatures, and results in a pos itive radiative forcing, 

which tends to warm the lower atmosphere and Earth's surface. This is the enhanced 
greenhouse effect-an enhancement of an effect that has operated in the Earth's 

atmosphere for billions of years owing to naturally occurring greenhouse gases (IPCC 
1996). 

An example of the relationship between greenhouse gas variations and climate is 

shown in Figure 8.1, from analysis of air bubbles trapped in ice cores from large , stable 
ice sheets. The natural range of CO2 concentration has varied from about 190 parts 
per million (ppm) to 280 ppm. When concentrations were low, so too were tempera

tures, and when CO2 concentrations were high, temperatures were warmer. 
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Figure 8. 1 Atmospheric temperatures and CO2 concentrations over the last glacial/interglacial cycle, derived 
from ice cores at Vostok, Antarctica. (After Manning 1990) 

Volcanic aerosols Volcanic activity can inject large amounts of sulphur-containing 
gases (primarily sulphur dioxide) into the stratosphere. Once reaching the stratos
phere, some gases rapid ly oxidise to sulphuric acid, which condenses with water to 

form an aerosol haze. The volcanic aerosols increase the planetary albedo, and the 
dominant radiative effect is an increase in scattering of solar rad iation, which reduces 
the net radiation available to the surface and troposphere, thereby leading to a cool
ing. This can produce a large but transitory negative radiative forcing, tending to cool 

the Earth's surface and lower atmosphere for periods of up to two to three years. The 
eruption of M t Pinatubo in the Philipp ines in June 1991 stands out from the climatic 
point of view as the most important eruption this century, with a radiative forcing of 
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-4 W m-2 about a year after the eruption, decaying to -1 W m-2 after two years (IPCC 
1996). A cooling of global surface temperature observed following the eruption 

reached a maximum of 0.3-0.5°C during 1992, which then diminished over the fol
lowing two years. Clearly, then, individual volcanic eruptions can produce a large 
radiative cooling of climate. To have global effects, though, the latitude of eruption 

must lie between 300 N and 300 S. Eruptions poleward of these latitudes will only affect 
the hemisphere in which the eruption occurs. 

Clouds Any changes in the radiative balance of the Earth will tend to alter 

atmospheric and oceanic temperatures, and the associated circulation and weather 
patterns. These will be accompanied by changes in the hydrological cycle (e.g. cloud 

distributions). Clouds can both absorb and reflect solar radiation (which cools the 
surface) and absorb and emit long-wave radiation (which warms the surface), 
depending on cloud height, thickness, and radiative properties. The radiative 

properties of clouds depend on the evolution of atmospheric water in its vapour, 
liquid, and ice phases, and upon atmospheric aerosols. The process is complex, and the 
sensitivity of climate to changes in cloud types and amounts are yet to be quantified 
accurately. 

The hydrosphere 

The hydrosphere comprises the liquid water on the Earth's surface. The oceans have 

the main capability of determining climate, principally through changes in oceanic 
circulation. Although oceanic circulation is slower than atmospheric circulation, the 
oceans have a far greater capacity for heat storage. Large and rapid climate changes 

have occurred in the North Atlantic during the transition to the present Holocene 
period, 14000-10 000 years ago. There is evidence of rapid warming a~out 11 500 
years ago, with increases in central Greenland temperatures of up to rc over a few 

decades (5°C in the Norwegian Sea) as changes occurred in the path of the Gulf 
Stream, which switched its flow from the Bay of Biscay to the Norwegian Sea in the 
North Atlantic OPCC 1996). This is a field of active investigation. 

The cryosphere 

Except for seasonal snow cover, changes in the global snow and ice cover, other than 

in clouds, operate on long time scales. The transfer of heat between the Earth's surface 
and atmosphere is markedly changed when the surface is covered by ice or snow. Snow 
tends to be a very transient part of the Earth's surface, often lasting only a few days or 

months. Monitoring of seasonal snow cover since 1972 shows that the extent of 
Northern Hemisphere snow cover has been less since 1987, particularly in spring. This 
will decrease the regional surface albedo, with a consequent temperature increase. 

The growth and decay of continental ice sheets has important feedbacks on the 

subsequent evolution of climate. During the last glaciation, from 90000 to 15000 
years ago, the large continental Fenno-Scandinavian and Laurentide ice sheets occu
pied large areas of the Northern Hemisphere, increasing the planetary albedo. When 
global climate warmed, the disintegration of these continental ice sheets, caused by 

radiative forcing of climate, displayed inertia compared with the rapid decrease in the 
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area of sea ice in the oceans surrounding Antarctica. This produced a delay in the 
warming of parts of the Northern Hemisphere between 15000 and 10 000 years ago. 

