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Abstract. Prior to the 20th century Northern Hemisphere average surface air temperatures have
varied in the order of 0.5 ◦C back to AD 1000. Various climate reconstructions indicate that slow
cooling took place until the beginning of the 20th century. Subsequently, global-average surface
air temperature increased by about 0.6 ◦C with the 1990s being the warmest decade on record.
The pattern of warming has been greatest over mid-latitude northern continents in the latter part of
the century. At the same time the frequency of air frosts has decreased over many land areas, and
there has been a drying in the tropics and sub-tropics. The late 20th century changes have been
attributed to global warming because of increases in atmospheric greenhouse gas concentrations
due to human activities. Underneath these trends is that of decadal scale variability in the Pacific
basin at least induced by the Interdecadal Pacific Oscillation (IPO), which causes decadal changes
in climate averages. On interannnual timescales El Niño/Southern Oscillation (ENSO) causes much
variability throughout many tropical and subtropical regions and some mid-latitude areas. The North
Atlantic Oscillation (NAO) provides climate perturbations over Europe and northern Africa. During
the course of the 21st century global-average surface temperatures are very likely to increase by 2
to 4.5 ◦C as greenhouse gas concentrations in the atmosphere increase. At the same time there will
be changes in precipitation, and climate extremes such as hot days, heavy rainfall and drought are
expected to increase in many areas. The combination of global warming, superimposed on decadal
climate variability (IPO) and interannual fluctuations (ENSO, NAO) are expected lead to a century
of increasing climate variability and change that will be unprecedented in the history of human
settlement. Although the changes of the past and present have stressed food and fibre production at
times, the 21st century changes will be extremely challenging to agriculture and forestry.

1. Introduction

In the course of climate history over the last millennium, there has been intense
interest on the cooling documented to the 19th century for the Northern Hemisphere
(NH) at least, the cooler period of climate in the 19th century and rapid global
warming during the late 20th century. Over the last millennium climate has varied
by as much as 1 ◦C globally (IPCC, 2001a). Key questions of any future impacts of
global warming are the effects on human society and economics, and in particular,
on agriculture and forestry. History can provide very valuable lessons on effects
of climatic variability on the human dimensions. The multidecadal cooling of the
late 16th century in Europe resulted in one of the peak cooling excursions of the so
called Little Ice Age epoch of Europe. This example of climate variability provides
impacts of a mere 0.5 ◦C cooling in annual mean temperature on society.
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Increases were observed in surface global temperatures during the 20th cen-
tury, and interannual climate variability has been observed in many regions of
the globe (Salinger, 1994; Salinger et al., 1997). The 1982/83 and 1997/98
El Niños and the 1991 Mt. Pinatubo volcanic eruption (Salinger et al., 2000)
caused considerable variability in the interannual climate of tropical regions
in the late 20th century. Recently IPCC (2001a) reported on warming trends,
confirmation of continuing climate change based on observations from Arctic
and Antarctic sea ice, from later ice appearance days and earlier ice breakup
days particularly in European Russia, the Ukraine and Baltic countries. Ob-
servations of shrinking mountain glaciers during the 20th century and the in-
crease of permafrost temperatures in many areas occurring provides additional
confirmation.

Perhaps of more importance are the implications on agriculture that arise from
the multidecadal climate fluctuations. If climatic variability in the order of 0.5 ◦C can
cause such dramatic effects on glaciers, flood events and storm surges, agricultural
commodity prices, wine yields and other societal effects as documented for the
16th century, then this poses questions of what are the impacts of the projected
increasing climatic variability and change during the 21st century. There is now
better understanding of the climate system, and the natural and anthropogenic
factors that have caused climate variability and change over the past century, and
likely changes in climate and its variability during the 21st century (Salinger, 1994;
Salinger et al., 1997, 1999; IPCC, 1996, 2001a). The latest IPCC projections (IPCC,
2001a) from the entire range of 35 IPCC scenarios place temperature increases in
the range of 1.4 to 5.8 ◦C by the end of the 21st century, with likely increases in
heavy rainfall events. The 90% range is 2 to 4.5 ◦C.

