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1. Introduction

Before the beginning of 21st, when the subject of global warming and climate change became
a frontline issue among the climate scientists, it was thought by a lot of people, especially
the decision- and policy-makers that climate change was a myth and not real. This
underscores the reason why many countries even till today are not convinced yet why they
should ratify the Kyoto protocol. But today, hardly is there any part of the globe that has not
experienced the impacts of climate change either positively or negatively. As a result,
addressing climate change issue has becomeone of the humanity’s most pressing and
difficult environmental challenges of our time, requiring urgent and concerted efforts. It is a
complex, long-term problem, two centuries in the making. Climate change is ubiquitous-
there are only, but a few human activities that do not contribute to it. Its effects are already
being felt all over through weather and hydrological extremes (floods and droughts) in the
Niger River basin and will only worsen, seriously affecting in particular sustainable
development, with adverse impacts on the economic development of developing countries,
as well as social welfare, the environment, natural resources and physical infrastructure. It
would certainly most likely affect in general, the way of life in all countries, especially the
developing countries with low resilience(depending on river basin’s resources), as well as
fragile ecosystems and even threaten global security through migratory pressures and
resources conflicts. Again, the existing mismatch between the primary culprits of climate
change and the primary victims of its impacts often bedeviled international efforts to
address the problems at global level; and there is no other place this climatic impact is more
obvious and critical than in countries of Africa, particularly the West African region; even
though they have contributed just a little or no thing to the factors responsible for the global
warming. Even though, there is no consensus amongst the Global Climate Models (GCMs)
over the future climate of the West Africa [1], the region’s experience so far, starkly
demonstrates the development setbacks and high level of vulnerability of the area to
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impacts of climate change; ranging from recurrent droughts, Niger River zero flow of 1984

and 1985 at Malaville and Niamey ( Benin and Niger) respectively, to shrinkage and

disappearance of Lake Chad, devastation of Abuja National stadium velodrome, collapse of

connecting Nukkai and Sokoto bridges, in 2003, 2005 and 2010 respectively (all in Nigeria).
This is because; the current climate of the region is strongly characterized by climatic
variability and extreme events (floods and droughts) that alread y have serious implications
on economic development of the region.

It is now very obvious too that an inherent characteristic of climate is change, and a period
of change is already underway which has the potential to threaten the fabric of human
society and its development across the globe bdh at present and in the future. This is
because climate, development and the world’s water-resource systems of a river basin have
a unique relationship insofar as water resources depend on the hydrological cycle which is
itself part of the Earth climate system driven by the sun’s energy. What came to be known as
global warming (i.e. the rising of average air temperature of the Earth’s atmosphere and
ocean) that began to increase in the late 19thcentury (Fig. 1) and is projected to continue
rising is human’s making; through human’s delib erate actions to conquer nature, as against
living in harmony with natural systems. Glob al warming is the main culprit of climate
change. While humans have affected weather ard climate, weather and climate have in turn
affected humans through extreme events (Fig. 2).As a result, there has been growing needs
to study, understand and quantify the potential impacts of climate change on climate
sensitive sectors of national economies and thehydrologic regimes. Also, decision-makers in
many climate—sensitive sectors: water, energy, agriculture, fisheries, health, forestry,
transport, tourism, disaster risk management - are now more than ever before, increasingly
concerned by the growing adverse impacts of dimate change associated risks, because they
are ill-equipped to adequately tackle these challenges.

Global Temperature Anomaly 1880-2010 (Sources NASA, 2011)
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Reaping Extreme Hydrological disasters due to climatic Variability and changing climate
(Nigeria experience in the lower Niger Sub-basin)

Water is an indispensable element of life; the water resources of the region’s river basins are
highly dependable and sensitive to climate variability and change; due to inter-connection
between the climate system, hydrological cycle and water resources system. Thus, if the
trends in climate contexts that took place over the last three decades continue to prevail
unabatedly, West Africa will no doubt experience decreased freshwater availability. Also,
compared to previous decades, it is obsered that since the early 1970s, the mean annual
rainfall has decreased by 10% in the wet tropical zone to more than 30% in the Sahelian zone
while the average discharge of the region’s major river systems dropped by 40 to 60%. This
sharp decrease in water availability will be complicated by greater uncertainty in the spatial
and temporal distribution of rainfall and su rface water resources [2, 3]. Again, it is
important to note that Niger River basin is not just simply water; it is an origin of identity
for the region, a route for migration and comme rce; but also seriously threatened by man-
made climate change. The region’s recent expeence is a demonstration of the fact that
climate change is real and not amyth. It is against this backdrop that this paper attempts to
highlight the various experiences of the level of vulnerability of Niger River basin and its
inhabitants to the impacts of climate change including climatic variability and extremes; as
well as provide scientific evidence to substantiate the characterization of the current climatic
variability and the future impacts of climate ch ange on the region. So the paper will try to
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distinguish between climate variability and clim ate change. We adopt the Inter-governmental
Panel on Climate Change (IPCC) definitions for both terms. Accordingly, climate change is
referred to as statistically significant variation in the mean stat e of the climate or the long-term
changes in climate conditions obsevable over several decades or longer [4]. Climate variability
on the other hand is the deviations of climate statistics over a given period of time from the
long-term climate statistics relating to the corresponding calendar period or short-term
variations in climate over periods of days, months, years and decades [4].

2. Intellectual merit

For a very long period of time there has been harmonious and balanced use of water of
Niger River, such that it is even limited in its natural functions and services. But over time,
this trend changed, as the basin suffered fa many decades from human pressure and new
uses such as construction of dams that havebeen disturbing the characteristics, structure
and functioning of the river basin’s ecosystems. This intensive use of these natural resources
added to the growing population and clim ate changes impacts, among which severe
droughts and their impacts have had severe consequences on the status of the Niger River
and its tributaries, biodiversity, landscapes, ke y habitats and floodplains. Aside this, climate
change and freshwater resource systems are iterconnected in a complex ways, with rainfall
patterns, evaporation and water demand or use influencing the availability of both surface
and groundwater resources in the region.

Of course, the climatic future of the Niger River Basin may remain uncertain, due to
inconsistency of the global climate models over the area; but climate change is expected to
have a major influence not only on water resour ces, but on food and human society at large
through its impacts on climatic variability and extremes. Again, it is impossible to rule out
the occurrence of other possible indirect influences of climate change such as higher
temperatures leading to high evaporative-and greater-demand for water. Undeniably, such
disagreement between the climate models may be interpreted that nothing could be said
with certainty about the future evolution of ra infall in the basin; but very high degree of
climatic variability is projected to continue, which could even become more pronounced on
seasonal, annual and decadal timescale. West Afican rivers are mainly strongly seasonal
and humid with fairly modest inter-annual ra infall variability. As shown in figure 3, the
rivers display very strong relationships with rainfall that accounts for about 60% - 70% of
river flow variability [5]. In all the cases, river flows show much greater coefficient of
variability than rainfall mainly because of heterogeneity and nonlinear response of runoff to
changes in rainfall; especially to the variations in rainfall intensity. The impacts of climate
change on freshwater resources systems ca sometimes be direct, stemming from the
relationship between temperature and/or prec ipitation, and the abundance and quality of
the available water resources; while the indirect impacts occur by causing shifts in
temperature, lifestyle, population, economy or technology, which in turn may trigger shifts

in demand for water. Thus, it is expected that climate change could further amplify and
entrench water resources anomalies such as loal drought or flooding at the lake / river
level.
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Rainfall-Runoff interactions in  Sudano-Guinean zone of Niger Basin in Mali and Guinea
(source: Mahel et al, 2009)

According to Intergovernmental panel on climate change (IPCC), climate change is expected
to result in severe water stress over much of Africa; particularly, in th e agro-pastoralist region
of West Africa [6], where Niger River basin is located. Consequently, not only will freshwater
become scarcer in already dry regions, but changing freshwater temperatures could affect
natural ecosystems and water quality. In fact, the West African region of the continent is
characterized by extreme climatic variability wi th extreme weather events; the last 40 years
since 1969 have witnessed dramatic reductions inmean annual rainfall (Fig. 4) throughout the
region [7, 8, 9 and 10]. A rainfall decrease of 29- 49 percent has been observed in the 1968 —
1997 period compared to the 1931 — 1960 baselinperiod within the Sahel region [6].

(Source: NOAA NCDC Global Historical Climatology Network Data)

Typical Rainfall Anomalies (1900 -2011) over West African Sudano-Sahel zone (11-18N and
West of 10E)
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The projected warming climate caused by increasing concentration of greenhouse gases is
very likely to exacerbate the present climatic variability and extremes in the region; which
already have implications for water resources availability and food production not only in
the Niger River basin, but over the entire West African region. For example, the main
livelihood of the people in Niger River basin is traditional, low input, rain-fed farming and
nomadic pastoralism; any increase in volatility of summertime temperatures will therefore,
have serious effects in grain-growing regions of the basin. Again, climate change is expected
to lead to intensification of the hydrological cycle; and by implication will ensue in
increasing drought or flooding episodes.

Aside this, the Niger River is not just simply water; it is an origin of identity for the region, a
route for migration and commerce, as well as a catalyst for potential conflict and
cooperation too. Hence, the rising concern on the adequate management and assessment of
the water resources in the face of the changingclimate is quite important. The river and its
tributaries are the lifeline for the teeming human population, with annual growth rate of 2.8
per cent; as well as the major sources of hydropower to most of the riparian countries within
the basin. Much of the population of the basin suffers from extreme, chronic poverty and
vulnerable to droughts and increasing malnutri tion rate, due to increasing food and water
insecurity resulting from climatic, demographic and land use changes.

Climate change is indeed real, not a myth. The region’s recent past experience of unusual
vagaries of weather and climate is a clear demonstration of reality of climatic variability and
change. In fact, climate changerepresents a shock to the rural farmers’ with low resilience to
climate change impacts. It in fact poses a pine@r threat that reveals how vulnerable the basin
and its inhabitants are to hydrological extrem es (droughts floods landslides etc.). Today,
droughts and floods have become the most common natural disasters in the Niger River
basin frequently accompanied by loss of lives, properties and croplands. With climate
variability and change, changes in the onset and cessation dates of rainy season are very
likely; as presently being experienced in Nigeria (Fig. 5). Almost all the droughts that
occurred in the region are associated with late starts of rainy season and early cessation of
the rains, resulting in drastic reductions in the length of rainy season and invariably the
length of growing season as well.

Under such a context, only a rational mobilization and adequate management of water
resources in the River Niger basin seem to bethe most adequate answer and the catalyst for
the development of growth and gradual alleviat ion of poverty. Therefore, sustainable water
resources and agricultural development has become an absolute necessity for food security
and health in 21st century; if poverty eradication is to become a reality in Africa and Nigeria
in particular. Additionally, with climate variab ility affecting the agricultural sector badly,
coupled with uncertainty about the future climate that confounds planning among the
smallholder and commercial farmers, climate change could aggravate this already tensed
situation, triggering unfathomable impacts su ch as crop failures, floods, droughts and
malaria epidemics. This will no doubt compromise the region’s ability of achieving the
Millennium Development Goals (MDGs) related to poverty, hunger and human health.
Climate change will further pose serious challenge to the attainment of other MDGs related
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to reduce child mortality, improved maternal health, ensuring environmental sustainability
and combating HIV/AIDS, malaria and other dise ases as a result of malnutrition ensuing
from food insecurity. Th us, the need for anticipatory strategies for adaptation to climate
variability and change has become even more urgent as resources demands increase
through population growth and development.

(Source: Nigeria Meteorological Agency (NIMET, 2007))
Fig. 5: Changes in Onset (top) and Cessation (bottom) Dates of Rainy Season (Nigeria)

Number of studies in the Niger basin have show n significant trends towards a false onset (a
situation where the rainy season starts normally and then ceases alwuptly, creating a dry

period between the false onset and the true onsd), late or delayed onset (a situation where
the expected start of the rainy season is delged) and early cessation (a situation where the
rainy season stops far ahead of the expectedtime of the summer rains) [8]. For example,
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prolonged drought occurred from 1738-1756, centred in the area of the Niger River bend
that induced famines which killed half of the population of the city of Timbuktu. More
recently too, there has been persistent drougltt in the Sahelian regions of the basin since the
late1960s that has resulted in a decrease in thavailability of freshwater resources [6]. Up to
250,000 people and millions of herds of cattle ae reported to have perished. In the lower
Niger sub-basin(Nigeria ) alone, the impacts of the drought episodes of 1968 and 1973/74
which reduced agricultural yields between 12 % and 14% of annual average and ensued in
death of about 300,000 animals representing 13%of livestock population was still being felt
several years after[11]. So, the impacts of droght are extremely serious and often dramatic
particularly for the most vulnerable groups - women and children. Drought forces the
inhabitants of the Nigerian dry lands to resort to survival strategies, which further
exacerbate the desertification problems, with associated reduction in land productivity and
worsening poverty problems. Some other major famines also occurred from 1983 - 1985 and
2007 in large sections of the Niger basin.This was well documented in the IPCC’s 2007
Fourth Assessment Report, confirming its earlier findings, which shows th at trends in Africa
include a rise in average temperature of 0.2C for most of the continent during the 20t
century, and decreases in rainfall of up to 30 percent over large portions of the Sahel. In
Niger River basin, it further documents that the rivers mean annual discharge declined by
40-60 per cent; and in future, the basin could £e changes in rainfall, evaporation and runoff
of approximately 10 per cent. Also, major changesin rainfall in terms of annual and seasonal
trends and extreme events of flood and drought have been documented by [12, 13, 14 and 6].
Other parts of the West Africa is not left out; for example, annual hydrological regime of the
Nakambe River, Burkina Faso has shown sibstantial changes too during the period1955-
1998 with a shift occurring around1970[15].