Land surface changes 

Land surface changes, particularly afforestation or deforestation, will affect the 

regional albedo, including the transfer of energy, water and other materials within the 
Earth-atmosphere system. These effects are often more regional in their impacts on 

climate. 

Internal dynamics of the climate system 

Changes in the system components described above can cause the climate to vary or 
change. Climate can also vary because of instability in the internal dynamics of the 
system. This instability arises from natural coupled interactions between the atmos

phere and ocean, and lead to large important systematic fluctuations of climate on 
time scales from season to season and year to year. The most important source of this 
shorter time-scale variability is the El Nino/Southern Oscillation (ENSO) phenome

non (Allan et a1. 1996). 
Most of the internal variability of climate in the tropics and a substantial part of 

mid-latitudes is related to ENSO. Internal variations in short-term climate occur as a 
consequence of this natural coupling, in which the tropical winds drive the ocean cur

rents and determine sea surface temperatures (SSTs), affecting the location of tropical 
convection and ultimately causing changes in the global atmospheric circulation. 

ENSO is a natural phenomenon, and atmospheric and oceanic conditions in the trop
ical Pacific vary considerably, fluctuating somewhat irregularly between the El Nino 

phase and the opposite La Nina phase. In the former, warm waters from the western 
tropical Pacific migrate eastwards, and in the latter cooling of the tropical Pacific 
occurs. This cycle can last normally from three to six years. Figure 8.2 shows the vari
ations in the Walker Circulation across the tropical Pacific between El Nino episodes 

and normal conditions. 
As the El Nino develops, the trade winds weaken because the waters become 

warmer in the central and eastern Pacific, shifting the pattern of tropical rainstorms 

east. Higher than normal air pressures develop over northern Australia and Indonesia, 
with drier conditions or drought. At the same time, lower than normal air pressures 
develop over the central and eastern Pacific, with excessive rains in these areas and 

along the west coast of South America. Approximately reverse patterns occur during 
the La Nina phase of the phenomenon. 

The primary source of the ENSO phenomenon is in the tropical Pacific. The 

observed global influences occur from teleconnections, as the atmosphere transmits 
the anomalous heating in the tropics to large-scale convection and thus to anomalous 
winds in the atmosphere. The effect of these interactions is to strengthen the westerly 

circulation to the east and southeast of New Zealand. In spite of the very large natural 
variability that occurs in the atmospheric circulation of the mid-latitudes in the New 
Zealand area, there exist certain preferred circulation regimes where more persistent 
flow patterns recur. The forcing by tropical SSTs and ENSO alters the frequency of 

occurrence and stability of pre-existing regimes, but with only minor changes in the 
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Figure 8.2 The W alker C irculatio n during (a) ' normal' and (b) EI Nino phases of the South ern Oscillation. 
(After World Meteorological Organisation 1984) . 

regimes themselves . This is one reason why the response in latitudes such as New 
Zealand to ENSO can show a higher degree of variability than in the tropics. 

Anthropogenic causes of climate variation 

Any human-induced changes in climate are superimposed on a background of natural 

climatic variations by some of the mechanisms already discussed. Human activities are 
changing the concentrations and distributions of greenhouse gases and aeroso ls in the 

atmosphere. These changes can produce a radiative forcing by changing either the 
reflection or absorption of solar radiation, or emission of terrestrial radiation. The 
main human activities causing these are the combustion of foss il fuels and deforesta
tion by forest burning. 

Changes in greenhouse gases 

Greenhouse gases have significantly increased in the atmosphere since pre-industrial 

times . In 1999, CO2 concentrations were 368 ppm, compared with 280 ppm in 1750; 
CH4 had increased to 1690 ppb, compared with 700 ppb; and N 20 to 312 ppb, com
pared with 275 ppb. New greenhouse gases produced by human activities are halo
carbons-carbon compounds conta ining fluorine, chlorine, bromine, or iodine. 
Halocarbons that contain chlorine (CFCs and HCFCs) and bromine (halons) cause 

ozone depletion. The contribution to direct radiative forcing due to increases in CFCs 
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and HCFCs since las t century is about 0.25 W m-2. But these also exert indirect 

negative radiative forcing, owing to their depletion of stratospheric ozone OPCC 1994). 
Ozone (O}) is an important greenhouse gas present in both the stratosphere and 

troposphere. Changes in ozone cause radiative forcing by influencing both so lar and 
terrestrial radiation . C hanges in tropospheric ozone are spatially variable. Models and 
observations suggest ozone in the Northern Hemisphere troposphere may have dou

bled since pre- industrial times, increasing radiative forcing by 0.4 W m-2. However, 
decreases in stratosphere ozone have occurred since the 1970s because of C FCs and 
HCFCs, lead ing to a decrease in radiative fo rc ing of about -0.1 W nr2. By integrating 

changes in greenhouse gas concentrations since pre-industrial times, estimates of 
rad iative forcings due to changes in greenhouse gas concentrations are placed at + 2. 75 
Wnr2. 