Although agrometeorology provides methods and technologies to allow adap-
tation of food and fibre production to cope with increasing climate variability and
climate change (Salinger et al., 2000) lessons from the past are that the consequences
can only be dramatic. An overview of past climate trends over the last millennium
is provided as a context to view current climate variability and future trends for pro-
viding increasing preparedness of agriculture and forestry to future variability and
change. Climate trends during the 21st century from scenarios of human activities
are described, together with broadscale implications for agriculture and forestry.
The United Nations Framework Convention on Climate Change has clauses on
‘Dangerous Climate Change’. This concept will be examined in terms of the ability
of agriculture and forestry to adapt to anthropogenic climate change this century.

2. Past Climate

2.1. THE LAST THOUSAND YEARS

The course of annual average temperature change for the Northern Hemisphere over
the past 1,000 yr is shown in Figure 1. This is a particularly important time frame
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Figure 1. Northern Hemisphere average annual surface air temperature variations over the last millen-
nium from proxy, historical and instrumental observations (IPCC, 2001a). Temperature reconstruction
and instrumental data from AD 1000–1999. Smoother version of NH series and two standard error
limits (gray shaded) are shown.

for assessing the background natural variability of climate, to place 21st century
changes in context of which both modern and traditional agricultural and forestry
systems developed over the past millennium.

Palaeoclimate proxy indicators (Folland et al., 2001) include tree rings, which
provide precisely dated annual information, corals that provide information on past
variability of the tropical and sub-tropical oceans and ice cores from polar regions
of Greenland and Antarctica, which can have annual resolution. Other information
can be gleaned from borehole measurements, which provide broadscale temperature
trends, historical documentary evidence particularly from Europe and China, and
mountain glacier moraines providing evidence of past glacial advances.

From these sources there is enough evidence to reconstruct temperature
patterns over the Northern Hemisphere back to AD 1000 (Folland et al., 2001).
These reconstructions show a slow cooling peaking around AD 1450 and 1880
over the last 1,000 yr, with the most recent cool period being around the end of
the 19th century. Lamb (1982) has documented the downturn of climate in the
North Atlantic/European region commencing with the storminess and cooling and
wetness of 14th century Europe. Desertion of farms and village settlements are
noted all over northern and central Europe. The prevailing wetness led to more
prevalent disease. During the late 1500 s many years of general death and famine
occurred in Scotland. For Norway extremely stormy years are noted in the 1600 s
with changes in fisheries around Scandinavia.
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Documentary evidence by Pfister et al. (1999) illustrates the impacts of cli-
mate excursions of similar magnitude (of the order of 0.2 ◦C) that occurred in late
16th century Europe on agricultural commodity prices and wine production. A
clear link is made with grain price fluctuations. Wine yields and prices show a
more dramatic response. The interannual deterioration from 1586 to 1587 deci-
mated yields, with wine prices jumping and beer sales tripling in the 1590s. It is
interesting to note though that for the Northern Hemisphere the coldest period oc-
curred in the late 15th century when temperatures were 0.5 ◦C below the 1961–1990
average.

Evidence for Southern Hemisphere temperature trends in past centuries is quite
sparse. There is evidence of some large-scale hydrological changes, which are best
documented by lake levels in Africa (Nicholson, 1989).

2.2. THE OBSERVED RECORD

2.2.1. Temperature
Measurements of global-average air temperature of the land surface are available
from thousands of station records distributed over the land surfaces of the globe.
Marine temperature series have been derived from sea surface temperature (SST)
and night marine air temperature records from ships. These have been blended and
area averaged to produce anomalies of globally averaged surface air temperatures
shown in Figure 2.

The global average of the surface air temperature has increased by about 0.6 ◦C
since about 1860, the earliest date for which sufficient data for global estimates are
available to present. New analyses indicate that the warming in the 20th century
is likely to be the largest of any century during the past 1,000 yr for the Northern
Hemisphere, as indicated by Figure 1. Further, on a global basis, the 1990s were
the warmest decade and 1998 was the warmest year since 1860. Two periods of
temperature rise occur: one between 1910–1945, where the global temperature in-
crease was 0.14 ◦C, and the other from 1976–1999 when temperatures increased by
0.17 ◦C.