Moreover, while most research and action have focused on drought challenges and its
impacts in the Sahel it is important to also state that the region also experiences periodic
flooding. In 1953 or there about, heavy rainfall leading to flooding destroyed crops and
resulted in famine that lingered on for the firs t nine months of 1954. This affected about five
million people in both western and south-central Niger and northern Nigeria and northern
Cameroun [16]. Since the recovery of the Shel rainfall in the mid-1990s following the
prolong drought periods of 1970s and 1980s[17],floods associated with intense rainfall have
again become more pronounced in the region, most notably in 1995, 1998-1999, 2002-2003,
2006-2008 and 2010[18]. This resurgent of flood penomenon has been associated with a
number of factors; including anomalous heatin g in the tropical Atlantic Ocean and La-Nina
event in the tropical Pacific Ocean[19]. This agument on whether such intense rainfall can
lead to flooding was further substantiated by linking the occurrence of the floods to
accumulative rainfall in the days prior to he avy rain event [20]. Also two distinct flood
events occur every year in the Niger basin, espeially in the lower sub-basin in Nigeria. The
first is the ‘black flood’ that originates from th e high rainfall area at the headwaters; arriving
at Kainji (Nigeria) every November and lasting till March at Jebba (Nigeria) after attaining a
peak of about 2000 n#s every February. The second typeof flood is called ‘white flood’,
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which becomes prominent only downstream of Sabongari (Nigeria), soon after Niger River
enters Nigeria; usually laden with silt and ot her suspected particles. The flood derives its
flow from the local tributaries and reaches Kain ji every August and attaining peak rate of
4000 — 6000 m3/s between September and October in Jebba every year [21]. How all these
flood and droughts events will evolve in future in the face of the changing climate still
remains a subject of research till today.

Till today, there has been increasing menace offrequency of flood in the lower Niger basin,
due to intense falls of short duration partic ularly for the years - 2005, 1999, 1994 and 1988
and the resulting casualties areall still very fresh in mind. Fo r instance, in August, 2005, the
old Nukkai Bridge in Jalingo State, Nigeria, collapsed and sank into the overflowing Jalingo
River, killing more than 100 people (ThisDay newspaper, 2005). Most recently too is the
collapse of Sokoto bridge, Nigeria in 2010 in the same manner the Minneapolis Bridge
collapsed and sank into Mississippi River in USA; on 2" August, 2007
(http://www.washingtonpost.com/wp-srv/photo/gallery/070801/GAL-07Aug01-833303/ind
ex.html), all due to massive flooding from in tense rainstorms ensuing from a changing
climate, because these bridges were initially designed for passage of specific discharge of
flood water that may be far less than the discharge that it is presently able to convey. These
bridges were designed on the assumption of stationarity of hydrological series and return
period. With climate change, the assumption of stationarity of series in hydraulic design of
water resources system is dead [22]. With hydrological cycle projected to intensify in the
face of the changing climate, these hydrological extremes (droughts and floods) are expected
to be on the increase [6].

With increasing climatic variability, climate ch ange will impose additional pressures on the
water availability, water accessibility and water demand in the region; although the scant
available data in the region make it presently difficult to predict these changes with
recognizable certainty [6]. Also, observed is the consequent collapse of the region’s
ecological zones from 6 (Table 1) to 5 (Fig. 6), as result of decline in rainfall; there has been
200km southward shift in isohyets (Fig. 7). Following the decline in av erage annual rainfall,
before and after 1970, with ranges from 15% to over 30% depending on the location within
the Niger basin[23], the savanna zone (interfaceof desert and forest) is resultantly pushed
further south with the desert advancing at a fa st rate of 700m per annual on the average.
Hence, we now have the Sudano/Sahel extendng to about lat: 10.5N from lat: 12.5N,
covering about 35% of the landmass of the country.

Furthermore, evidence of changing climate and its effects on local hydrology can already be
seen in the historic stream flow records of the Niger River. Records have shown substantial
decrease in observed flows across the basi over a time period from 1907 to 2000, due
primarily to increasing temperature. A minimum zero flow condition was observed in 1985
over Niamey (Niger) Gauging station (Table 2), at the upstream of Nigeria [24]. Even in the
humid lower Niger sub-basin, th e average river flow of the recent time slice (1982-2000) in
table 3 is far lower than the previous reference time period (1960-1981). The logical
consequence of a decline in precipitation and streamflow is a change in the timing and
magnitude of the precipitation and streamflow pattern.
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Ecological Altitude | Mean Monthly Mean Annual | Type of Length of

Zones in(m) Temperature(°C) | Rainfall(mm) |Rainfall Rainy Season
Distribution | (days)

Mangrove <100 28-25 > 2000 Extended 300 - 360

Forest and/ Modal

Freshwater

Swamp Forest

Rain Forest | 100 28 - 24 1200 - 2000 Bimodal 250 - 300

Derived <500 30-26 1100 - 1400 Bimodal 200 - 250

Savanna and

/Southern

Guinea

Savanna

Northern 400-500 | 30-23 1000 - 1300 Unimodal 150 - 200

Guinea

Savanna

Sudan <300- >600 31 -21 600 - 1000 Unimodal 90 - 150

Savanna

Sabhel 300-400 | 32-25 400 - 600 Unimodal 90

Savanna

Characteristics of the ecological zones over West Africa

Collapsed Ecological Zone of Nigeria from 6 in table 1 to 5 zones due to changing climate
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Isohyets shift due to southward advancing of aridity

Station River |Period Qmean Qmax Year |Qmin Year
(m3/s) (m3/s) (m3/s)

Koulikoro |Niger {1907-2000 | 1385 9670 1925| 13 1973 and

(Mali) 1982

Niamey Niger |1928-2000 | 870 2360 1968 | O 1985

(Niger)

Lokoja Niger |1915-2000 | 5590 26,300 1956 599 1974

(Nigeria)

Discharge Characteristics of River Niger (Source: Archives of HYDRONIGER)

Station | River |Period Qmean (m¥s) | Qmax (m3¥s) |Year | Qmin(m3/s) | Year

Lokoja |Niger |1960-1981 |68936.5 94790 1969 | 25760 2003
1982-2003|58646.9 (1960-2003)

Onitsha |Niger [1960-1981 |71136.64 87810 1999 | 25760 2003
1982-2003|59721.14 (1960-2003)

Makurdi Benue |1960-1981 |41369.21 61869 1969 | 20378 1983
1982-2000| 34660.84 (1960-2000)

Jebba Niger | 1960-1976|18122.53 23377 1963 | 6253 1991
1977-1997|11275.74 (1960-1997

Lower Niger River flow Characteristics

Again, the need for development and investment in the region is evident too, and the Niger
River holds tremendous development potentials. Development opportunities range from
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those directly related to the river, such as power, irrigation, and navigation, to those
“beyond the river,” such as increases in trade, communication investments, and enhanced
labor flows [25]. However, despite the rich potentials of the basin, the basin has not been
meeting the rising water demands of the region occasioned by high population growth rate,
which is projected to double by 2050 as shown in Figure 8[26]. This clearly reveals the high
vulnerability of the basin to climatic variability and potential climate change. This is because
water availability in Niger basin is highly variable, aside the growing concern on land and
water degradation occasioned by climate change and human activities. Also threatened is
groundwater, which is found to be safer than surface water, especially concerning pollution
vulnerability. Consequently, there has been threat of tension between the Member States of
the basin, underscoring the need for equitable sharing of water resources [27]. Hence,
studies of this kind is conceptualized as a means of informing and improving knowledge of
the availability of water for food production and equitable management and sharing of the
natural resources, since water is the source of food security. To worsen the already fragile
situation, deforestation too is progressing at an alarming rate due to urbanization and
population pressure. By 2000, tropical forest and woodland covered less than 15% of the
land mass [28].

Another issue of great concern is the gas flaring, which contributes to global warming, the
main culprit of climate change, apart from causing other environmental degradations. The
flaring of gas has been practiced in the Niger Delta region in the lower Niger sub-basin for
over four decades (Fig. 9). Today there are abut 123 flaring sites in the region (Energetic
Solution Conference, 2004), making Nigeria one of the highest emitter of greenhouse gases
in Africa. For example, some 45.8 billion kilowatts of heat are discharged into the
atmosphere of the Niger Delta from flaring 1. 8 billion cubic feet of gas every day [29].

The evolution of Niger River Basin population 2005-2050(Source: based on UN population
Division (2006)
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Gas flaring has raised temperatures and rendered large areas uninhabitable. Between 1970
and 1986, a total of about 125.5 million cubic metes of gas was produced in the Niger Delta
region, about 102.3 (81.7%) million cubic meterswere flared while only 2.6 million cubic
meters were used as fuel by oil producing companies and about 14.6 million cubic meters
were sold to other consumers [30]. Gas flaring and other oil exploration and exploitation
activities have contributed significantly to th e degradation of the environment in the region.
Gas flaring leads to acid rains; and the concerration of acid in rain water appears to be
higher in the Niger Delta regi on and decreases further away from the region. Though there
is need to do more research on this. It has alered the vegetation of the area, replacing local
vegetation with “stubborn” elephant grasses, as it is called locally, a grass plant that can
grow in very harsh environment. Unfortunately, in spite of the negative implications of gas
flaring to the environment, the multi-national oil firms operating in Nigeria have continued
in these bad environmental practices unabatedly.

Although, recent studies suggest that increase in atmospheric concentration of GHG on
West Africa from current elevated levels up to about 550ppm, may make West Africa
rainfall regime more robust and drought less fr equent and persistent (Brook, 2004). So there
is need to assess how much impacts the futurechange would have on the local and regional
available water resources.

Satellite image shows Nigeria’s coastline burning bright with gas flares at night. The red dots
represent gas flared in 2006, the green dots represent 2000 and the blue dots represent 1992. The white
line encircles the flares associated with Nigeria.

Drawing on a review of published literature on Niger Basin, it is observed that though the
assessment of the impacts of climate changeon hydrology and water resource is given
accelerated attention in most parts of world today, not much of research works have been
done to assess quantitatively the impact of the projected climate change on water resources,
socio-economic activities and hydrological extremes in the region. Also, since the majority of
the basin lies in the Sahel zone (between lat. 1N and 20° N and long. 20°W and 1(0°E),
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researches on characterization of current climatc variability and future climate change have
been lopsided focusing more on the Sahel. Less published information is available for the
more humid portions of the basin [17], under scoring the reason for focusing on the lower
Niger sub-basin in this study. However, amon gst the few studies available include the work
of reported in [31], 32, 33, 34 and 35]. Ao, an average temperature increase of 0.4 has
been observed within Nigeria over the 20 years [36]; while climatic variations were observed
over Benin — Owena River Basin, southwestern, Nigeria that appears as fluctuations of wet
and dry periods every 2-3 years in terms of rainfall and stream flow [37], with a positive
temperature trend rising at the rate of 0.37°C/ decade. Also, observed is a decreasing trend
of rainfall over Lake Chad basin[38] and it was opined that climatic change apart from some
other human activities (irrigation) was the main key factor responsible for the shrinkage of
the Lake size from 25,000kn? in the 1960s to presently barely 2,000kn.

3. Application area

The case study area being investigated is tle Niger River basin with much focus on the
lower Niger sub-basin area, a much humid portio n of the Niger River basin where Nigeria is
domiciled and less researched by climate changescientists. River Niger is located between
5°N and 23°N of latitude, and 12°W and 17°E of longitude. It rises in Guinea high grounds
and flows for a total length of about 4,100 km through Mali, Niger and Nigeria before
reaching the Atlantic Ocean. Niger River basin is the largest trans-boundary basin in West
Africa, and the second largest river in Africa by discharge volume (5,700 m3¥s; 1948-2006)
after Congo River (42,000 n#/s) and the third longest (4, 100km). The total drainage area of
Niger River (2.2 million km 2) [39], with hydrologically active area (1.5 million km 2) [40]
covers fully 7.2 per cent of the continent Afri ca with a total population of over 100 million
people distributed among the nine riparian coun tries [40] that share the basin’s resources of
which 71 per cent live in Nigeria. The nine countries presently sharing the active catchment
area are; Benin, Burkina Faso, Cameroon, Chad, Cote D’lvoire, Guinea, Mali, Niger and
Nigeria (Fig.10), Seventy-six per cent of the basin area is located within Mali (Upper Niger),
Niger (Middle Niger) and Nigeria (Lower Niger) sub-basins.

About 44.2% of the basin area is located within Nigeria, which constitute about 61.5 % of
human population of the basin [26]. According to the lowest climate change scenario,
demographers estimated that the population of the basin will double by 2050, but if the
present fertility rates remain constant, the population could even increase fourfold by 2050
(Fig. 8). The choice of lower Niger as the focus stems from the fact that Nigeria is
strategically located at the downstream of the basin and more vulnerable to the adverse
impacts of environmental changes at the upstream, apart from gas flaring and other forms
of environmental degradation taking place in Nig eria The region is also less researched in
terms of climate change vulnerability and impa cts studies. Moreover, Nigeria’ ecological
strata truly represents the climatic profile of the basin. As shown in figure 11, the climatic
zones of Niger Basin varies from hyper-arid in the north to sub-equatorial and annual
rainfall fluctuates from abou t 4000mm in the southern/Cameroun to less than 400mm ( with
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Niger River Basin Catchment Area and Member countries

The Niger Basin annual rainfall (source: Mahe et al., 2009a)

no rain in some years) on the fringes of the Sahara desert in northern Mali and Niger [26].
Spatio-temporal variability of rainfall is high in the basin, causing water stress and
droughts, which are very problematic for agricult ural planning than low annual rainfall [41]
also cited in [26]. Rain-fed agriculture remains a common practice in the region. Total
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rainfall provides a measure of water supplied to rain-fed agriculture on a given area; while
evapotranspirable water corresponds to the fraction of rainfall actually available to the
plants and excludes rain that falls when the plants cannot exploit it or in excess of the
demand. That said, northwards from the very humid, eastern coastal locations, to the
boundary with the desert, the vegetation profile includes Moist Evergreen Rain Forests, Dry
Semi-Evergreen Rain Forests, Derived Savannah, Southern Guinea Savannah, Northern
Guinea Savannah, Sudan Savannah, and SaheSavannah [42, 43]. Rainfall in Niger River
basin depends on the Atlantic West African monsoon (WAM) between May and November
each year and gives dry and wet seasons respectively.