Anthropogenic aerosols 

Aerosols in the atmosphere can be produced by both natural and anthropogenic 

sources. Natural processes include dust storms and volcanic activ ity. Human contribu
tions are from foss il-fuel and biomass burning, which contribute to a visible haze and 
can cause a decrease in the intensity of sunlight at the ground. Aerosols influence the 

radiation balance of the Earth by scattering and absorbing radiation (the direct 
effect), and by modifying the optical properties, amount, and lifetime of clouds (the 
indirect effect). The net effect of anthropogenic aerosols is believed to be negative 

radiative forcing in the order of -0.5 W m-2. In some regions the aerosol forcing can 
be large enough to more than offset the positive radiative forc ing due to increased 

greenhouse gases . However, in contrast to the long- lived greenhouse gases, anthro
pogenic aerosols have short lifetimes in the atmosphere, with radiative forcing adjust

ing rapidly to increases or decreases in emissions OPCC 1994). 

Climate variation in New Zealand and the Southwest 
Pacific 

There has been abundant investigation of past climates in New Zealand based on 
proxy indicators of climate , but only for the last glac ial cycle is information good 

enough to make preliminary reconstructions of past atmospheric circulation patterns. 
More information ex ists for the past few hundred years, but records are available only 
for the Southwest Pac ific from the commencement of instrumental climate records in 
the late nineteenth century, with the expansion of worldwide weather observations. 

New Zealand climate history 

2 million-70 000 years ago 

The Early pleistocene had numerous periods of glaciation and subsequent melting of 
ice, called glacio-eustatic cycles (Salinger & McG lone 1990). T he Late Pleistocene (the 
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las t 400000 years) had at least three major glaciations and three major interglacial inter

vals, accord ing to South Island glacial ev idence. Table 8. 1 is an interpretation of the 
available data. An age of 340 000 BP is suggested for the earliest of these , and this was 
followed by the Waimaungan and Waimean glac ials, separated by the Terangian inter

glac ial at 21 0000 BP. The O turi interglacial, the las t before the present cycle, possibly 
includes three identifiable periods of milder climate: at 140 000 to 120000, 100000 

and 80000 BP respect ively. Vegetational evidence suggests temperatures at the end of 
the O turi were 1-2°C below present-day va lues. C limatic cooling marking the begin
ning of the O tiran glacial stage occurred about 70000 BP. T he Milankov itch mecha

nisms are thought to be responsible for some of these long- term trends. 

Table 8. 1 Correlation of New Zealand late Ple istocene glacial advances and interglacials. 

Stages North Westland West Coast Upper Buller Waimakariri Rakaia River 
Glacials Cliffs Glacials River Glacials Glacials 

ARAN UIA N 
INTERGLACIA L 

OTIRA 

GLACIATION 

Kumal-a3 

Late Kumara 2J 

Kumara 21 

OTURI 
INTERGLACIAL ? 

WAIMEA 
GLACIATION 

TERAN GI 
INTERGLACIAL 

Kumara I 

Karoro ? 

WAIMAUNGA Hohonu 
GLACIATIO N 

WAIW HERO 

INTERGLACIAL 

After Salinger & McGlone (t 990) 

Awatuna 2 

Awatuna I 

Albion 3 

Poultel- 2 Acheron 2 
Poulter I Acheron I 

Minor Interstadial 
Blackwater 3 Bayfield 3 

Minor Interstadial 
Black Hil l Blackwater 2 Bayfield 2 

Blackwater I Bayfield I 
Important In terstadial 

Otarama Tui CI-eek 3 
Tui CI-eek 2 
Tui CI-eek I 

-----------

---------------
Tophouse Woodstock Woodlands 

Kikiwa Avoca 

Wanganui 
Taranaki 
Interglacials 

Hauriri 
Inaha 
Rapanui 

Ngarino 

BI-unswick 
BI-aemol-e 

Dote (B.P.) 

13000 
15000 
17000 

18000 
19000 
22000 
27000 

c. 40 000 

70000 

80000? 
100000 
120000 

140000 

2 10000 

3 10000 
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The last glacial cycle 70000 BP-AD 850 

The first advances of the Otiran glacial are represented by the Tui Creek episodes in 

the Rakaia Valley. There is evidence of an important moderation of climate before 
30000 BF. At the peak of the Otiran, the last Glacial Maximum, with dates between 
26000 and 18000 BP, temperatures were estimated to have been 4-5°C below 1950 

values. The course of temperatures, inferred from proxy indicators of climate, is shown 
in Figure 8.3. This information indicates a much colder climate than previously in the 
cycle. The north and east of the North Island were considerably drier and much 

windier, a regime of strengthened westerly circulation over the New Zealand region 

(McGlone et a1. 1993). 