The distribution of temperature increase is shown in Figure 3. The warming
observed in the period 1910–1945 was greatest in Northern Hemisphere latitudes. In
contrast the period 1946–1975 shows cooling in the Northern Hemisphere relative
to much of the Southern Hemisphere. For the most recent period (1976–1999)
increases in average temperature have been greatest over the mid-latitude of the
Northern Hemisphere continents, particularly in winter. There has been relatively
faster warming of land-surface temperature than of the ocean surface temperature
in the last 25 yr of the 20th century (Figure 3).

On average, night-time daily minimum temperatures over land have increased at
about the twice the rate of daytime daily maximum temperatures since about 1950
(approximately 0.2 ◦C, compared to 0.1 ◦C per decade). This trend has lengthened
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Figure 2. (a) to (c). Combined annual land-surface air and sea surface temperature (SST) anomalies
relative to 1961 to 1990 (◦C) 1861 to 1999, calculated using optimum averages of United Kingdom
Meteorological Office ship and buoy and Climatic Research Unit land surface air temperature data
(bars and solid smoothed curves) taken from Folland et al. (2001): (a) Northern Hemisphere; (b)
Southern Hemisphere; (c) Globe. The dashed smoothed curves are corresponding area weighted
averages, updated from Jones et al. (2001).
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Figure 3.

Figure 4.
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the frost-free season in many mid- and high-latitude regions (Figure 5). Anal-
ysis of numbers of days with air frost (days with minimum temperature below
0 ◦C) across much of the globe (Frich et al., 2000) shows a reduction in the order
of 10%.

2.2.2. Precipitation
Overall, global land precipitation has increased by about 2 percent over the 20th cen-
tury (Hulme et al., 1998). This increase is neither spatially nor temporally uniform
(Figure 4). Over the mid- and high-latitudes of the Northern Hemisphere precip-
itation increased by between 7 and 12 percent between 30 and 85 ◦N, especially
during the boreal autumn and winter, but these increases vary both in space and
time. Over North America precipitation has increased in the order of 10%, a 5%
increase in western Russia and a slight decrease in eastern Russia and China. This
general increase contrasts with decreases in the northern sub-tropics. Record low
precipitation has been observed in equatorial regions in the 1990s. Small increases
are observed in the southern sub-tropical landmasses.

Figure 3. (a) to (d): Annual temperature trends for the periods 1901–1999, 1910–1945, 1946–1975
and 1976–1999 respectively. Data from Jones et al. (2001). Trends are represented by the area of
the circle with red representing increases, blue representing decreases. Trends were calculated from
annually averaged gridded anomalies with the requirement that the calculation of annual anomalies
include a minimum of 10 months of data. For the period 1901–1999, trends were calculated only for
those grid boxes containing annual anomalies in at least 66 of the 100 yr. The minimum number of
yr required for the shorter time periods (1910–1945, 1946–1975, and 1976–1999) was 24, 20, and 16
yr respectively.

Figure 4. Annual trends for the three periods of changing rates of global temperature of figure 3
and the full period, 1900–1999. During the 100 yr period, calculation of grid cell trends required at
least 66% of the ys without missing data and at least 3 yr of data within each decade except the first
and last. During the shorter periods, calculation of grid cell trends required at least 75% of the years
without missing data. Stations with more than 1/6 of their data missing during the normal period
and grid cells with more than one season or year without any measurable precipitation during the
normals period were excluded from consideration. Precipitation trends are represented by the area of
the circle with green representing increases and brown representing decreases. Annual trends were
calculated using the following method. Precipitation anomalies in physical units were calculated for
each station based on 1961–1990 normals and averaged into 5 ◦×5 ◦ grid cells on a monthly basis. The
1961–1990 monthly mean precipitation for each grid cell was added to the monthly anomalies and
the resulting grid cell values summed into annual totals. This serieswas converted into percentages of
normal precipitation, and trends calculated from the percentages. Average trends within six latitude
bands are shown in the legend of each map. The 1961–1990 monthly mean precipitation for the
latitude band was added to the anomaly time series and the resulting values totaled across all months
within the year. The significance of each trend (based on a 0.5 level) was determined using a t-test
and a non-parametric test statistic. Trends found to be significant under both tests are indicated with
a ‘*’.
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Figure 5. Changes in the number of frost days during the second half of the 20th century. The upper
panel shows percentage changes in the total number of frost days, days with a minimum temperature
of less than 0 ◦C, between the first and second half of the period 1946–1999. The size of each circle
reflects the size of the change it represents. The lower panel shows the average annual numbers of frost
days as percentage differences from the 1961–1990 average value. The trend shown is statistically
significant at the 5% level. The analysis shown is from Frich et al. 2000.