Another important index of climate change posing serious challenge in the basin is the land

use/ land cover changes. Land cover just like in any other part of the global environments

results mostly from combination of natural an d anthropogenic influences. The main natural

force of the change remains rairfall changes induced by climatic variability. This has been

found to often reduce the natural regeneration rate of land resources in the area. Table4
shows the percentage of changes that took place between 1976 and 1995 in Nigeria.

Typical Land use/land cover changes in Niger River Basin from 1976-1995 (lower Niger Basin)
(Source: Fasona and Omojola, 2005)
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4. Study design and methodology

4.1. The characterization of current climatic variability in Niger River Basin

There are many different ways by which changes in hydro-climatological series can take
place, either abruptly (step change) or gradually (trend) or may even take more complex
dimension. The characterization of current climat e of the basin is based on the data available
in the archives of the Nigerian Meteorological Agency (NIMET), generated from the
synoptic weather stations. The length of data used is 62 years (1941-2002), which is within
the WMO recommendation of >50 years for change detection [44] Using these data, the
characterization of the spatio-temporal variability of the basin was examined based on
parametric (Regression) and non-parametric (Kendall Rank correlation, Thie and Sens)
approaches. Before this is done, the regionalzation of the point climatic data into areally
integrated climate data using ArcGIS Thiessen Polygon method was done. The regional
index employed in the study is calculated as the average of the standardized climatic
variables of the stations included in the region. The index is calculated at the monthly and
yearly time-scales. The uses of standardizedvalues are important to allow comparison of
time-series whenever climatic variables present significant spatial gradient throughout the
area of study as in the case in the Niger basin. The standardized variable is expressed as:

zZ X PlV 1)

where X is sample annual rainfall mean for the rainfall station, £ is the long term mean
and Vs the standard deviation of long term annual rainfall.

The baseline data used for all the computation is WMO recommended period 1961 — 1990.
Apart from ensuring compliance with World Meteorological Organization [45] standard,
this analysis is necessary to eliminate part of the local variability factors associated with a
specific station and not reflected by a regional change. Due to the relevance of such study in
water resources management, the year considered inthe analysis is standard hydrological year
applicable in Nigeria (i.e. 15t June — 3% May). Following the characterization of the current
climatic variability, the potential impacts of future climate change on the hydrology and water
resources of the region was evaluated using the Thornthwaite water balance and Atrtificial
Neural Networks (ANNs). Given the huge si ze of the basin within Nigeria (562,372 km?), its
heterogeneous nature in terms of agro-ecologicd zoning and diverse hydroclimatic variability,
the whole study area was be divided into five (5) sub-basins, namely: Upper Niger Sub-basin
(131,600 Kn?), Lower Niger Sub-basin (158,100 Kn®), Niger south Sub-basin (53,900Kn%),
Upper Benue Sub-basin (158,900Kr), and Lower Benue Sub-basin (73,000Kr).

4.2. Hydrological modelling of potential impacts of Future climate change on
Lower Niger River Basin

Water balance model description and data source

The water balance model used was the one developed by Thornthwaite in 1948 and later
revised in 1955[46]. The method is basicallya book-keeping procedure, which estimates the
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balance between the inflow and outflow of wa ter. The main inputs into the model are
precipitation and potential evaporation, while the main outputs are actual evaporation and
water surplus or runoff. The model estimates the potential evaporation using the Priestley-
Taylor method. Estimation of evaporation is based upon knowledge of the potential
evapotranspiration, available water-holding capa city of the soil, and a moisture extraction
function. The general structure of this model is often represented as below to include the
monthly time scale:

St+1) = &) +P(t) - Et) - Q) )

where S(t) represents the amount of soil moisture stored at the beginning of time interval t;
S(t + 1) represents the storage at the end ofthat interval; flow across the control surface
during the interval consists of precipitation P(t), actual evapotranspiration E(t) and soil
water surplus Q(t).

The water balance model, developed to work with GIS-Arcview Avenue programs
(ArcView's object-oriented programme language) interface, is being employed to estimate
the water surplus (runoff) that indicates the available water resources in the basin. The
study required and obtained from ft p.crwr.utexas.edu in the directory
/pub/crwr/gishydro/Africa; gridded climatic da taset interpolated to a 0.5 degree grids. The
climate dataset, are mean monthly values for the period of record. Generated water
surpluses are excess rainfalls that are availablefor streamflow generation. In place of using
the usual water surplus routing processes like Muskingum-Cunge method or response
function approach, or the two-step flow rout ing approach for the transfer of the water
surplus into the subwatersheds of the Niger basin, an artificial neural networks (ANNS) is
being employed.

5. ANNs model structure and weight distribution

The neural network structure and weight distribu tion used in the study for the training of
the networks during the calibration simulation are shown in figure 12. By definition, the
regression of a dependent variable y on an independent variable x, estimates the most
probable value for y, given x and a training set. The regression method will produce the
estimated value of y which minimizes the mean-s quared error. The simulation is terminated
when a reasonable coefficient of correlation (R), say 0.96 and above and a reasonably low
value of RMSE are achieved

ANNSs being an empirical and black-box model has an in-built capability that takes into
consideration the watershed characteristics during simulations. The ANNs model
parameters were estimated through model calibration known as the training of the
networks. The network connection type is multi- layer normal feed forward, while the total
number of layers is 15, the transfer function is sigmoid and root mean square errors (RMSE)
set as the objective function. The model parameters were optimized by minimizing the
values of the objective function. There are number of ways of modelling or linking the
relationship between the causative factor, rainfall, to runoff observed at a particular site of a
basin by using equations which describe the major physical processes involved in the
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transformation or by representing these component processes in a conceptual manner, or
alternatively using the neural networks approach. So considering the impossibility of
representing the component processes of transformation process using a physics-based
approach, one may either opt for the conceptual representation or the neural network
modelling approach. While calibrating the conc eptual model or the neural network model
using the past recorded input with the corre sponding outflows observed at a specific
location of a river, it is implicit that wh en the calibrated model is applied for future
predictions, the input that would be used in th e model is in the same range of input used for
the calibration. It is on this premise that a simpler approach of model-to-model calibration
technique, i.e. using one model to calibrate amther model, has been adopted in the study.
Ninety six monthly data has been used for calibrating the ANNs and twenty four months
data were used for verification. Areally av eraged temperature and precipitation changes
from formulated climate change synthetic scenarios were imposed on each sub-basin for
assessing climate change impacts on te generated water surplus (runoff).

(a) typical architecture of the neural networks. (b) Typical weight distribution of neural
networks structure

6. Application of climate change scenarios

Climate change scenarios are plausible indicaions of how future climate of a place will
evolve. They are not predictions, as we know it in weather forecasting. They are generated
using various global climate models (GCMs). There are three generic types of climate
change scenarios: synthetic scenarios, analoguescenarios and scenarios based on output s
from GCMs. All the three types have been used in climate charge impacts research. In this
study, the synthetic or hypothetical type of scenario is being applied in order to avoid the
complexities of downscaling of the scenario from the outputs of GCM, which is most often
used. The choice is on the prenise that all the scenarios are na predictions of the future in
the way that weather forecast are, but plausible indicators. Synthetic scenarios describe
techniques where particular climatic (or rela ted) elements are charged by a realistic but
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arbitrary amount, often according to a qualitative interpretation of climate model
simulations for a region. Most studies have adopted synthetic scenarios of constant changes
throughout the year [47] but some have introduced seasonal and spatial variations in the
changes [48] and others have examined arbitary changes in inter-annual, within-month and
diurnal variability as well as changes in the mean [49, 50]. The selected scenario will be
applied in the same manner it was used by Jianget al, 2007. The synthetic climate changes
scenarios adopted in the study are shown in Table 5.

Scenario no. 1 2 3
'"Temp (qC) 2 2 2
' Precip (%) -20 0 20

Synthetic climate change scenario

7. Results and discussion

Results of analyses show discernible evidenceof climatic variability and change in the Niger
River basin, as adjudged by the presence of trerds in the series. The practical significance of
a trend is judged by a percentage change ofthe sample mean over an observation period.
The field significance assessment demonstratesthat annual temperature, precipitation, and
river flow in the region show significant chan ge as adjudged by the obtained results in
Tables 6, 7, and 8. Considering the entire bain holistically and sub-basin-wise, temperature
significantly increased by a value < 3.79% overthe entire basin; while rainfall decreased by a
value < 10.0% and river flow decreased is in the range of 14.24 % - 40.8 % (Table 6). Further
results show that the increasing trend in temperature is at the rate of 0.002C/month and
0.02C/yr over the entire basin. This will in variably create high evaporative demands
(Fig.13), while the decreasing trend of rainfall is at the rate of 2.45mm/yr. The increasing
trends of temperature and evaporation observed over the basin are due to the global
warming known to be the culprits of climate change.

This indeed is in agreement with the report of IPCC over the region [6], projected to have an
increasing rate of temperature of 0.2 to 0.8C per decade. As further evidence from the
interactions of Niger River flows and the sub-ba sins rainfall in Fig 14, the whole sub-basins
are highly sensitive to the climate variability an d changes in the region, a decrease in runoff
observed everywhere in the basin coincides with decrease in rainfall and with hardly a time
lag of > 2 years. The actual starting periods of the trends were substantiated using WMO
[45] recommended 5-year average smoothening and this revealed that the present trends
began since the post-civil war, economic devdopment and population growth of 1970. These
observed trends also strongly agree with that of Yue and Hashino [51], because a trend >
10% particularly in rainfall and discharge is quite significant in water resources
management and planning.

The statistical significance of these trends wasfurther explored by Thie and Sen’s technique.
Results obtained from this Thie and Sen gproach are strongly supported by results
obtained by regression test for linear trend and Kendall’'s Rank Correlation test (Tables 7
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and 8). This said, it is important to also assert that in some cases a well-defined rainfall
trends over Upper Niger, Lower Niger and Upper Benue Sub-basins could only be
established when the length of data series was increased from 60 years to a numberA70
years data. These observed hydoclimatic characteristics and trends were significant at 95%
confidence level and the concomitant effect resulted in the downward trends of the river
discharge over the basin, which portends danger for water resources of the region. Above
results indicate the presence of change as adjudgd by the trends in the series, also strongly
supported by exploratory analyses shown in figures 15-17. Figures 17 and (18a and 18b) are
typical of the river flow behavior at the upst ream (Niger) and downstream (Nigeria). Niger
River at the headwater in Niamey is obviously being threatened by the changing climate as
indicated by these results and this has serious implications on the downstream flow over
Nigeria. Further results characterizing the temporal climatic variability of the region reveal
an increasing variability in areal temperature with coefficient of variability (CV) of 1.43% on
long-term periods. The magnitude of the vari ability of recent time slice (1972 - 2002) was
higher relative to the 1940-1971 reference pemds; with CV of 1.21% (Table 9). On the
contrary, the magnitude of the temporal variability of rainfall was higher during the
reference period of 1940-1971, with coefficient of variability of 8.1%, even though the recent
time slice (1972 — 2002) showed the greatest telency towards aridity or drying condition,
with lesser mean rainfall of 1427.8mm (Table 10).
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Testing the Significance of Temperature Trends Slope

Area Coverage

Median slope

Median Slope

Benue)

Sub-basins (Km?) C /yn) % Remarks
Upper Niger 131,600 0.0076 1.3212 Significance
Lower Niger 158,100 0.0163 2.9826 Significance
Upper Benue 158,900 0.0093 1.6667 Significance
Lower Benue 73,000 0.0181 3.2871 Significance
Niger South 53,900 0.0171 3.2708 Significance
Entire Basin 594,000 0.0169 3.7905 Significance

Testing the Significance of Rainfall Trends Slope
. Area C .