Time: years before present 

Figure 8.3 New Zealand average temperatures for the last 25000 years, inferred from pollen, glacial, and 
speleothem data. (After Salinger & McGlone 1990). 

The beginning of the late glacial period (14000-10000 BP) was heralded by 

rapid warming, with glacier retreat and ice diminishing to volumes close to those of 
present day amounts by 12000 BP. There was a small glacial advance about 11 500 BP, 
which coincides very well with the Younger Dryas cool episode in Europe, thought to 

be caused by switches in the oceanic circulation of the North Atlantic. 
The warmest conditions of the present cycle occurred between 10 000 and 7500 

BP, when the distribution of forests in New Zealand indicates a more equable moisture 
supply in the north and west of both islands, with more incursions of air masses of sub
tropical origin. The lack of drought stress and extreme temperatures suggests weaker 
westerly circulation. Annual rainfall was lower in the east and south east of both 

islands. The reduction in rainfall was greater than would be expected from a change to 
more north and northwest airflow, indicating that more anticyclones were prevalent 
east of the South Island. Temperatures were I-2°C above 1950 values. 

There was lowering of temperature after 7000 BP, with small glacial events in the 

Southern Alps at 4000 BP. From 2500 BP, natural fires in central and the southeastern 
South Island indicate a droughtier climate, with an establishment of the modern pat
tern of westerlies and southerlies over New Zealand. The broad-scale New Zealand 

climate trends over the last glacial cycle fit the seasonal changes of radiation forced by 
the Milankovitch cycles. The pattern of variation of atmospheric CO2 also parallels 
the temperature trends, ranging between 200 ppm at the Last Glacial Maximum to 

280 ppm at 1850. 
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The millennium 85 0-/85 a 
For this period N ew Zealand is fortunate in hav ing abundant indicators of climate. 
This period is one of variable climate. Figure 8,4 shows recent temperature recon
structions from both stalagmites and tree rings for this period (Wilson e t at. 1979; 

Salinger et at. 1994). Together with variations in the South Island mounta in glac iers, 
these show cooler periods of climate in the eleventh cen tury and towards the end of 
the 1200s, punctuated by warmer periods of climate in the mid 1200 and 1300s. 

Marked cooling is seen by 1450, followed by a recovery in the 1500s. G lac ial advances 
as well as other measures of past climate ind icate that the coldest decades of this mil

lennium were centred on 1650, when temperatures were about 1°C below 1950 values 
(Gellatly et at. 1988). After a small recovery by 1750, cooler temperatures are aga in 
seen by 1790 and in the late 1800s. This co inc ides with over 50% more South Island 

mountain glacier ice volume than at 1990. All indicators suggest temperatures in the 
second half of the 1800s about 0.5°C below 1950 values (I .O°C below 1990 values ). 
Tree-ring circulation reconstructions show lower mean sea- level pressure in the New 

Zealand/Chatham Island region , indicating stronger cyclonic southwesterly circula
tion over the New Zealand area. 

Observed climate variation from 1850 onwards 

Systematic climate measurements began in New Zealand in the 1850s, and a t a few 
stations in the South Pac ific d uring the second part of the n ineteenth century, bu t 
a reasonable ne twork of climate observations is available on ly since about 1950. 

Fortunately, the sea surface temperature records are adequate since the 1870s. Over 
the instrumental record, large-scale circulation features in the Southwest Pac ific are 
very important in dete rmining change and variab ility in temperature , sunshine, 

and cloud amounts. These include the trade-wind reg imes, the Hadley a nd Walker 
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Figure 8.4 Past temperature reconstructions ove r the last miliennium.The speleoth em reconstructions are 50-
year running means (afte r Wilson et al. 1979). The tree rings are from ring-width chro no logies in the ce ntral North 
Island. 
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C irculations, the seasonally varying tropical convergence zones, the semi-permanent 
subtropical high-pressure belt, and the zonal westerlies to the south. The Intertropical 
Convergence Zone (ITCZ) lies just to the north of the equator, and the South Pacific 

Convergence Zone (SPCZ) lies diagonally from near the Solomon Islands to Samoa 
and beyond. The Southern Oscillation causes major shifts in the position of the ITCZ 
and SPCZ. When the Southern Oscillation is in the EI Nino phase, both the ITCZ 

and SPCZ shift eastward of their mean position. To the south of the SPCZ the sub
tropical high-pressure zone is more intense. Opposite changes occur in the La Nina 
phase: both convergence zones shift south and west. 