3. Present Climate

Beneath the earlier mentioned trends, current climate shows significant variabil-
ity, on timescales of seasons to decades, which are of importance to agriculture
and forestry. Those that are most important interannually are the El Niño/Southern
Oscillation (ENSO) and the North Atlantic Oscillation (NAO), and decadally the
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recently described Interdecadal Pacific Oscillation (IPO). These quasi-periodic
variations are superimposed on the general trend of global warming, but their
frequencies may be influenced by global warming.

3.1. INTERANNUAL VARIABILITY

3.1.1. El Niño/Southern Oscillation (ENSO)
ENSO is the primary global mode of natural climate variability in the 2–7 year
time band defined by sea surface temperature SST anomalies in the eastern tropical
Pacific. The Southern Oscillation is a measure of the atmospheric pressure across
the Pacific-Indian Ocean region. Atmospheric and oceanic conditions in the tropical
Pacific vary considerably during ENSO, fluctuating somewhat irregularly between
the El Niño phase and the opposite La Niña phase. In the former, warm waters
from the western tropical Pacific migrate eastwards, and in the latter cooling of the
tropical Pacific occurs.

As the El Niño develops, the trade winds weaken and warmer waters in the central
and eastern Pacific occur, shifting the pattern of tropical rainstorms eastward. 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
in 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
Niña phase of the phenomenon.

The ENSO phenomenon’s trigger is in the tropical Pacific Ocean. The observed
global influences occur as teleconnections as the atmosphere transmits the anoma-
lous heating in the tropics to large-scale convection and thus to anomalous winds in
the atmosphere. The main global impacts are that El Niño events cause above av-
erage global temperature anomalies above the trend. Since the mid-1970s El Niño
events have been more frequent, and in each subsequent event global temperature
anomalies have been higher (Trenberth and Hoar, 1997). Figure 6 shows the South-
ern Oscillation Index since 1930; the Tahiti minus Darwin normalized pressure

Figure 6. The Southern Oscillation Index 1930–2000. Negative values represent El Niño and positive
values of this index La Niña conditions.
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index, which measures whether the climate system is in the El Niño or La Niña state.
A negative index indicates the El Niño state, and a positive index the La Niña state.

Reconstructions of ENSO from proxy climate indicators (Stahle et al., 1998;
Mann et al., 2000) show that ENSO fluctuations have prevailed since at least 1700,
but also suggest that the 1982–83 and 1997–98 very large warm events could be
outside the range of variability of the past few centuries. Instrumental records show
both the activity and periodicity of ENSO have varied considerably since 1871 with
considerable irregularity in time. There was an apparent “shift” in the temperature
of the tropical Pacific around 1976 to warmer conditions (Salinger et al., 1996),
which appeared to continue until at least 1998 (Figure 6). It is unclear whether this
warm state continues now as the current moderate but increasingly long La Nina, that
began in late 1998 finally subsided during early 2001. The 1990s have received con-
siderable attention, as the recent behaviour of ENSO has seemed unusual relative to
that of previous decades. A protracted period of low SOI occurred from 1990–1995,
during which several weak to moderate El Niño events occurred with no intervening
La Niña events, which is extreme rare (Trenberth and Hoar, 1997) statistically.