Sub-basins rea(Kr(:]vzt)arage Median Slope | M.Slope % Remarks
Upper Niger 131,600 -3.57 -25.19 Significant
Lower Niger 158,100 -6.01 -4.47 Not Significant
Upper Benue 158,900 -2.22 -5.48 Not Significant
Lower Benue 73,000 -5.65 -16.66 Significant
Niger South 53,900 -13.89 -12.32 Significant
Entire Basin 594,000 -2.45 -10.00 significant

Testing the Significance of Niger River Flow Trends Slope
Stations Area Coverage(Km?)| Median Slope | M.Slope % Remarks
Kainji(Upper 131,600 -3.62 2472 Significant
Niger)
Jebba(Lower 158,100 -438.39 -40.80 Significant
Niger)
Lokoja(Lower 158,100 -419.45 -28.93 Significant
Niger)
Onitsha Niger 53,000 -217.50 -14.24 Significant
South)
Numan(Upper 158,900 -319.68 -31.10 Significant
benue)
Makurdi(Lower 73,000 -258.75 -27.85 Significant

THIE AND SEN'S Median Slope Computation
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Station Slope Variance T-Statistics t-Test Error 2?21;(?;;2@2
Upper Niger | 0.0087 0.00000635 3.4514 2.001 0.002519 Positive Treng
Lower Niger | 0.0170 0.00000419 8.3190 2.001 0.002047 Positive Treng
Niger South | 0.0179 0.00000388 9.0740 2.001 0.001972 Positive Trend
Upper Benue| 0.0097 0.00000822 3.3708 2.001 0.002867 Positive Treng
Lower Benue| 0.0197 0.00000739 7.2478 2.001 0.002719 Positive Trend
Entire Basin| 0.0172 0.00000364 9.0271 2.001 0.00191 Positive Trend

a

Station Slope Variance T-Statistics t-Test Error Z?;%;e;:[eetil
Upper Niger | -1.904 0.695 -2.284 2.003 0.834 Negative Trend
Lower Niger | -10.01 13.088 -2.775 2.003 3.617 Negative Trend
Niger South | -11.837 21.453 -2.56 2.003 4.632 Negative Trend
Upper Benue| -6.640 4.745 -848 2.003 2.178 Negative Trend
Lower Benue| -8.564 10.136 -2.690 2.003 3.184 Negative Trend
Entire Basin | -2.446 0.8377 -B72 2.003 0.915 Negative Trend

b
a: Results of Regression Test for Linear Tend of Temperature over Niger River Basin
b: Results of Regression Test for LinearTrend of Rainfall over Niger River Basin
Station St;t(iesttics P-Values| Trend Ye;;;’i:;nd Nature of Trend Vgirrrigzsé\\(/::em
L;Eg’;r 65690 | 1400 | Positive| 1972 S'gé;e;‘i”; G‘?el_”eje?”d 1987(2.45C)
';\loi‘é":rr 5868 | 1345 | Positve| 1979 S'gétze% ?eL”ejeT”d 1987(3.0C)
g'(')guet;] 7233 | 1246 | Posive| 1973 S'gs'(;)est"?gel_”eje?”d 1998 (2.54C)
Eggﬁg 4605 | 1452 | Posiive| 1979 S'gé(;e;""igei”eje?”d 2002(2.81C)
LBZV;]'E; 6.163 | 1167 | Positve| 1979 S'gé(;eéwige.i”ei;”d 1998(2.53C)
Er:é:i 6722 | 1412 | Positve| 1979 S'gé;)eéwigéi”ei;”d 1998(2.6C)
a
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Station | Test- P- Trend Year Nature of Trend
Statistic | Value Trend
S Begins
Upper -2.755 963 Negative 1970 Sig. between 1 and 5% Sig. Level
Niger
Lower -3.261 914 Negative 1982 Sig. between 1 and 5% Sig. Level
Niger
Niger -2.80 715 Negative 1972 Sig. between 1 and 5% Sig. Level
South
Upper -1.962 1173 Negative 1967 Sig. at 5% Sig. Level
Benue
Lower -2.375 750 Negative 1973 Sig. at 5% Sig. Level
Benue
b

a: Results of Kendall's Rank Correlation Test of Temperature over Niger Basin
b: Results of Kendall's Rank Correlation Test of Rainfall over Niger River Basin

0, i 0
Period |Mean Std. CV (%)| Max | Year | Min | Year Mawx as % |Min as % of
Dev. of Ave. Ave.
Long-term Period
1943-200% 319.60 4.58 1.43 330j1087/8¢ 312.5p 1961/42 103.47 97.78
Reference Periods
1943-197]1 316.39 2.75 0.8 3272972/73 312.5p 1961/4q2 103.42 98.78
1972-200% 322.60 3.87 1.2q 330J1087/8¢ 315.88 1974/45 102.51 97.9
Temporal Areal Temperature Variability over Niger River Basin in Nigeria
0 i 0,
Period|Mean|Std. Dev,|CV (%)] Max | Year | Min | Year Max as % | Min as % of
of Ave. Ave.
Long-term Period
12%4(')2 14881' 128.01 8.64| 1738.p 1957/p8 1139.7 1983/84 117.33 76.91
Reference Periods
11?;?; 15639. 125.26 8.14| 1738.p 1957/p8 1303.2 1958/59 112.92 84.65
12%222 14827. 106.48 7.46 | 1656.p 1994/p5 1139.7 1983%/84 115.99 79.82

Temporal Areal Rainfall Variability over Niger River Basin in Nigeria
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River Flows Interactions with Sub-basins Rainfall
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Typical Temporal Variability and Trends of annual River Flow over the Niger Sub-basins

7.1. Future climate change in the Niger River Basin

Although, there are no consensus among the Global Climate Models(GCMs) on whether the
West African region will become drier or wetter over the course of the 21 st century, because
half of the 21 GCMs used by IPCC predict increased rainfall, while the remaining half
predict decreased rainfall [1]. But most of the models do agree that climatic variability will
increase over the region. Subsegently, climate change is expected to have a key influence
not only on water resources, but on food and human security through its impacts on climate
variability and extremes. Again, it is important to state that major portion of the Niger River
basin located outside the Sahelian region lieswithin the humid tropical zone of southern
Nigeria; a region already experiencing high te mperature, evapotranspiration and rainfall.
While climate models differ however, modeling done in this study reveals the high level of
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varying sensitivity of the Niger River basin, particularly the lower Niger sub-basin to the
changing climate, which justifies the various ex periences of impacts of climate change in the
region. Results show direct link between rainfall and runoff (water surplus) generated over
the Niger River basin. The peak of the rainfall coincides with the same month as the peak of
water surplus and vice versa(Fig. 19). Since water surplus indicates the available water
resources of the region, this reveals how sensitive the available water resources are to the
climate of the region. Over the Upper Niger sub-basin, a peak rainfall of 265 mm in the
month of August, produced a runoff or water surplus of 160.5 mm; while over Lower Niger
and Niger South sub-basins, peak rainfall of 294 mm and 347 mm yielded water surplus of
185 mm and 238 mm, respectively. The annual wate surplus or runoff was highest over the
Niger south (1241.2mm) closer to Atlantic ocean, followed by Lower Benue (973.6mm),
Lower Niger (729.4mm), Upper Benue (495.3mm) sib-basins and the least value is observed
over Upper Niger Sub-basin (360.7mm)in the Sudano-Sahel zone. It is further observed that
the water surplus is much more sensitive to the accuracy of potential evaporation estimate
(that depends on temperature) in the humid climate than the arid climate.

The calibration and optimization results show that the models performance has been quite
good, as adjudged by the values of RMSE and Nash Sutdiff Efficiency (E ). Generic example
of such outcomes are Upper Niger (12.6909 /and 0.9362), Lower Niger (8. 4665 and 0.9578)
and Niger South (4.1315 and 0.9987). Thénighest RMSE values and lowest E values were
observed over Niger South and Lower Niger sub-basins respectively.

Figure 20 is the visual output of the calibration simulation of the ANNs. It suffices to say
from the result that the models have shown good capabilities to reproduce historical
monthly runoff series with an acceptable accuracy proved by verification results (Figs. 20).
However, the necessary assumptions made am the absence of intermediate component
processes of rainfall- runoff transformation should be kept in mind; hence estimated
observed values obtained through ANNs model has been used in place of actual observed
runoff for the water balance calibration. Therefore, there may be need to further verify these
results with actual field data.

Additionally, in order to evaluate the season al and inter-annual changes, differences in
mean monthly runoff simulated by the ANNs using the climate change scenarios were

compared with a baseline runoff values. Results show various changes in runoff expected
over the Niger basin in the face of the projected climate change (fig. 21). It is further
observed that when temperature increases by 2C, the mean monthly runoff on the average

changed by -10 to -50%, -5 to -40% and 15 t60% respectively for precipitation changes of -
20%, 0% and 20% (Table 11). Hence, if the current prevailing climatic conditions of
increasing temperature trend and decreasing rainfall trends continue unabatedly, projected

climate change may exacerbate its impacts on tle water resources of the region, resulting in
water stress condition. By implications then, freshwater, hydro-power, health and food

security of the country may be seriously thre atened, unless rainfalls turnout to be on the

increase and adequate management strategy put in place.
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Typical Simulated Runoff and Climatic Condit ions over (a) Upper Niger Basin (b) lower
Niger and(c) Niger south sub-basins
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Typical ANNs Model Calibration Simulation Output over (a) Upper Niger (b) Lower Niger
(c) Niger South Sub- basins and (d) model verification output (Upper Niger)
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Typical Changes in Runoff under Climate Change Scenarios of Temperature = +2C and
Precipitation = + 20% and 0% over (a) Upper Niger,( b) Lower Nigerand (c)Niger South Sub-basins

8. Conclusion

This study explored and assessed the potentialimpacts of projected climate change on water
resources of Nigerian sector of Niger River basin using both parametric and non-parametric
approaches and simulation models i.e. Thornthwaite water balance accounting scheme and
Artificial neural networks (A NNs). There is discernible evidence of climate change in
Nigeria, adjudged by the observed changes in the in the onset and cessation dates of
seasonal rains and the presenceof trends in the hydo-climatic series. It is further observed
that apart from the Sahel region, Sudano-Guinean region or the humid portion in the lower
Niger sub-basin are also vulnerable to the changing climate and its impacts. The observed
changes are not unlikely to be connected to the long time variability in the climatic variables
of the region, and land use changes due toincreasing anthropogenic activities and gas
flaring and population pressure. Also, a future drier climate is expected to impact negatively
on the runoff and invariably on the available wa ter resources of the region. Hence, proactive
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and aggressive management strategy is semusly needed to match any unfathomable
impact.
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1. Introduction

Climate change has ceased to be a scientific curiosity since long, and is no longer just one of
many environmental and regulatory concerns. As the Secretary General of United Nations
has said, it is the major, overriding environmental issue of our time, and the single greatest
challenge faced by environmental regulators. It is a growing crisis with economic, health
and safety, food production, security, and other dimensions.

Climate change is expected to hit developing countries the hardest. Its effects; higher
temperatures, changes in precipitation patterns, rising sea levels, and more frequent
weather-related disasters-pose risks for agriculture, food, and water supplies. The fight
against poverty, hunger and disease, and the lives and livelihoods of billions of people in
developing countries are at stake. Tackling this immense challenge must involve both
mitigation-to avoid the unmanageable and ad aptation- to manage the unavoidable while
maintaining a focus on its social dimensions.

1.1. What is weather and climate?

The weatheras we experience it, is the fluctuaing state of the atmosphere around us,
characterised by the temperature, wind, precipitation, clouds and other weather elements.
This weather is the result of rapidly developing and decaying weather systems such as mid-
latitude low and high pressure systems with their associated frontal zones, showers and
tropical cyclones. Weather has only limited predictability. Mesoscale convective systems are
predictable over a period of hours only; synoptic scale cyclones may be predictable over a
period of several days to a week. Beyond a week or two individual weather systems are
unpredictable.

Climate It refers to the average weather in terms of the mean and its variability over a
certain time-span and a certain area. Classical climatology provides a classification and
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description of the various climate regimes found on the Earth. It varies from place to place,
depending on latitude, distance to the sea, vegetation, presence or absence of mountains or
other geographical factors. Climate also varies with time; from season to season, year to
year, decade to decade or on much longer tme-scales, such as the Ice Ages. Statistically
significant variations of the mean state of the climate or of its variability, typically persisting

for decades or longer, are referred to as "climate change".

Climate variations and change, caused by extanal factors, may be partly predictable,
particularly on the larger, continental and gl obal, spatial scales. Because human activities,
such as the emission of greenhouse gases or chaje in land-use, do result in external forces,
it is believed that the large-scale aspects of human-induced climate change are also partly
predictable. However the ability to actually do so is limited because we cannot accurately
predict population change, economic change, technological development, and other relevant
characteristics of future human activity. Therefore, one has to rely on carefully constructed
scenarios of human behaviour and determine climate projections on the basis of such
scenarios.

Climate variablesThe traditional knowledge of weather and climate focuses on those
variables that affect daily life directly i.e .; average, maximum and minimum temperature,
wind near the surface of the Earth, precipitation in its various forms, humidity, cloud type
and amount, and solar radiation. These are thevariables observed hourly by a large number
of weather stations around the globe.

However, this is only part of the reality th at determines weather and climate. The growth,
movement and decay of weather systems also depend on the vertical structure of the
atmosphere, the influence of the underlying land and sea and many other factors not
directly experienced by human beings. Climate is determined by the atmospheric circulation
and by its interactions with the large-scale ocean currents and the land with its features such
as albedo, vegetation and soil moisture. The climate of the Earth as a whole depends on
factors that influence the radiative balance, such as for exanple, the atmospheric
composition, solar radiation or volcanic erupti ons. To understand the climate of our planet
Earth and its variations and to predict the ch anges of the climate brought about by human
activities, one cannot ignore any of these many factors and components that determine the
climate. We must understand the climate system, the complicated system consisting of
various components, including the dynamics an d composition of the atmosphere, the ocean,
the ice and snow cover, the land surface andits features, the many mutual interactions
between them, and the large variety of physical, chemical and biological processes taking
place in and among these comporents. "Climate" in a wider sense refers to the state of the
climate system as a whole, including a statistical description of its variations.