In order to summarise the temperature trends over the vast Southwest Pacific 
area, the region was divided into four areas that share similar temperature behaviour 

(b) 
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Figure 8.5 Climate subdivisions for coherent regions of temperature trends and variations in (a) the Southwest 
Pacific and (b) New Zealand. (After Salinger et al. 1996; Salinger 1979) 
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(Salinger et at. 1995). The more detailed study of New Zealand trends used the same 

procedures to define six 'response areas', defined by Salinger (1979), that share coher

ent temperature anomalies. These are shown in Figure S.5b. The Centra l Pacific (T2) 

and Convergence Zones (T4) regions lie on or east of the ITCZ and SPCZ. The 

Southeast Trades (T1) and New Zealand (T3) regions lie to the south of these circula

tion features. 

Longer-term temperature trends 

Longer-term trends were available in the annual air temperature and near-surface 

ocean temperature for two of the subregions of the South Pacific (Figure S.6). These 

records have been homogenised to remove any art ificial trends (Folland et at. 1997) 

and are represented as annual anomalies from the 1951-S0 reference period. 
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Figure 8.6 Long-term aggregated annual mean temperature trends in New Zealand and the South Pacific. using 
1951 -80 as the base period. The curved line highlights variations on decadal-to-Ionger time scales. (After Salinger et 
al. 1996) 

The New Zealand region (T3) is the only one where air temperature records in 

the South Pacific extend back to the nineteenth century. The magnitude of warming 

between the decades lS61-70 and 19S1-90 is 1.1 0c. The coldest decade is 1901-10 

(-O.soC below 1951-S0), and 19S1-90 the warmest (+0.3°C above 1951-S0). Tem

peratures increased sharp ly after the 1940s, but the annual mean warming has slowed 

recently. Since 1900, land surface temperatures have increased by 0.9°C, sea surface 
temperatures (SST) have increased by O.soC, and night marine· a ir temperatures 

(NMAT) slightly less. 
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In the Southeast Trades region (T1) , mean temperatures trend steadily upwards. 

The temperature increase between decades 1911-20 and 1981-90 amounts to 0.9°C, 
with the first decade being the coolest, and the las t the warmest. The SST trends in 

this region region are less, displaying an increase of only about OA°e. 

Climate variation since 1951 

Southwest Pacific The period since 1950 is one of quite substantial climate warming 
in both near-surface land and ocean temperatures in the Southwest Pacific. These 
are associated with changes in the diurnal temperature range (DTR), sunshine, 

cloudiness, and ra infall , some of which can be explained by changes in circulation 
(Salinger et al. 1996)(as shown in Table 8.2). 

Trends in annual mean, maximum, and minimum air temperature, diurnal temperature range (DTR) 
CC/decade), sunshine (%/decade) and 0900h cloud amount (oktas/decade) for the Southwest Pacific and New 
Zealand for the period 1951-90. * indicates significance at the 95% confidence level. 

Region Mean Max Min DTR Sunshine 0900 
temperature temperature temperature total cloud amount 

Southeast Trades (T I ) 0.11 0. 11 0. 12 -0.0 1 0.7 0.00 
Central Pacific (T2) 0. 14 0.10 0.19* -0.08* - 1.7* 0.09 
New Zealand (T3) 0.1 2 0.08 0.15 -0.07 -0.6 -0.07* 
ITCZ and SPCZ (T4) -0.01 0.0 1 -0.02 . 0,04 -0.20* 
New Zealand subregions 
W estern North Island 0.13 0.Q7 0. 18 -0.1 1* 0.2 -0.10* 
Eastern No rth Island 0. 16 0. 14 0 .18 -0.04 0.1 - 0.04 
Western South Island 0. 18 0. 11 0.07 0.03 - 1.6 - 0.01 
Eastern South Island 0.10 0.Q7 0.12 -0.06 0.0 - 0.03 
Inland Central 0.11 0,04 0. 19 -0. 15* 0.4 0.04 
Southland 0. 14* 0.06 0.22* -0. 16* - 1.9* 0.01 

In the Southeast Trades region (T1) mean air temperature increases (+OA °e) are 
found to be due to both maximum and minimum air temperatures warming a similar 
amount, with li ttle change in the d iurnal temperature range (DTR). Trends in sea sur
face temperatures are less, only amounting to 0.2°e. At the same time sunshine shows 

a small but clear increase , while there is little trend in 0900h cloud cover (Table 8.2). 
Annual rainfall trends are consistent with these trends; the decade 1981-90 is the 
driest, being 15% less than the 1951-80 average. 

Minimum air temperatures have increased almost two times (+0.8°C) the magni
tude of maximum air temperatures (+OAOC), with a significant decrease in DTR in 
the Central Pacific (T2). Sea surface temperatures have increased by about OAoC 
since 1951. This relates closely to significant decreases in sunshine (-1.7% per decade) 
and increases in cloud cover. Consistent with these trends, this region shows the 
largest increase of any in rainfall. Since the 1980s rainfall has increased 30% relative 
to the reference period. 