3.1.2. North Atlantic Oscillation (NAO)
This large-scale alternation of atmospheric pressure between the North Atlantic
regions of the sub-tropical high (near the Azores) and sub-polar low pressure (ex-
tending south and east of Greenland) determines the strength and orientation of the
poleward pressure gradient over the North Atlantic, and the mid-latitude westerlies
in this area. This is measured by the NAO Figure 7). One extreme of the NAO oc-
curs in winter when the westerlies are stronger than normal, bringing cold winters
in western Greenland and warm winters to northern Europe. In the other phase the
westerlies are weaker than normal which reverses the temperature anomalies. In
addition, European precipitation is related to the NAO (Hurrell, 1995). When this
index is positive, as it has been for winters in the last decade, drier than normal
conditions occur over southern Europe and the Mediterranean, with above normal
precipitation from Iceland to Scandinavia. The NAO also affects conditions in North
Africa and possibly the Sahel.

There is a seesaw of atmospheric mass between the polar cap and mid-latitudes
in both the Atlantic and Pacific Ocean basins, which has been named the Artic
Oscillation (AO). The time series of the AO and NAO (Figure 7) are quite similar
(Thompson and Wallace, 2000) and the NAO is regarded by some as the regional
expression of the AO.

3.2. INTERDECADAL VARIABILITY

Recently shifts in climate have been detected in the Pacific basin, driven by a
newly described climate feature, the IPO, which shifts climate every one to three
decades (Power et al., 1999; Salinger et al., 2001). This is an ‘ENSO-like’ feature
of the climate system that operates on time scales of several decades. There is a
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Figure 7. December to March North Atlantic Oscillation (NAO) indices, 1864–2000, and Arctic
Oscillation (AO) indices, 1900–2000, updated from Hurrell (1995) and updated from Thompson and
Wallace (2000) and Thompson et al. (2000) respectively. The indices were normalised using the
means and standard deviations from their common period, 1900–2000, smoothed twice using a 21
point binomial filter where indicated and then plotted according to the years of their Januarys.

tight coupling between the ocean and atmosphere. The main centre of action in
SST is in the north Pacific centred near the Date-Line at 40 ◦N, with an opposing
weaker centre just south of the equator in the eastern Pacific, north of Easter
Island at 10 ◦S. There is also another weaker centre of action, in the southwest
Pacific centred near the Cook Islands at 20 ◦S, which is in the same phase as the
north Pacific centre. The matching atmospheric sea level pressure pattern is one
of an east/west seesaw at all latitudes, but again centred over the north Pacific,
with the centre of action over the Aleutian Islands. The IPO has been shown to
be a significant source of decadal climate variation throughout the South Pacific
and Australia, and also the North Pacific. Future research may determine whether
this feature could contribute to decadal climate variability throughout Pacific-rim
countries.

Three phases of the IPO have identified during the 20th century: a positive
phase (1922–1946), a negative phase (1947–1976) and the most recent positive
phase (1977–1998). There is now evidence that the recent positive phase has ended
(Figure 8). Prior to the end of the 19th century there is not enough information to
derive an IPO index. Power et al. (1999) show that the two phases of the IPO appear
to modulate year-to-year ENSO precipitation variability over Australia. The IPO is
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Figure 8. Smoothed index denoting the phases of the Interdecadal Pacific Oscillation (IPO).

a significant source of decadal climate variation throughout the South Pacific, and
modulates ENSO climate variability in this region (Salinger et al., 2001). It may
also play a key role in modulating ENSO teleconnections across North America on
interdecadal time scales (Livezey and Smith, 1999). The results demonstrate that
the IPO is a significant source of climate variation on decadal time scales throughout
the South West Pacific region. The IPO also modulates interannual ENSO climate
variability over the region.

3.3. GLOBAL WARMING

The three features, ENSO, NAO and the IPO all impinge on aspects of global
climate, and two are dominant features of the tropical Pacific and oceanic Southern
Hemisphere which effect climate variability of the three southern continents of
Southern Africa, Australasia, and South America, as well as the Pacific basin. It is
on this background of internal climate variability that external mechanisms such
as volcanism and the increase of greenhouse gases from anthropogenic activities
have acted (Salinger et al., 2000). Modelling studies are best able to identify the
importance of these external factors in the period of current climate.

A climate model can be used to simulate the temperature changes that occur
both from natural and anthropogenic causes. Figure 9 shows the results of global
mean surface temperature anomalies relative to the 1880–1920 instrumental record
compared with ensembles of four simulations with a coupled ocean-atmosphere
climate model (Stott et al., 2000; Tett et al., 2000; IPCC, 2001a).