1.2. What is greenhouse effect?

A natural system known as the "greenhouse effect" regulates temperature on the Earth. Just
as glass in a greenhouse keeps heat in, our atmosphere traps the sun’s heat near earth’s
surface, primarily through heat-trapping proper ties of certain “greenhouse gases”. Earth is
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heated by sunlight and most of the sun's energy passes through the atmosphere, to warm
the earth's surface, oceans and atmosphere. Haever, in order to keep the atmosphere's
energy budget in balance, the warmed earth also emits heat energy backio space as infrared
radiation. As this energy radiates upward, most is absorbed by clouds and molecules of
greenhouse gases in the lower atmosphere. These readiate the energy in all directions, some
back towards the surface and some upward, where other molecules higher up can absorb the
energy again. This process of absorption and re-enission is repeated until; finally, the energy
does escape from the atmosphere to space. Haever, because much of the energy has been
recycled downward, surface temp eratures become much warmer than if the greenhouse gases
were absent from the atmosphere. This natural process is known as the greenhouse effect.
Without greenhouse gases, Earth's average tempeature would be -19°C instead of +14°C, or
33°C colder. Over the past 10,000 years, the amount of greenhouse gases in our atmosphere
has been relatively stable. Then a few centuriesago, their concentrations began to increase due
to the increasing demand for energy caused by industrialization and rising populations, and
due to changing land use and human settlement patterns.

1.3. What are greenhouse gases?

Water vapour is the most common constituent of greenhouse gases. But others are equally
important and some occur naturally while some come from human activity. Carbon Dioxide

or CO:z2 is the significant greenhouse gas released by human activities, mostly through the
burning of fossil fuels. It is the main contributor to climate change.

Methane is produced when vegetation is burned, digested or rotted with no oxygen present.
Garbage dumps, rice paddies, and grazing cowsand other livestock release lots of methane.

Nitrous oxide can be found naturally in the environment but human activities are increasing
the amounts. Nitrous oxide is released when chemical fertilizers and manure are used in
agriculture.

Halocarbons are a family of chemicals that include CFCs (which also damage the ozone
layer), and other human-made chemicals that contain chlorine and fluorine. Since
greenhouse gases make up such a small percetage of the atmosphere, why do changes in
their concentrations have such a big effect on climate?

Most greenhouse gases are extremely effectiveat absorbing heat escaping from the earth
and keeping it trapped. In other words, it takes only small amounts of these gases to
significantly change the properties of the atmo sphere. 99% of the dry amosphere consists of
nitrogen and oxygen, which are relatively transp arent to the sunlight and infrared energy, and
have little effect on the flow of the sunlight and heat energy through the air. By comparison,
the atmospheric greenhouse gases that cause the earth's rtaral greenhouse effect total less
than 1% of the atmosphere. But that tiny amount increases the eath's average surface
temperature from -19°C to +14°C - a difference ofabout 3°C. A little bit of greenhouse gas goes
a long way. Because the concentration of greenhowse gases in the atmosphere is so low, human
emissions can have a significant effect. For eample, human emissions of carbon dioxide (COz)
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currently amount to roughly 28 bhillion tonnes per year. Over the next century human
emissions will increase the concentration of carbon dioxide in the atmosphere from about
0.03% today to almost certainly 0.06% (a doubling), and possibly to 0.09% (a tripling).

1.4. What causes climate change?

Earth’s climate changes naturally and such changes in the intensty of sunlight reaching the
earth cause cycles of warming and cooling that have been a regular feature of the Earth's
climatic history. Some of these solar cycles -like the four glacial-interglacial swings during
the past 400,000 years - extend over very long tine scales and can have large amplitudes of 5
to 6°C. For the past 10,000 years, the earth hasden in the warm intergla cial phase of such a
cycle. Other solar cycles are much shorter, with the shortest being the 11 year sunspot cycle.
Other natural causes of climate change include variations in ocean currents (which can alter
the distribution of heat and precipitation) and large eruptions of volcanoes (which can
sporadically increase the concentration of atmospheric particles, blocking out more
sunlight). Still, for thousands of years, the Earth’'s atmosphere has changed very little.
Temperature and the balance of heat-trapping greenhouse gases have remained just right
for humans, animals and plants to survive. But today we’re having problems keeping this
balance, because we burn fossil fuels to heatour homes, run our cars, produce electricity,
and manufacture all sorts of products, we’re adding more greenhouse gases to the
atmosphere. By increasing the amount of thesegases, the warming capability of the natural
greenhouse effect is enhanced It's the human-induced enhanced greenhouse effect that
causes environmental concern, because it has thg@otential to warm the planet at a rate that
has never been experienced in human history.

Variations in average surface temperature from year 1000 to year 1860; year 1860 to 2000
annually averaged and year 20002100 projected average temperature
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From year 1000 to year 1860 variations in aerage surface temperature of the Northern
Hemisphere are shown in  Fig. 1, but corresponding data from the Southern Hemisphere
was not available and hence it was reconstructed from proxy data (tree rings, corals, ice
cores, and historical records). The line showsthe 50-year average, the grey region the 95%
confidence limit in the annual data. From years 1860 to 2000 are shown variations in
observations of globally and annually averag ed surface temperature from the instrumental
record; the line shows the decadal average. Fom years 2000 to 2100 projections of globally
averaged surface temperature are shown for the six illustrative SRES scenarios and 1S92a
using a model with average climate sensitivity. The grey region marked "several models all
SRES envelope" shows the range of results fsim the full range of 35 SRES scenarios in
addition to those from a range of models with different climate sensitivities. The
temperature scale is departure from the 1990 value.

1.5. What happens due to climate change?

Shifting weather patterns, threaten food prod uction through increased unpredictability of
precipitation, rising sea levels contaminate coadal freshwater reserves and increase the risk
of catastrophic flooding, and a warming atmosp here aids the pole-ward spread of pests and
diseases once limited to the tropics. Ice-lossfrom glaciers and ice sheets has continued,
leading, for example, to the second straight year with an ice-free passage through Canada'’s
Arctic islands, and accelerating rates of ice-loss from ice sheets in Greenland and Antarctica.
Combined with thermal expansion—warm water occupies more volume than cold—the
melting of ice sheets and glaciers around the world is contributing and an ultimate extent of
sea-level rise that could far outstrip those anticipated in the most recent global scientific
assessment.

2. Alarming evidences due to climate change

There is alarming evidence that important tippi ng points, leading to irreversible changes in
major ecosystems and the planetary climate system, may already have been reached or
passed. Ecosystems as diverse as the Amazon iaforest and the Arctic tundra, for example,
may be approaching thresholds of dramatic change through warming and drying. Mountain
glaciers are in alarming retreat and the down stream effects of reduced water supply in the
driest months will have repercussions that tr anscend generations. Climate feedback systems
and environmental cumulative effects are building across Earth systems demonstrating
behaviours we cannot anticipate.

2.1. Deforestation and climate change

Forests are vital for life, home to millions of sp ecies, they protect soil from erosion, produce
oxygen, store carbon dioxide, and help control climate. Forests are also vital for us to live as
they provide us with food, shelter and medicine s as well as many other useful things. They
also purify the air we breathe and water that we need to survive. Deforestation by humans
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is causing reduction in all of these necessaryfunctions, and hence damaging the atmosphere
even further.

Forests play a huge role in the carbon cycleon our planet. When forests are cut down, not
only does carbon absorption cease, but also thecarbon stored in the trees is released into the
atmosphere as CQ if the wood is burned or even if it is left to rot after the deforestation
process. Smaller crops e.g. plams and agricultural crops also draw in carbon dioxide and
release oxygen, however forests store up to 100 tines more carbon than agricultural fields of
the same area. Deforestation is an important factor in global climate change. Climate change
is because of a buildup of carbon dioxide in out atmosphere and if we carry on cutting down
the main tool we have to diminish this CO 2 build up, we can expect the climate of our planet
to change dramatically over the next decades.

It is estimated that more than 1.5 billion tons of carbon dioxide is released to the atmosphere
due to deforestation, mainly the cutting and burning of forests, every year. Over 30 million
acres of forests and woodlands are lost every year due to deforestation; causing a massive
loss of income to poor people living in remote areas who depend on the forest to survive.

3. Risk due to climate change

Climate vulnerability and risk management is a part of dialogue and work with developing
countries. Key sectors affected by climate change include health, water supply and
sanitation, energy, transport, industry, mining, construction, trade, tourism, agriculture,
forestry, fisheries, environmental protection, and disaster management as detailed ahead.

3.1. Potential health impact due to climate change

Change in world climate would influence the functioning of many ecosystems and their
member species. Likewise, there would be impacts on human health. Some of these health
impacts would be beneficial. For example, mild er winters would reduce the seasonal winter-
time peak in deaths that occurs in temperate countries, while in currently hot regions a
further increase in temperatures might reduce the viability of disease-transmitting mosquito
populations. Overall, however, scientists consid er that most of the health impacts of climate
change would be adverse.

Climatic changes over recent decades have probably already affected some health outcomes.
Indeed, the World Health Organisation estimated, in its "World Health Report 2002", that
climate change was estimated to be respnsible in 2000 for approximately 2.4% of
worldwide diarrhoea, and 6% of malaria in some middle-income countries. However, small
changes, against a noisy background of ongoingchanges in other causal factors, are hard to
identify. Once spotted causal attribution is stre ngthened; if there are similar observations in
different population settings.

The first detectable changes in human health may well be alterations in the geographic
range (latitude and altitude) and seasonality of certain infectious diseases — including
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vector-borne infections such as malaria and dengue fever, and food-borne infections (e.qg.
salmonellosis) which peak in the warmer months. Warmer average temperatures combined

with increased climatic variability would alter the pattern of exposure to thermal extremes
and resultant health impacts, in both summer and winter. By contrast, the public health

consequences of the disturbance of natural and managed food-producing ecosystems, rising
sea-levels and population displacement for reasons of physical hazard, land loss, economic
disruption and civil strife, may not become evident for up to several decades.

3.2. Glacier melting
3.2.1. Greenland ice sheet may melt cotejylevith 1.6 degrees of global warming

The Greenland ice sheet is likely to be more vunerable to global warming than previously
thought. The temperature threshold for melting the ice sheet completely is in the range of
0.8 to 3.2 degrees Celsius of global warming, with a best estimate of 1.6 degrees above pre-
industrial levels, shows a new study by scientists from the Potsdam Institute for Climate
Impact Research (PIK) and the Universidad Complutense de Madrid. Today, already 0.8
degrees of global warming has been observed. Substantial melting of land ice could
contribute to long-term sea-level rise of several meters and therefore it potentially affects the
lives of many millions of people.

The time it takes before most of the ice in Greerland is lost strongly depends on the level of
warming. "The more we exceed the threshold, the faster it melts," says Alexander Robinson,
lead-author of the study now published in Na ture Climate Change. In a business-as-usual
scenario of greenhouse-gas emissions, in thelong run humanity might be aiming at 8
degrees Celsius of global warming. This would result in one fifth of the ice sheet melting
within 500 years and a complete loss in 2000 years, according to the study. "This is not what
one would call a rapid collapse," says Robinson. "However, compared to what has
happened in our planet's history, it is fast. And we might already be approaching the critical
threshold."

In contrast, if global warming would be limited to 2 degrees Celsius, complete melting
would happen on a timescale of 50.000 years. Still, even within this temperature range often
considered a global guardrail, the Greenland ice sheet is not secure. Previous research
suggested a threshold in global temperature increase for melting the Greenland ice sheet of
a best estimate of 3.1 degrees, with a range of 1.9 to 5.1 degrees. The new study's best
estimate indicates about half as much.

"Our study shows that under certain conditio ns the melting of the Greenland ice sheet
becomes irreversible. This supports the notion that the ice sheet is a tipping element in the
Earth system,” says team-leader Andrey Gangolski of PIK. "If the global temperature
significantly overshoots the threshold for a long time, the ice will continue melting and not

1 Science Daily (Mar. 11, 2012)
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regrow -- even if the climate would, after many thousand years, return to its preindustrial
state." This is related to feecbacks between the climate and theice sheet: The ice sheet is over
3000 meters thick and thus elevated into cooler altitudes as shown in Fig. 2(a). When it
melts its surface comes down to lower altitudes with higher temperatures, which
accelerates the melting. Also, the ice reflects darge part of solar radiation back into space.
When the area covered by ice decreases, morgadiation is absorbed and this adds to
regional warming.

(a) The Greenland ice sheet is likely to be morevulnerable to global warming than previously
thought. The temperature threshold for melting the ic e sheet completely is in the range of 0.8 to 3.2
degrees Celsius of global warming, with a best edimate of 1.6 degrees above pre-industrial levels,
shows a new study. Today, already 0.8 degrees glokal warming has been observed. (Credit: © Martin
Schwan / Fotolia);
(b)This visualization, based on new computer modelin g, shows that sea level rise may be an additional
10 centimeters (4 inches) higher by populated area in northeastern North America than previously
thought. Extreme northeastern North America and Greenland may experience even higher sea level
rise. (Credit: Graphic courtesy Geophysical Research Letters, modified by UCAR)

The scientists achieved insights by using a novel computer simulation of the Greenland ice

sheet and the regional climate. This model performs calculations of these physical systems
including the most important processes, for instance climate feedbacks associated with
changes in snowfall and melt under global warming. The simulation proved able to

correctly calculate both the observed ice-sheet of today and its evolution over previous
glacial cycles, thus increasing the confidence that it can properly assess the future. All this
makes the new estimate of Greenland temperaure threshold more reliable than previous

ones as shown inFig. 2(b).
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3.2.2. Arctic sea ice shrinks $mallest extent ever recorded

Sea ice in the Arctic has shrunk to its smallestextent ever recorded, smashing the previous
record minimum and prompting warnings of a ccelerated climate change. Satellite images
show that the rapid summer melt has reduced the area of frozen sea toless than 3.5 million
square kilometres this week from 27 August 2012 — less than halfthe area typically occupied
four decades ago. Arctic sea ice cover has een shrinking since the 1970s when it averaged
around 8m sq km a year, but such a dramatic collapse in ice cover in one year is highly
unusual.