Mean air temperatures have increased by 0.5°C in the New Zealand region, min
ima increase at almost twice the rate of maxima (0.6 cf OJoC), with a consequent 

decrease in DTR. The sea surface temperature increase amounts to OA°e. Sunshine 
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has also decreased (-0.6% per decade), as has cloud cover. In New Zealand cloud 
cover is modified by the country's rugged orography, as are rainfall trends. 

Region T4 ( ITCZ and SPCZ) is the only subregion of the South Pacific not to 
display increases in mean air temperature, while sea surface temperatures increase 

0.1°C. However, DTR in this region increases, and cloud cover decreases significantly. 
There is an apparent trend of increasing precipitation, especially after 1975. 

New Zealand The effect of orography in modifying the local temperature response is 
clearly demonstrated in New Zealand, where the ax ial ranges have an impact. In the 
Western North Island area (WNI), mean temperatures have increased by O.5°C 

between 1951 and 1990. Minima show twice the increase compared with max ima, 
with a correspond ingly significant decrease in DTR by OAoC (Table 8.2 ). The DTR 
decreases and corresponding warming of minima are largest in spring and summer. 

Annual sunshine totals show no trend over the four decades, but there are decreases in 
winter and spring, and increases in summer and autumn. However, 0900 cloud 
amounts also decrease significantly over the period. It is of note that DTR in WNI is 

not significantly correlated with 0900 or synoptic cloud amounts, but is with sunshine 
totals. Relationships with circulation show that stronger westerly flow in this area, 
which is onshore and on the upwind side of the main North Island ax ial ranges, does 

decrease the DTR. In this region the most apparent rainfall trend is a decrease in 
Northland, Auckland, Waikato, ~nd Bay of Plenty, largely in autumn. 

In Eastern North Island (ENI), to the east of the North Island axia l ranges, mean 

temperatures have increased by 0.6°C since 1950. Minima have increased only 
slightly more than max ima, giving a smaller decrease in DTR (-0.2°C). Only in spring 
are there large differences. Sunshine totals and cloud amount show little trend 
between 1951-90. However, it is of interest to note the increase of DTR in the decade 

1981- 90 is at a time when sunshine tota ls increase and the 0900 cloud amount 
decreases. During this decade westerly flow over New Zealand increased. Thus it is not 
surprising to find strong positive correlations between DTR and sunshine, and nega

tive correlations between DTR and cloud amount. Stronger westerly flow onto New 
Zealand, increases DTR in this region, which is leeward of the main ax ial ranges. 
When the subtropical ridge in New Zealand longitudes is stronger, DTR also 

increases. The period 1951-75 was wetter than after 1976, with summers becoming 
significantly drier and winters wetter recently. 

Mean temperatures have increased by OAoC in the period 1951-90 in the West

ern South Island (WSI) . Here, opposite trends in DTR occur. Maxima have increased 
more than minima, by 0.1 °C between 1951 and 1990. This is at a time when sunshine 
totals have declined, particularly in winter. However, DTR increases are greatest in 

spring, which is the only season of an increasing trend in sunshine. There has been 
little change in cloud amount. DTR relationships with sunshine totals are positive, 
and with 0900 cloud amount negative. However, stronger westerly flow in the New 
Zealand region would be expected to lead to a decrease in DTR, as does a more intense 

subtropical ridge. This area lies on the western side of the main ax ial ranges of the 
South Island and, not surprisingly, shows a steady trend of increas ing rainfall , with 
both summer and winter becoming wetter. 
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Mean temperatures have increased by O.4°C, while DTR shows a small decrease 
in Eastern South Island (ESI). This is a result of minima increasing slightly more than 

maxima. Overall sunshine totals show no trend on an annual basis, but there is a 
strong decline in spring, when DTR shows the largest decrease. Cloud amounts at 
0900 hours show no apparent trend. In this region annual relationships between DTR, 

sunshine, and 0900 and synoptic cloud amounts are all significant and of the expected 
sign. However, correlations are not as high as in some of the other regions. This area 
lies leeward of the prevailing westerly circulation, and relationships between DTR and 

circulation show an increase in DTR with stronger westerly flow and a more intense 
subtropical ridge. Rainfall in North Canterbury shows a small increase over the time 
period, a result of wetter winters. 