From these simulations IPCC (2001a) concluded that climate forcing from
changes in solar radiation and volcanism is likely to have caused fluctuations in
global and hemispheric mean temperatures in the first part of the 20th century.
However, these have been too small to produce the mean temperature increases in
the latter part of the 20th century. Well-mixed greenhouse gases (carbon dioxide,
methane, chlorofluorcarbons, etc) must have made the largest contribution in ra-
diative forcing to warm the climate in the late 20th century, as now validated by the
above mentioned climate model simulations of global-average surface temperature.
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Figure 9. The simulations represented by the band in (a) were done with natural forcings: solar
variation and volcanic activity. Those encompassed by the band in (b) were done with anthropogenic
forcings: greenhouse gases and an estimate of sulphate aerosols and those encompassed by the band
in (c) were done with both natural and anthropogenic forcings included.

4. Future Climate in the 21st Century

The growth in greenhouse gases in the atmosphere because of anthropogenic
activities is also expected to be the most important factor forcing climate to change
during the 21st century. 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 principal greenhouse gas is water vapour, but also carbon
dioxide (CO2), ozone (O3), methane (CH4) and nitrous oxides (N2O), together
with clouds, keeps 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 greenhouse gases will change the efficiency with which the Earth cools to
space. The atmosphere absorbs more of the outgoing terrestrial radiation from the
surface when concentrations of greenhouse gases increase. This is emitted at higher
altitudes and colder temperatures and results in a positive radiative forcing which
tends to warm the lower atmosphere and Earth’s surface. This is the enhanced
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greenhouse effect – an enhancement of an effect that has operated in the Earth’s
atmosphere for billions of years due to naturally occurring greenhouse gases e.g.
Salinger et al., (2000) IPCC, (2001a). The natural concentration ranged from about
190 to 280 parts per million (ppm). When CO2 concentrations were low, so too were
temperatures, and when CO2 concentrations were high, it was warmer. Greenhouse
gases in the atmosphere are expected effectively double or quadruple by 2100.

In order to make projections of future climate, models incorporate past, as well as
future emissions of greenhouse gases and aerosols. The IPCC has modeled climate
using seven main scenarios of greenhouse gas and other human-related emissions,
based on the IPCC Special Report on Emissions Scenarios (SRES) (IPCC, 2000).
From these a full range of 42 SRES scenarios have been produced, based on a
number of climate models. The pattern of temperature increase from these is shown
in Figure 10.

The model results show that globally averaged surface temperature is projected
to increase by 1.4 to 5.8 ◦C over the period 1990–2100 (IPCC, 2001a) for the full
range of SRES scenarios. This projected rate of warming is much larger than the
observed changes during the 20th century and is without precedent during at least

Figure 10. Estimated anthropogenic global temperature change for 1990–2100 for the seven illustra-
tive SRES scenarios using a simple climate model tuned to seven atmosphere-ocean general climate
models. The dark shading represents the full envelope of the full set of 42 SRES scenarios. The bars
show the range of model results in 2,100 for the six climate model tunings.
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the last 10,000 yr – and certainly during the period of settled agriculture and forestry.
The global model simulations indicate that nearly all land areas will warm more
rapidly than the global average, especially those located at northern high latitudes
(IPCC, 2001a). Most notable of these is the warming in the northern regions of
North America, and northern and central Asia. In contrast, the projected warming
is less than the global mean change in southeast Asia in summer and in southern
South America in winter.

More crucial to agriculture and forestry, especially in areas at low latitudes
where activities are rainfed, are the likely changes in precipitation. Global model
simulations (IPCC, 2001a) indicate that by the second half of the 21st century, it
is likely that precipitation will have increased over northern mid- to high-latitudes.
At low latitudes both increases and decreases have been projected over land areas.
Trends in these regions will be critical.