A record low in 2007 of 4.17 million sq km was broken on Monday, 27 August 2012; further
melting has since amounted to more than 500,000 sq km. The record, which is based on a
five-day average, is expected to be officially declared in the next few days by the National
Snow and Ice Data Centre (NSIDC) in Colorado. The NSIDC's data shows the sea ice extent
is bumping along the bottom, with a new low of 3.421m sg km on Tuesday, which rose very
slightly to 3.429m sq km on Wednesday and 3.45m sq km on Thursday as seen inFig. 3.

The shrinking of the ice cap was interpreted by environment groups as a signal of long-term
global warming caused by man-made greenhouse gas emissions. A study published in July in the
journal Environmental Research Letters, that compared model projections with observations, estimated
that the radical decline in Arctic sea ice has been between 70-95% due to human activities.

Scientists have predicted on 31st August 2012 that the Arctic Ocean could be ice-free in
summer months within 20 years, leading to possibly major climate impacts. "I am surprised.
This is an indication that th e Arctic sea ice cover is fundamentally changing. The trends all
show less ice and thinner ice," said Julienne Stroeve, a research scientist with the NSIDC.
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"We are on the edge of one of the most signifcant moments in environmental history as sea
ice heads towards a new record low. The loss of sea ice will be devastating, raising global
temperatures that will impact on our ability to grow food and causing extreme weather
around the world," said John Sauven, director of Greenpeace UK.

Sea ice experts said that they were surprisel by the collapse because weather conditions
were not conducive to a major melt this year. The ice is now believed to be much thinner
than it used to be and easier to melt.

Arctic sea ice follows an annual cycle of melting through the warm summer months and
refreezing in the winter. The sea ice plays a critical role in regulating climate, acting as a
giant mirror that reflects much of the Su n's energy, helping to cool the Earth.

David Nussbaum, chief executive of WWF-UK, said: "The disappearance of Arctic ice is the
most visible warning sign of the need to tackle climate change and ensure we have a world
fit to pass on to the next generation. The sheer scale of ice loss is shocking and
unprecedented. This alarm call from the Arctic needs to reverberate across Whitehall and
boardrooms. We can all take action to cu carbon emissions and move towards a 100%
renewable economy."”

Arctic sea ice extent on 16 September 2012, in white, compared with the, Satellite data reveal
how the new record low Arctic sea ice extent, from Sept. 16, 2012, compares to the average minimum
extent over the past 30 years (in yellow) with reference to 1979, NASA/Goddard Scientific Visualization
Studio
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Ed Davey, the UK climate and energy secretary, said: "These findings highlight the urgency
for the international community to act. We understand that Arctic sea-ice decline has
accelerated over recent years as global warmingcontinues to increase Arctic temperatures at
a faster rate thanthe global average.

"This Government is working hard to tackle climate change and we are working closely
with our international partners not to exceed 2 degrees above pre industrial levels. | am
calling for the EU to increase its emission target from 20% to 30% and will be taking an
active lead at the UNFCCC Climate change talks in Doha later this year, where | will push
for further progress towards a new global deal on climate change and for more mitigation
action now. The fact is that we cannot afford to wait".

Canadian scientists said that the record melt this year could lead to a cold winter in the UK
and Europe, as the heat in the Arctic water will be released into the atmosphere this
autumn, potentially affecting the all-import ant jet stream. While the science is still
developing in this area, the Met Office said in May that the reduction in Arctic sea ice was
contributing in part to the colder, drier winter s the UK has been experiencing in recent years
as shown in Fig. 4.

3.2.3. Loss of Arctic sea ice '70% man-made'

Study finds only 30% of radical loss of summer sea ice is due to natural variability in
Atlantic — and it will probably get worse. Si nce the 1970s, there has been a 40% decrease in
the extent of summer sea ice. Photograph: AlaskaStock/Corbis. The radical decline in sea ice
around the Arctic is at least 70% due to human-induced climate change, according to a new
study, and may even be up to 95% down to humans — rather higher than scientists had
previously thought. The loss of ice around the Ar ctic has adverse effects on wildlife and also
opens up new northern sea routes and opportunities to drill for oil and gas under the newly
accessible sea bed as shown irFig. 5. The reduction has been accelerating since the 1990s
and many scientists believe the Arctic may become ice-free in the summers later this
century, possibly as early as the late 2020s.

"Since the 1970s, there's been a 40% decreasetime summer sea ice extent," said Jonny Day,
a climate scientist at the National Centre for Atmospheric Science at the University of
Reading, who led the latest study.

"We were trying to determine how much of th is was due to natural variability and therefore
imply what aspect is due to man- made climate change as well."

To test the ideas, Day carried out several computer-based simulations of how the climate
around the Arctic might have fluctuated si nce 1979 without the input of greenhouse gases
from human activity.

He found that a climate system called the Atlantic multi-decadal oscillation (AMO) was a
dominant source of variability in ice extent. The AMO is a cycle of warming and cooling in
the North Atlantic that repeats every 65 to 80 years — it has been in a warming phase since
the mid-1970s.
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Science correspondent The Guardian, Thursday 26 July 2012 by Alok Jha,

Comparing the models with actual observations, Day was able to work out what contribution
the natural systems had made to what reseachers have observedfrom satellite data.

"We could only attribute as much as 30% [of the Arctic ice loss] to the AMO," he said.
"Which implies that the rest is due to something else, and this is most likely going to be
man-made global change?"

Previous studies had indicated that around half of the loss was due to man-made climate
change and that the other half was due to natural variability. Looking across all his
simulations, Day found that the 30% figure was an upper limit — the AMO could have
contributed as little as 5% to the overall loss of Arctic ice in recent decades.

The research is published online in the journal Environmental Research Letters. Day said
that there are a number of feedback effects thatcould see the Arctic ice loss continue in the
coming years, as the Earth warms up. "[There is] something called the ice-albedo feedback,
which means that when you have less ice, it means there's more open water and therefore
the ocean absorbs more radiation and will continue to warm," he said.

"It's unclear what will happen — it definitely seems like it's going in that direction."

3.3. Sea level rise due to global warming
3.3.1. Sea level rise poses threat to New York City

Global warming is expected to cause the sea level along the northeastern U.S. coast to rise
almost twice as fast as global sea levels during this century, putting New York City at

2 Science Daily (Mar. 16, 2009)
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greater risk for damage from hurricanes and winter storm surge, according to a new study
led by a Florida State University researcher as shown inFig. 6.

New York Skyline. Global warming is expected to cause the sea level along the northeastern
U.S. coast to rise almost twice as fast as global selevels during this century, putting New York City at
greater risk for damage from hurricanes and winter storm surge. (Credit: iStockphoto/Klaas Lingbeek-
Van Kranen)

Jianjun Yin, a climate modeler at the Center for Ocean-Atmospheric Prediction Studies
(COAPS) at Florida State, said there is a bettethan 90 percent chance that the sea level rise
along this heavily populated coast will exceed the mean global sea level rise by the year
2100. The rising waters in this region -- perhaps by as much as 18 inches or more -- can be
attributed to thermal expansion and the slowing of the North Atlantic Ocean circulation
because of warmer ocean surface temperatures.

Yin and colleagues Michael Schlesinger of the Uriversity of lllinois at Urbana-Champaign
and Ronald Stouffer of Geophysical Fluid Dyna mics Laboratory at Princeton University are
the first to reach that conclusion after analyzin g data from 10 state-of-the-art climate models,
which have been used for the Intergovernmental Panel on Climate Change (IPCC) Fourth
Assessment Report. Yin's study is published in the journal Nature Geoscience

"The northeast coast of the United States isamong the most vulnerable regions to future
changes in sea level and ocean circulation,especially when considering its population
density and the potential socioeconomic consequences of such changes," Yin said. "The most
populous states and cities of the United Statesand centers of economy, politics, culture and
education are located along that coast."
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The researchers found that the rapid sea-levelrise occurred in all climate models whether
they depicted low, medium or high rates of greenhouse-gas emissions. In a medium
greenhouse-gas emission scenario, the New YorkCity coastal area would see an additional
rise of about 8.3 inches above the mean sea iel rise that is expected around the globe
because of human-induced climate change.

Thermal expansion and the melting of land ice, such as the Greenlandice sheet, are expected
to cause the global sea-level rise. The researchsrprojected the global sea-level rise of 10.2
inches based on thermal expanson alone. The contribution from the land ice melting was
not assessed in this study due to uncertainty.

Considering that much of the metropolitan re gion of New York City is less than 16 feet
above the mean sea level, with some parts of lower Manhattan only about 5 feet above the
mean sea level, a rise of 8.3 inches in additionto the global mean rise would pose a threat to
this region, especially if a hurricane or winter storm surge occurs, Yin said.

Potential flooding is just one example of coastal hazards associated wth sea-level rise, Yin
said, but there are other concerns as well. Tle submersion of low-lying land, erosion of
beaches, conversion of wetlands to open wate and increase in the sdinity of estuaries all
can affect ecosystems and damage existing coastal development.

Although low-lying Florida and Western Europe are often considered the most vulnerable
to sea level changes, the northeast U.S. coast iparticularly vulnerable because the Atlantic
meridional overturning circulat ion (AMOC) is susceptible to global warming. The AMOC is
the giant circulation in the Atlantic with warm and salty seawater flowing northward in the
upper ocean and cold seawater flowing southwar d at depth. Global warming could cause an
ocean surface warming and freshening in the high-latitude North Atlantic, preventing the
sinking of the surface water, which would slow the AMOC.

3.3.2. Significant sea-level risea two-degree warmer World

Sea levels around the world can be expected to rise by several metres in coming centuries, if
global warming carries on. Even if global warming is limited to 2 degrees Celsius, global-
mean sea level could continue to rise, reachhg between 1.5 and 4 metres above present-day
levels by the year 2300, with the best estimatebeing at 2.7 metres, according to a study just
published in Nature Climate Change. However, emissions reductions that allow warming

to drop below 1.5 degrees Celsius could limit the rise strongly.

The study is the first to give a comprehensive projection for this long perspective, based on
observed sea-level rise over the past millennium, as well as on scenarios for future
greenhouse-gas emissions.

"Sea-level rise is a hard to quantify, yet citical risk of climate change,” says Michiel
Schaeffer of Climate Analytics and Wageningen University, lead author of the study. "Due

3 Science Daily (June 24, 2012)
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to the long time it takes for the world's ice and water masses to react to global warming, our
emissions today determine sea levels for centuries to come."

Limiting global warming could awsiderably reduce sea-level rise

While the findings suggest that even at relatively low levels of global warming the world
will have to face significant sea-level rise, the study also demonstrates the benefits of
reducing greenhouse-gas emissions. Limiting global warming to below 1.5 degrees
Celsius and subsequent temperature reductions could halve sea-level rise by 2300,
compared to a 2-degree scenario. If temperatures are allowed to rise by 3 degrees, the
expected sea-level rise could range between 2and 5 metres, with the best estimate being
at 3.5 metres.

The potential impacts are significant. "As an example, for New York City it has been
shown that one metre of sea level rise could raise the frequency of severe flooding from
once per century to once ewry three years," says Stefan Rahmstorf of the Potsdam
Institute for Climate Impact Research, co-author of the study. Also, low lying
deltaic countries like Bangladesh and many small island states are likely to be severely
affected.

Sea-level rise rate defines the time for adaptation

The scientists further assessed the rate of selevel rise. The warmer the climate gets, the
faster the sea level climbs. "Coastal communities have less time to adapt if sea-levels rise
faster," Rahmstorf says.

"In our projections, a constant level of 2-degree warming will sustain rates of sea-level rise
twice as high as observed today, until well after 2300" as shown in Fig. 7, adds Schaeffer,
"but much deeper emission reductions seem able to achieve a strong slow-down, or even a
stabilization of sea level over that time frame".

Building on data from the past

Previous multi-century projections of sea-level rise reviewed by the Intergovernmental

Panel on Climate Change (IPCC) were limited to the rise caused by thermal expansion of the
ocean water as it heats up, which the IPCC found could reach up to a metre by 2300.
However, this estimate did not include the po tentially larger effect of melting ice, and

research exploring this effect has consideraly advanced in the last few years. The new
study is using a complementary approach, called semi-empirical, that is based on using the
connection between observed temperature and se level during past centuries in order to
estimate sea-level rise for scenarios of future global warming.

"Of course it remains open how far the close link between temperature and global sea level
found for the past will carry on into the future,” says Rahmstorf. "Despite the uncertainty we
still have about future sea level, from a risk perspective our approach provides at least
plausible, and relevant, estimates."
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Flooded dock. Sea levels around the world can beexpected to rise by several metres in
coming centuries, if global warming carries on. Even if global warming is limited to 2 degrees Celsius,
global-mean sea level could continue to rise, reading between 1.5 and 4 metres above present-day
levels by the year 2300, with the best estimate being at 2.7 metres. (Credit: © knuderik / Fotolia)

3.4. Hurricanes and global warming 4

Debate over climate change frequently conflates issues of science and politics. “There’s a
push on climatologists to say something about extremes, becaug they are so important. But
that can be very dangerous if we really don't know the answer” (Henson 2005). In this
article we focus on a particular type of extreme event—the tropical cyclone—in the context
of global warming (tropical cyclones are better known in the United States as hurricanes,
i.e., tropical cyclones that form in the waters of the Atlantic and eastern Pacific oceans with
maximum 1-min-averaged surface winds that exceeds 32 m st ). We follow distinctions
between event risk and outcome risk presented by Sarewitz et al. (2003). “Event risk” refers
to the occurrence of a particular phenomenon, and in the context of hurricanes we focus on
trends and projections of storm frequencies and intensities. “Vulnerability” refers to “the

4 American Metrology Society; November 2005
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inherent characteristics of a system that crede the potential for harm,” but are independent
from event risk. In the context of the economic impacts of tropical cyclones vulnerability has
been characterized in terms of trends in population and wealth that set the stage for storms
to cause damage. “Outcome risk” integrates consderations of vulnerability with event risk
to characterize an event that causes losses. Arxample of outcome risk is the occurrence of a
$100 billion hurricane in the United States. To calculate such a probability requires
consideration of both vulnerability and event risk. This article discusses hurricanes and
global warming from both of these perspectives.