The more sheltered inland areas of Central Otago and South Canterbury (Inland 
Central) are where mean temperatures have increased by 0.4°c. There is a 0.59°C 
decrease in DTR, which is most marked in spring and winter. In this region minima 

increase fivefold, when compared with maxima. No significant trends occur in sun
shine, but there is a slight increase in 0900 cloud amount. The increase is significant 
in spring. Although correlations between DTR with sunshine and 0900 cloud 

amounts are significant and of the expected sign, relationships are the weakest of any 
New Zealand region. This is one area of New Zealand that is sheltered both from the 
west and east and where DTR increases with weaker westerly flow over southern New 

Zealand. 
Mean temperature increases in Southland are larger-0.6°C over the 40-year 

period. Clear trends are apparent in both DTR and annual sunshine totals. Minima 

show a threefold increase compared with maxima, with a DTR decrease of 0.6°C. Sig
nificant decreases occur in all seasons except autumn. Sunshine totals also decrease by 
7.5% over the four decades. Significant decreases occur in summer, autumn, and win

ter. Despite the significant decreases in both DTR and sunshine, no trend occurs in 
0900 cloud amounts at any time of the year. The strongest relationships of DTR with 
sunshine totals and synoptic cloud amount occurs in this region. Weaker negative 
correlations occur with the 0900 cloud amount. As with the western areas of New 

Zealand, Southland is exposed to the prevailing west to southwest airflow, and 
stronger westerlies over New Zealand result in decreases in DTR. 

Mechanisms of recent climate variability 

Volcanic aerosols The eruptions from the Krakatoa (1883), Tarawera (1886), Santa 
Maria and others (1902), Agung (1963), El Chichon (1982), and Pinatubo (1991) 

volcanic episodes all caused significant signals. The climatic effects in the New 
Zealand region from volcanic aerosols in the stratosphere commence in the first few 
months, and last until 24 months after the eruption. Major volcanic eruptions depress 
surface temperatures in the region in the order of 0.3-O.4°C from one to 21 months 

after the eruption. Atmospheric circulation patterns are very distinct and show more 
surface southerlies and troughs near the Chatham Islands one to six months after the 
eruption, then more west to southwest flow from seven to 15 months over the region. 
Finally, a period of more troughs over the North Island of New Zealand occurs from 16 

to 24 months after the eruption episode. 
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Table 8.3 

Dynamics: the southern oscillation The EI Nino/Southern Oscillation (ENSO) is a 
major source of climate variability on interannual time scales. It is also influenced by 
longer decadal to multidecadal fluctuations in the climate system. ENSO is manifest 
in all of the fundamental climatic variables but has its greatest impact through the 

modulation of precipitation and air temperature patterns. This is particularly apparent 
in the Southwest Pacific. 

In this region, air temperatures show a rising trend particularly since 1950. How
ever, seasonal and year-to-year climate variability is largely controlled by ENSO 
(Table 8.3). Opposite interannual variations of air temperature from de trended time 

series occur on either side of the South Pacific Convergence Zone (SPCZ). The 
Southern Oscillation Index (SOl) explains up to 40% of year-to-year land and sea sur
face temperature variations (equivalent to r > 0.62) in these areas (Figure 8.7) . Mean 

annual air temperature anomalies are positive in the area southwest of the SPCZ (T1 
and T3) when the SOl is positive (La Nina), and negative to the northeast of the 
SPCZ (T2 and T 4). Opposite air temperature anomalies occur during the EI Nino 
phase (SOl negative). 

Similarly, mean annual precipitation anomalies show marked interannual vari

ability and are also closely associated with the ENSO cycle. The SOl also explains 
over 40% of year-to-year variations in precipitation to the southwest and northeast of 
the SPCZ. Near and southwest of the SPCZ, above-average precipitation occurs when 
the SOl is positive (La Nina phase) , and further to the northeast precipitation is 

below average. Opposite anomalies characterise the EI Nino phase. For New Zealand, 
EI Nino brings more frequent southwesterly winds, with drier conditions in the north 
and east, and wetter than normal conditions in the south and west (Mullan 1995). 

Below-average temperatures usually occur. The La N ina phase is one of reduced 
south westerlies and a higher frequency of northeasterlies . This circulation favours the 
opposite seasonal climate anomalies: wetter than normal conditions in the north and 

east, and drier conditions in the south and west. Above average temperature anom
alies are more likely. 

There have been observed changes in ENSO (Figure 8.8). There has been a ten
dency for more frequent EI N ino episodes since 1975, without intervening La Nina 

episodes. The duration of the 1990-95 EI Nino event is unprecedented in the climate 
record of the past 124 years. 

Correlation between the Southern Oscillation Index and annual mean, maximum, and minimum air 
temperature, DTR, sunshine, and 0900 cloud amount for the Southwest Pacific for the period 1951-90. * indicates 
significance at the 95% confidence level. 