TABLE I
Estimates of confidence in observed and projected changes in extreme weather and climate events.
(IPCC, 2001a)

Confidence in observed Confidence in projected
changes (latter half of the changes (during the 21st
20th century) Changes in phenomenon century)

Likely Higher maximum temperatures
and more hot days over
nearly all land areas

Very likely

Very likely Higher minimum temperatures,
fewer cold days and frost
days over nearly all land
areas

Very likely

Very likely Reduced diurnal temperature
range over most land areas

Very likely

Likely, over many areas Increase of heat index
(Footnote 12) over land areas

Very likely, over most areas

Likely, over many Northern
Hemisphere mid-to
high-latitude land areas

More intense precipitation
events∗

Very likely, over many areas

Likely, in a few areas Increased summer continental
drying and associated risk of
drought

Likely, over most mid-latitude
continental interiors. (Lack
of consistent projection in
other areas)

Not observed in the few
analyses available

Increase in tropical cyclone
peak wind intensities∗∗

Likely, over some areas

Insufficient data for
assessment

Increase in tropical cyclone
mean and peak precipitation
intensities∗∗

Likely, over some areas

∗For other areas, there are either insufficient data or conflicting analyses.
∗∗Past and future changes in tropical cyclone location and frequency are uncertain. For more details
see IPCC (2001a).
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Extreme events have important impacts on agriculture and forestry. Currently
climate models lack the spatial detail required to make confident projections. How-
ever, broadscale assessments of observed changes in extremes for the 20th century
and projected changes for the 21st century have been made (IPCC, 2001a) and are
given in Table I. Similar tabulations at broad regional levels are also available in
the IPCC 2001 synthesis report (IPCC, 2001c). The theory of changes in extremes,
as a result of changes in both means and variability is illustrated in Figure 11. This

Figure 11. Schematic theory showing the effect on extreme temperatures when (a) the mean temper-
ature increases, (b) the variance increases, and (c) when both the mean and variance increase for a
normal distribution of temperature.
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shows that shifts in both means and variance can have a profound effect on the
frequency of extremes.

5. Implications for Agriculture and Forestry

5.1. IMPLICATIONS

The implications of both past and present climate variability and change on
agriculture and forestry are the subject of impact studies, some of which have
been summarized in the IPCC Third Assessment Report (IPCC, 2001b). Broad
scale future impacts have already been identified. From the most well understood
trends in climate during the 21st century the key trends that have been identified
are

1. The continued rapid temperature increase in high latitudes of the Northern
Hemisphere;

2. Further drying in Mediterranean areas, and some tropical and sub-tropical
latitudes;

3. The accentuation of climate extremes as a consequence of increasing climate
variability especially in sub-tropical and tropical latitudes.

All these aspects will be considered in later papers in this volume. The purpose of
this contribution is to identify the underlying trends in climate change and variability
during the 21st century. This will be a blend of the centennial scale trends induced
by anthropogenic climate warming, on which will be superimposed decadal scale
variability from the IPO and interannual variability imposed by ENSO and the
NAO, of which the frequencies may be influenced by global warming.

5.2. DANGEROUS CLIMATE CHANGE

Throughout historical time, and agrarian settlement, climate has varied. Both natural
climate change and variability has occurred, which past and current agricultural and
forestry systems have adapted to. Where systems in the recent geological past, such
as those in the Indus valley, in this case to changing soil conditions, have not adapted,
they have not survived. The record of observed climate, by instruments and proxy
indicators, suggest that the rate and magnitude of change and variability has been
quite modest, with centennial temperature changes globally in the order of 0.5 ◦C,
and locally 1 ◦C. Natural variability because of ENSO has been a factor throughout
recorded history.

However, the magnitude and rates of change that are projected for the 21st
century fall outside that range. The 90% confidence range of global warming is in
the range of 2 to 4.5 ◦C (Wigley and Raper, 2001). Although agriculture and forestry
might adapt given a modest rate of climate change, the rapidity of projected change
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is unprecedented in the last 10,000 yr. The current rate of global warming since
the mid-1970s has been at 0.2 ◦C per decade, which is consistent with the lower
projected warming rates for the 21st century.

The United Nations Framework Convention on Climate Change (United
Nations, 1992) main purpose is to reduce the growth of greenhouse gases in the
atmosphere and stabilize climate.

“the ultimate aim of this Convention. . . is to achieve. . . Stabilisation of
greenhouse gas concentrations in the atmosphere..to prevent dangerous climate
change1”

The natural greenhouse effect keeps the planet and biosphere at an equable
temperature for planetary processes to operate (e.g. Salinger et al., 2000).