3.4.1. Event risk

At the end of the 2004 Atlantic hurricane season, many scientists, reporters, and
policymakers looked for simple answers to explain the extent of the devastation, which
totaled more than $40 billion according to th e National Hurricane Center. Some prominent
scientists proposed that the intense 2004 hurricane season and its considerable impacts,
particularly in Florida, could be linked to gl obal warming resulting from the emissions of
greenhouse gases into the atmosphere (e.g., Harvard Medical School 2004; NCAR 2004). But
the current state of climate science does notsupport so close a linkage (Trenberth 2005).

Tropical cyclones can be thought of to a first approximation as a natural heat engine or
Carnot cycle (Emanuel 1987). From this perspective global warming can theoretically
influence the maximum potential intensity of tr opical cyclones through alterations of the
surface energy flux and/or the upper-level cold exhaust (Emanuel 1987; Lighthill et al. 1994;
Henderson-Sellers et al. 1998). But no theoretichbasis yet exists for projecting changes in
tropical cyclone frequency, though empirical studies do provide some guidance as to the
necessary thermodynamical and dynamical ingred ients for tropical cyclogenesis (Gray 1968,
1979).

Since 1995 there has been an increase in the nunds of storms, and in particular the number
of major hurricanes (categorys 3, 4, and 5) inthe Atlantic. But the changes of the past decade
in these metrics are not so large as to clearlyindicate that anything is going on other than
the multidecadal variability that has been we Il documented since at least 1900 (Gray et al.
1997; Landsea et al. 1999; Goldenberg et al. 2001Fonsequently, in the absence of large or
unprecedented trends, any effect of greenhousegases on the frequency of storms or major
hurricanes is necessarily very difficult to detect in the context of this documented variability.
Perspectives on hurricanes are no doubt shaped by recent history, with relatively few major
hurricanes observed in the 1970s, 1980s, ancearly 1990s, compared with considerable
activity during the 1940s, 1950s, and eary 1960s. The period from 1944 to 1950 was
particularly active for Florida. During that period 11 hurricanes hit the state, at least one per
year, resulting in the equivalent of billions of dollars in damage in each of those years
(Pielke and Landsea 1998).

Globally there has been no increase in tropical cyclone frequency over at least the past
several decades (Webster et al. 2005; Landeand Guard 1998; Elsnerand Kocher 2000). In
addition to a lack of theory for future changes in storm frequencies, the few global modeling
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results are contradictory (Henderson Sellers et al. 1998; Houghton et al. 2001). Because
historical and observational data on hurricanes and tropical cyclones are relatively robust, it

is clear that storm frequency has not tracked recent tropical climate trends. Research on
possible future changes in hurricane frequency due to global warming is ambiguous, with
most studies suggesting that future changes will be regionally dependent, and showing a
lack of consistency in projecting an increase ordecrease in the total global number of storms
(Henderson-Sellers et al. 1998; Royer et al. 1998; Sugi et al. 2002). These studies give such
contradictory results as to suggest that the state of understanding of tropical cyclogenesis
provides too poor a foundation to base any projections about the future. While there is
always some degree of uncertainty about the future and model-based results are often fickle,
the state of current understanding is such that we should expect hurricane frequencies in the
future to have a great deal of year-to-year and decade-to-decade variation as has been
observed over the past decades and longer.

The issue of trends in tropical cyclone intensity is more complicated, simply because there
are many possible metrics of intensity (e.g., maximum potential intensity, average intensity,
average storm lifetime, maximum storm lifetim e, average wind speed, maximum sustained
wind speed, maximum wind gust, accumulated cyclone energy, power dissipation, and so
on), and not all such metrics have been closey studied from the standpoint of historical
trends, due to data limitations among other reasons. Statistical analysis of historical tropical
cyclone intensity shows a robust relationship to the thermodynamic potential intensity
(Emanuel 2000), suggesting thatincreasing potential intensity shou Id lead to an increase in the
actual intensity of storms. The increasing potential intensity associated with global warming as
predicted by global climate models (Emanuel 1987) is consistent with the increase in modeled
storm intensities in a warmer climate, as might be expected (Knutson and Tuleya 2004).But
while observations of tropical and subtropical sea surface temperaturehave shown an overall
increase of about 0.2°C over the past ~50 yearshere is only weak evidence of a systematic
increase in potential intensity (Bister and Emanuel 2002; Free et al. 2004).

Emanual (2005) reports a very substantial upward trend in power dissipation (i.e., the sum
over the lifetime of the storm of the maximum wind speed cubed) in the North Atlantic and
western North Pacific, with a near doubling ov er the past 50 years (Webster et al. 2005). The
precise causation for this trend is not yet clear. Moreover, in the North Atlantic, much of the
recent upward trend in Atlantic storm freque ncy and intensity can be attributed to large
multidecadal fluctuations. Emanue | (2005) has just been published as of this writing and is
certain to motivate a healthy and robust debate in the community. Other studies that have
addressed tropical cyclone intensity variatio ns (Landsea et al. 1999; Chan and Liu 2004)
show no significant secular trends during the decades of reliable records.

Because the global earth system is highly complicated, until a relationship between actual
storm intensity and tropical climate change is clearly demonstrated and accepted by the
broader community, it would be premature to conclude with certainty that such a link exists

or is significant (from the standpoints of eith er event or outcome risk) in the context of
variability. Additionally, any such relationship  between trends in sea surface temperature
and various measures of tropical cyclone intensity would not necessarily mean that the
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storms of 2004 or 2005 or their associated damagesould be attributed directly or indirectly
to increasing greenhouse gas emissions.

Looking to the future, global modeling studies suggest the potential for relatively small
changes in tropical cyclone intensities related to global warming. Early theoretical work
suggested an increase of about 10% in wind sgeed for a 2°C increase in tropical sea surface
temperature (Emanuel 1987). A 2004 study from the Geophysical Fluid Dynamics
Laboratory in Princeton, New Jersey, that utilized a mesoscale model downscaled from
coupled global climate model runs indicated th e possibility of a 5% increase in the wind
speeds of hurricanes by 2080 (Knutson and Tulg/a 2004; cf. Houghton et al. 2001). Michaels
et al. (2005) suggest that even this 5% increasenay be overstated, and that a more realistic
projection is on the order of only half of th at amount. Even if one accepts that the Knutson
and Tuleya results are in the right ballpark, these would imply that changes to hurricane
wind speeds on the order of 0.5-1.0 m s' may be occurring today. This value is exceedingly
small in the context of, for example, the more than doubling in numbers of major hurricanes
between quiet and active decadal periods in the Atlantic (Goldenberg et al. 2001). Moreover,
such a change in intensities would not be obsavable with today’s combination of aircraft
reconnaissance and satellite-based intensity estimates, which only resolves wind speeds of
individual tropical cyclon es to at best 2.5 m st increments.

3.4.2. Vulnerability and outcome risk

Understanding of trends and projections in trop ical cyclone frequencies and intensities takes
on a different perspective when considered in the context of rapidly growing societal
vulnerability to storm impacts (Pielke and Pielke 1997; Pulwarty and Riebsame 1997). There
is overwhelming evidence that the most signif icant factor underlying trends and projections
associated with hurricane impacts on society is societal vulnerability to those impacts, and
not the trends or variation in the storms themselves (Pielke and Landsea 1998). Growing
population and wealth in exposed coastal locations guarantee increased economic damage
in coming years, regardless of the details of future patterns of intensity or frequency (Pielke
et al. 2000). Tropical cyclones will also resut in death and suffering, in less developed
countries in particular, as seen in Haiti duri ng Hurricane Jeanne (cf. Pielke et al. 2003).

Over the long term the effects of changes in society dwarf the effects of any projected
changes in tropical cyclones according to research based on assumptions of the
Intergovernmental Panel on Climate Change (IPCC), the scientific organization convened to
report on the science of climate change. By 2050, for every addional dollar in damage that
the IPCC expects to result from the effects of global warming on tropical cyclones, we
should expect between $22 and $60 of increase in damage due to population growth and
wealth (Pielke et al. 2000). The primary factors that govern the magnitude and patterns of
future damages and causalities are how society develops and prepares for storms rather
than any presently conceivable future changes in the frequency and intensity of the storms
(seeFig. 8).
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Flooding at costal area

Consider that if per capita wealth and population grow at a combined 5% per year, this
implies a doubling in the real costs of hurricane s about every 15 years. Insuch a context, any
climate trend would have to be quite large to be discernible in the impacts record.

With no trend identified in va rious metrics of hurricane damage over the twentieth century
(Pielke and Landsea 1998), it is exceedinglyunlikely that scientist s will identify large
changes in historical storm behavior that have significant societal impl ications. In addition,
looking to the future, until scientists conclude:

a. that there will be changes to storms that are significantly larger than observed in the
past,
that such changes are correlated tomeasures of societal impact, and

c. that the effects of such changes are signifiant in the context of inexorable growth in
population and property at risk, then it is reasonable to conclude that the significance of
any connection of human-caused climate change to hurricane impacts necessarily has
been and will continue to be exceedingly small.

Thus a great irony here is that invoking the modulation of future hurricanes to justify
energy policies to mitigate climate change may prove counterproductive. Not only does this
provide a great opening for criticism of the underlying scientific reasoning, it leads to
advocacy of policies that simply will not be effective with respect to addressing future
hurricane impacts. There are much, much better ways; to deal with the threat of hurricanes
than with energy policies (e.g., Pielke and Pielke 1997). There are also much, much better
ways to justify climate mitigation policies th an with hurricanes (e.g., Rayner 2004), with
energy policies (e.g., Pielke and Pielke 1997) ando justify climate mitigation policies than
with hurricanes (e.g., Rayner 2004).
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3.4.3. Worrying beyond hurricane Sandy

With the last hurricane to directly hit New Yo rk City dating back to the 1800’s, residents
have so far lacked the impetus to demand concrete strategies for dealing with the potential
devastation to housing, the subway system and the electrical infrastructure from a major
modern-day storm. Now Hurricane Sandy threatens major flooding from a storm surge that
could reach up to 14 feet above the average sea level here.

Some scientists suggested on Monday 29 October’ 2012 that once New Yorkers have
moved to higher ground and weathered the hu rricane, they should begin to take more

decisive steps to adapt to more of the same. As it was reported last month, pressure has
been growing for aggressive action as shown in Fig. 9.

Awaiting an onslaught: wave activity at Rockaway Beach on Monday morning, when
Hurricane Sandy was 425 miles southeast of New York City (Oct 29’ 2012).

It is small comfort to sodden and stranded New Yorkers that Hurricane Sandy’s flooding of
the city’s infrastructure, from power lines to subways to low-lying communities, was
predicted in grimly precise detail by scientists in the latest state and city climate studies.
Deeper and more frequent flooding from Rockaway to Lower Manhattan and the city's
transit tunnels has been a repeated warning that largely went unnoticed by the public and
most politicians.



60 Climate Change — Realities, ImpactOver Ice Cap, Sea Level and Risks

But now, with the floods from Sandy and Tropical Storm Irene last year on his watch, Gov.
Andrew Cuomo is pointedly stressing what he considers the inevitability of more such
disasters. “Climate change is reality,” the governor said on Wednesday, 31st Oct’ 2012,
estimating Sandy’s economic damage up to $6 billion. “Given the frequency of these
extreme weather situations that we've had-and | believe that it's an increasing frequency -
for us to sit here today and say this is a once-in-a-generation and it's not going to happen
again, | think would be shortsighted.” Mr. Cu omo admits that he does not have all the
answers nor enough government money for all th e proposed solutions. And we can all hope
that he is wrong in his forecast. But the urgency of his warning is rooted in a basic fact of
nature underpinning the government studies: New York’s coastal waters, which rose an
inch per decade in the last century, are heading toward rates of 6 inches per decade as the
oceans warm and expand. That would be a disastrous rise of 2 feet across the next 40 years,
for anyone planning ahead. And there aren’t many in government planning ahead as the
postrecession political debate grinds along the question of how to slash government
improvements, not expand them.

Just last September, Klaus Jacob, an adviser to the city on climate change, warned of the
certainty of flooded Manhattan highways and tu nnels and of stranded subway riders and
subway commuters if the next storm surge topped Irene’s. “I'm disappointed that the
political process hasn't recognized that we’re playing Russian roulette,” said Mr. Jacob, a
research scientist at Columbia University’'s Earth Institute and an author of a 2011 state
study that predicted tens of billions in economic losses from worsening floods.

This is why the problem underlined by Mr. Cuomo deserves heightened public debate.
Mayor Michael Bloomberg agreed. "What's clear is that the storms that we’ve experienced in
the last year or so around this country and around the world are much more severe than
before,” the mayor said. “Whether that's glob al warming or what, |1 don’t know. But we’ll
have to address those issues.”