Temperature 

Region Mean Max Min DTR Sunshine 0900 cloud 
total amount 

Southeast Trades (T I) 0.46* 0.48* 0.43* -0.10 - 0.11 -0.33* 
Central Paci fic (T2) -0.68* -0.66* -0.59* 0.26 0.10 -0.1 7 
New Zealand (T3) 0.49* 0.49* 0.43* 0.07 0.05 0.21 
ITCZ and SPCZ (T4) -0.23 -0.29 -0.09 -0.23 -0.50* 
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Anthropogenic causes The observed twentieth-century changes in New Zealand 

and the Southwest Pacific are not inconsistent with the pattern of change expected 
from anthropogenic activity (such as the enhanced greenhouse effect and increased 
aerosols in some areas of the globe). Surface air temperatures have generally increased 
by 0,4-0.8°e over the period 1951-90, with the most marked increase since 1975. 
Longer-term temperature records show this increase amounts to o.re for the region 
southwest of the spez since the beginning of the century. The regional ev idence 

demonstrates that observed decreases in DTR occur particularly in areas where cloud 
cover has increased. In other areas of the region little reduction of the DTR is found. 

These observational studies support recent modelling stud ies that show dampening in 
DTR over continental areas occurs with increases in greenhouse gases, cloud cover, 

and sulphate aerosols. 
The region is free of large sources of human emissions of sulphate aerosols, which 

cause backscatter of incoming solar radiation by day. One plausible mechanism lead
ing to increases in daily maximum and minimum surface temperatures is increased 

radiative forcing caused by increases in greenhouse gases. 

(a) Mean Annual Temperature (b) Precipitation 

Figure 8.7 Annual correlation (x 100) between the Southern Oscillation Index (501) and Southwest Pacific (a) 
air temperature and (b) rainfall. All stations with isopleths <-35 or >35 are significant at the 95% confidence level. 
(After Salinger et al. 1996) 

Figure 8.8 
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Future climate 

Greenhouse gas concentrations in the atmosphere have continued to increase and will 

lead to further positive radiative forcing of climate. If CO2 emissions are maintained at 
near current (2001) leve ls, they would lead to a nearly constant rate of increase for at 
least two centuries, with doubling of pre-industrial concentrations by the end of the 

twenty-first century. In contrast to the long- lived greenhouse gases, anthropogenic 
aerosols are very short-lived in the atmosphere, so their radiative forcing adjusts 
rapidly to changes in emissions. The Intergovernmental Panel on Climate Change 

OPCC 2001) identified a broad range of future greenhouse gas emissions cons idered 
plausible given assumptions based on population and economic growth, land use, 
technological changes, energy availability, and fuel mix between 1990 and 2100. 

These are known as the Special Report on Emissions Scenarios (SRES). Climate mod
els have then been used to develop future climate projections. 

The range of globally averaged surface air temperature change for 1990 to 21 00, 

from simple models tuned to several climate models is 1.4 -5.8°C for 35 SRES emis
sions scenarios, with many in the 2 - 4.6°C range. With a careful approach, climate 
models have been used to develop scenarios of regional climate change. These are 

descriptions of a range of plausible, but not all possible, future climate changes for a 
region if certain assumptions hold true. There are inevitably many caveats and uncer
tainties attached to them. For New Zealand these have been developed most recently 
by Mullan et al. (2001) by downscaling and averaging results from four climate 

models. These gave scenarios for New Zealand for 2080. Mean temperature is pro
jected to increase faster for winter than in summer, with largest increases in the north . 

Temperatures are suggested to rise by about 1.5°C in the southern half of the South 
Island, and 1.8°C in northern New Zealand. C limate warming tends to give an 
increase in the number of days with extremely high temperatures, and a decrease in 

winter days with frosts. 
Precipitation is projected to increase in the west and decrease in the east. Climate 

model averages show an increase of about 20% in the southwest of the South Island, 
and decreases of up to 5 to 10% in the east of both islands. The climate models gener

ally predict an increase in the westerlies across New Zealand, because the rate of 
warming in the southern oceans is less than at the equator. A lthough specific quan

tification is presently difficult, the climate models indicate scenarios of up to halving 
of the return period of heavy rainfall events by 2030, and up to a fourfold reduction by 

2070. 

Summary 

This chapter has discussed the past and present causes of climate variability. Climate 
variability can be caused through external factors, such as varying solar output and 
orbital variations; or internal factors, including natural causes (such as volcanic 
activity injecting large amounts of aerosols into the atmosphere) and anthropogenic 
causes (such as changes in greenhouse gases and anthropogenic aeroso ls). After 
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considering both internal and external factors of climate variability, the chapter 
then discussed climate variation in New Zealand and the Southwest Pacific. The 
climate history of New Zealand was presented at a range of time scales, considering 
trends in the early Pleistocene, the last glacial cycle, the millennium 1850-1950, and 
finally for recent years. The chapter concluded with suggestions as to future climate 
trends. 
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