Climate, agriculture and forestry are thus inextricably linked. The mean sur-
face air temperature of the earth can be used as a measure of the stability of the
climate system. It responds to energy inputs, and cycling processes such as the
hydrological (water) cycle. Temperature is part of the process of life systems.
Over the last 420,000 yr climate has varied by 6 ◦C between glacial and inter-
glacial periods, with the most rapid change being about 1 ◦C per century. Tem-
perature increases or decreases outside these ranges will create an unstable cli-
mate, as parts attempt to adjust to rapidly changing temperatures. Native forests
take centuries to adjust their range, and agriculture would face almost impossible
adjustments.

The current rate of global warming is 2 ◦C per century, and this rate is projected
as a lower range for the remainder of the 21st century. Thus increases in greenhouse
gases released by human activities are creating a potential situation of dangerous
climate change where the stability of agriculture and forestry systems is threatened.
Greenhouse gases are likely to double during this century. This could bring with
it unknown climate surprises and their impacts, such as flooding from unmanage-
able catchments and inundation of land areas due to storm surges and sea level
rise.

Adaptation strategies are going to be of crucial importance. These can range
from traditional to new technologies. Traditional management practices such as
intercropping, mulching and agroforestry will be important. Changes in agronomic
practices such as earlier planting or cultivar switching are simple adaptive strate-
gies for the tropics. Earlier planting and sowing, shorter rotations and larger spac-
ing in areas undergoing drying and use of shelterbelts can be used in temperate
regions. Understanding of impacts, modeling and improved spatial measurement
of agriculture and forestry will provide new methods of adaptation. The improve-
ment of seasonal climate forecasting will increase preparedness and risk man-
agement on seasonal to interannual time-scales for increasing climate variability.
All these strategies and others discussed in later papers in this volume will be of
critical importance to cope with the increasing climate variability and change of
the 21st century to prevent these variations being dangerous to agriculture and
forestry.
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6. Conclusions

Climate variability and change have gone on throughout time, and on geological
time scales of millions of years the climate system has undergone large changes as
the earth has evolved. During the last glacial maximum, approximately 20,000 yr
ago global temperatures were 5 to 6 ◦C less than those at the beginning of the 21st
century (IPCC, 2001a). Even though temperatures have increased by this amount,
the rise occurred over thousands of years, and stabilized into the modern climate
regime about 10,000 yr ago.

In the perspective of human settlement and agriculture and forestry activities over
the last 10,000 yr at least climate changes have been quite small, and certainly in the
documented record for the last 1,000 yr small variations in global temperature have
occurred compared with the glacial/interglacial changes. Hydrological variations
may have been larger though. The projected global mean temperature trends for the
21st century are without precedent, with rates expected of between 2 and 4.5 ◦C for
the century.

Underneath the strands of 21st century climate warming due to anthropogenic
activities, interdecadal and interannual climate variability will continue and pos-
sibly increase. Decadal climate variability, as induced by the IPO, will continue
throughout the Pacific basin. Both will impact on regional and global climate and
hence temperature and rainfall.

Interannual climate variabilities, particularly that caused by ENSO and NAO are
expected to continue and possibly increase throughout this century. In fact global
warming has been identified to lead to greater extremes of drying and heavy rainfall
and increases the risk of droughts and floods that occur with ENSO events in many
different regions, thus increasing climate variability from these sources.

As well, extremes are expected to increase (Table I). More hot days are expected
over nearly all land areas and more intense precipitation events over many Northern
Hemisphere mid- to high-latitude land areas. Increased summer continental drying
and associated drought risk is likely in a few areas and peak wind and precipitation
intensities in tropical cyclones are assessed to increase in some areas.

Climates of the globe have always varied over the last millennium, because of
natural phenomena such as ENSO and the IPO. However, as the century progresses
the interannual and decadal phenomenon will be superimposed on an unprecedented
global warming trend. Together these will produce rapid climate change, increasing
climate variability and climate extremes. Thus agriculture and forestry will face
unprecedented challenges in the 21st century.
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