Mr. Cuomo proposed consideration of the sort of storm surge barriers in use in Europe.
Gates like those guarding London’s riverfront could be closed in disastrous weather at three
main points of ocean inflow — the Verrazano-N arrows Bridge, the upper East River and the
mouth of the Arthur Kill between Staten Isla nd and New Jersey. This idea and others
involve billions of dollars, which could be a bargain if Sandy and Irene truly are harbingers
of more frequent disasters eating deeper into the city’s heart.

(Source: The New York edition; Worrying Beyond Hurricane Sandy, October 31, 2012)

4. How to prevent climate change?

The potential for runaway greenhouse warming is real and has never been more prominent
as now. The most dangerous climate changesmay still be avoided if we transform our
hydrocarbon based energy systems and if we initiate rational and adequately financed
adaptation programmes to forestall disasters and migrations at unprecedented scales. The
tools are available, but they must be applied immediately and aggressively.
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4.1. What can | do to help prevent climate change?

In the United States, approximately 6.6 tons (almost 15,000 pounds carbon equivalent) of
greenhouse gases are emitted per person egry year. And emissions per person have
increased about 3.4% between 1990 and 1997. Mogif these emissions, about 82%, are from
burning fossil fuels to generate electricity and power our cars. The remaining emissions are
from methane from wastes in our landfills, ra ising livestock, natural gas pipelines, and coal,

as well as from industrial chemicals and other sources. (Source: US EPA).

With this said, also keep in mind that emi ssions vary based on the country and state in
which you live. At the present time, the United States emits more greenhouse gasses per
person than any other country. Emissions also vary by state asthey are based on the many
factors such as the types of fuel used to generge electricity, the total population of a state,
and the amount of (and distance traveled by) commuters.

As an individual there are th ree areas where we can make the most impact in reducing
carbon emissions:

- the electricity we use in our homes,
- the waste we produce, and
- the transportation we choose to use.

According to the U.S. EPA, you can affect the emissions of about 4,800 pounds of carbon
equivalent, or nearly 32% of the total emissions per person by the choices we make in these
three areas. The other 68% of emissions are affded more by the types of industries in the
U.S. the types of offices we use, how our foodis grown and other factor s (source: U.S. EPA).
Below are tips on how to reduce carbon emissions and help stop climate change.

4.2. How can | do to help prevent climate change?

When people talk about Climate Change, they are talking about the temperature and
weather on the Planet Earth changing. In the last one hundred years the temperature on our
planet has gone up by a little bit, about 1 degree. The reason it's getting warmer is because
too much heat is getting trapped in earth’s atmosphere and making the planet too hot. Every
time we use energy, we send more heat (Grbon Dioxide) into the atmosphere. Carbon
Dioxide, or Mr. Carbon as we call him, is created when humans drive cars and make
electricity for things like lights and computers. But, if we are all more careful and don't
waste energy or use more than we need, we can help to cool off the earth!

Here are some great ideas to get you started:

X Use less energy at home- In winter, wear a sweater and turn the thermostat down. In
summer, turn off the lights and us e the natural light of the sun!

x  Take shorter showers- Heating shower water uses energy. Even just a few minutes can
add up to a big difference over time!

X Ride your bike! -If you live close enough to school, hop on your bike or walk. Replace
car rides whenever possible.
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X

Carry a reusable water bottle- Picture how many disposable water bottles pile up after

a week, a month, or a year. Skip all thatwaste by getting a cool reusable one!

Power down- Even when they're “off,” many appliances like computers continue to use
energy. Ask your family to unplug these item s when they’re not in use, or to turn off
the power strip they’re attached to.

Eat Your Veggies- Livestock like cows create carbon on farms. Even just one day a
week of vegetarian meals can make a big difference!

4.3. Ten basic tips to help stop climate change

Don't have a lot of times, but want to take action? Here are ten, simple, everyday things each
of us can do to help stop climate change. Pickone, some, or all. Every little effort helps and
adds up to a whole lot of good.

a.

Change a light- Replacing a regular light bulb with a compact fluorescent one saves 150
pounds of carbon dioxide each year.*

Drive less- Walk, bike, carpool; take mass transit, and/or trip chain. All of these things
can help reduce gas consumption and one pound of carbon dioxide for each mile you
do not drive.

Recycle more and buy recycled- Save up to 2,400 pounds of carbon dioxide each year
just by recycling half of your household waste. By recycling and buying products with
recycled content you also save energy, resources and landfill space!

Check your tyres- Properly inflated tyres mean good gas mileage. For each gallon of
gas saved, 20 pounds of carbon dioxide are also never produced.

Use less hot water- It takes a lot of energy to heat water. Reducing the amount used
means big savings in not only your energy bills, but also in carbon dioxide emissions.
Using cold water for your wash saves 500 pounds of carbon dioxide a year, and using a
low flow showerhead reduces 350 pounds of carbon dioxide. Make the most of your hot
water by insulating your tank and keep ing the temperature at or below 120.

Avoid products with a lot of packaging- Preventing waste from being created in the
first place means that there is less energy wasted and fewer resources consumed. When
you purchase products with the least amount of packaging, not only do you save
money, but you also help the environment! Reducing your garbage by 10% reduces
carbon dioxide emissions by 1,200 pounds.

Adjust your thermostat- Keeping your thermostat at 68 degrees in winter and 78 degrees
in summer not only helps with your energy bills, but it can reduce carbon dioxide
emissions as well. No matter where you set your dial, two degrees cooler in the winter or
warmer in the summer can mean a reduction of 2,000 pounds of carbon dioxide a year.
Plant a tree- A single tree can absorb one ton ofcarbon dioxide over its lifetime.

Turn off electronic devices when not in use- Simply turning off your TV, VCR,
computer and other electronic devices can save each household thousands of pounds of
carbon dioxide each year.

Stay informed- Use the Earth 911 Web site to help stay informed about environmental
issues, and share your knowledge with others. Together, we can and do Make Every
Day Earth Day!
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5. Conclusion

From the studies and reports, it is evident that the potential for runaway greenhouse
warming due to release of carbon dioxide and other gases in the atmosphere which is the
cause of potential increase of the global tempeature, and subsequent melting of ice cap, rise
in sea level, and it triggers the disasters. The following major issues are noticed:

x Emissions from human activities are increasing the frequency of extreme weather
events.

x Due to climate change there are likely to be many more heatwaves, droughts and
changes in rainfall patterns.

X By the mid-2020s, sea level rise around Manhdtan and Long Island could be up to 10
inches, if the rapid melting of polar sea ice continues at same pace. By 2050, sea-rise
could reach 2.5ft and more than 4.5ft by 2080 under the same conditions.

X Global warming threatens the planet in a new and unexpected way — by triggering
earthquakes, tsunamis, avalanches and volcanic eruptions.

x Irene-like storms of the future would put a third of New York City streets under water
and flood many of the tunnels leading into Manhattan in under an hour because of
climate change.

Climate changes may still be avoided if we transform our hydrocarbon based energy
systems and if we initiate rational and adequately financed adaptation programmes to
forestall disasters and migrations at unprecedented scales.
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1. Introduction

Astroclimatology is the branch of paleoclimatol ogy in which climate change over geological
history is interpreted in terms of changes in astronomical elements or in the Earth’s orbital
parameters. There are two mature theories in astroclimatology. Milankovitch theory
considers the Pleistocene glacial cycles to bethe result of tiny changes in three orbital
elements (obliquity, eccentricity, and the equation of the equinoxes) (Berger, A., et al, 1984).
Another theory proposes that oscillations between glacial and interglacial periods result
from large fluctuations of obliquity (Williams, G. E., 1981). It is clear that changes in orbital
parameters can have an important effect on dimate. Reconstructions of paleoclimate and its
simulation are vital for us to understand the evolution of climate and to forecast future
climate change.

The influences of the orbital parameters have multiple time scales from several hours to
geological time scales. Zheng (1994) and Qiaret al (1995) investigated the influence on the
atmosphere and ocean of changes in the Earth’s rotation rate on a time scale of less than 100
years, using observations combined with a dynamic method. The results suggest that the
rotation rate of the Earth has a close relatonship with Southern Oscillation, EI Nino,
magnitude and location of the Subtropical High , sea surface temperature, and precipitation,
respectively. These researches have deepeneaur knowledge of the relationship between
rotation rate and the atmosphere and ocean. Lag-term changes in rotation rate and changes
in other orbital parameters can also affect the atmospheric circulation and have generally
been investigated through numerical simulations of paleoclimate. The aim of paleoclimate
research is to use our knowledge of paleoclimate change to understand the mechanism of
climate change, and thus to improve our ability to forecast climate change. Models used in
the simulation of paleoclimate include Box Models, Energy Balance Models (EBMS),

I NT E C H © 2013 Liu, licensee InTech. This is a paper distributed under the terms of the Creative Commons
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Statistical-dynamical Models (SDMs), Radiative Convective Models (RCMs), Earth System
Models of Intermediate Complexity (EMICs) and General Circulation Models (GCMs). This
study focuses on GCMs.

1.1. Review on the simulation of influence of orbital parameter change in
specific geological period on atmosphere

1.1.1. Numerical simulation of paleoclimate

Numerical simulations are important in paleoclimatological research. The earliest numerical
simulations of paleoclimate were carried out in the 1970s (Williams et al, 1974). Since then
the simulation time scale has been extended flom short-time-scale rapid climate change and
orbital-time-scale climate change to climate change at the geological time scale (Kutzbach
and Street-Perrott, 1985; Kutzbach, 1989; Rahmstorf, 1994). Simulations have been carried
out for the Holocene, Pleistocene, Pliocene,early Cenozoic, and Cretaceous geological
periods, extending to the time of the Pangaea supercontinent (Kutzbach and Gallimore,
1989; Barronet al, 1993; Barronet al, 1995; Kutzbach, 1996; Busland Philander, 1997; Otto-
Bliesner and Upchurch Jr, 1997; Ramsteinet al, 1997; Cane and Molnar, 2001). Different
climate driving factors have been investigated, including changes in orbital parameters, CO 2
concentration and global ice quantity, and thermohaline circulation changes resulting from
closed and open ocean channels, plateau uplift,and plate tectonics (Kutzbach and Guetter,
1986; Mitchell et al, 1988; Kutzbach and Gallimore, 1989; Barroret al, 1993; Kutzbachet al,
1993; Barronet al., 1995; Rahmstorf, 1995; Ramsteiet al, 1997; Weaveret al, 1998; Cane and
Molnar, 2001; Knutti et al, 2004).

1.1.2. Simulation of glacial cycle

The international research effort on glacial cycle simulation has taken the form of a series of
large projects, including CLIMAP (Climate Long-range Investigation, Mapping, and
Prediction), COHMAP (Cooperative Holocene Mapping Project), and PMIP (Paleoclimate
Modeling Intercomparison Project).

CLIMAP is a reconstruction of the earth’s environment during the ice ag e. Carried out in the
1970s, it was led by the marine geologists JImbrie and J. Hays, and the geochemist N.
Shackleton. Using data related to the reconstructed environment of the ice age, the CLIMAP
project simulated the summer climate at the Last Glacial Maximum (LGM). The results
show that the global summer climate was drier and colder during the LGM than at present.
At the same time, the westerlies over the Northern Hemisphere near the ice cap move
southward obviously (Gates, 1976).

In the 1980s, COHMAP, led by J. E. Kutzbach, T. Webb ~, and H. E. Wright, was designed
to determine and simulate paleoclimate using the land record. It revealed the key role of
orbital factors in tropical monsoon climate ch ange, and the bifurcation of the westerly jet
stream over North America as a result of the ice cap in North America during the LGM
period. Simulations showed that the change of Earth’s orbit in the early to middle Holocene
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led to an increase in seasonality in the Northern Hemisphere and an enhanced monsoon

(Kutzbach and Street-Perrott, 1985; Kuzbach and Guetter, 1986; Mitchell et al, 1988;
Kutzbach, 1989; Kutzbach and Gallimore, 1989; Barron et aJ 1993; Kutzbachet al, 1993;
Rahmstorf, 1994; Barron et al 1995; Rahmstorf, 1995; Kutzbachet al, 1996; Bush and
Philander, 1997; Otto-Bliesner ard Upchurch Jr, 1997; Ramsteinet al, 1997; Weaver et al.,
1998; Cane and Molnar, 2001; Knuttiet al, 2004). This coincided with generally high lake

levels during 9-6 Ka BP (Kutzbach, 1985).

The PMIP, part of Past Global Changes Project (PAGES), in the 1990s was led by S.
Joussaume, with contributions from a number of leading paleoclimate scientists including J.
E. Kutzbach, A. J. Broccoli, and J. Guiotet al. This research project evaluated the sensitivity
and accuracy of models by comparing results from different climate models and the
difference between the simulation results and observational record. In general, the models
all simulated the main features of climate change since the LGM, including the monsoon
enhancement driven by orbital factors in the early to middle Holocene (6 Ka BP) and the
enhanced meridional temperature gradient during the LGM period (Joussaume and Taylor,
1995). The simulations significantly underestimated the range of climate change evident in
the record. The tropical Atlantic Ocean warm ing further enhanced the African monsoon in
the middle Holocene (Kutzbach et al, 1996; Kutzbach and Liu, 1997).

1.1.3. Simulation before the Pleistocene

Because it is difficult to reconstruct the boundary conditions of the Pleistocene, simulations
of the climate before the Pleistocene differ from simulations of glacial cycles in the
Quaternary, in that their focus is not on reconstruction, but on sensitivity testing. Prell and
Kutzbach (1997) investigated the response of the monsoon to orbital change and its
association with the Qinghai-Tibet Plateau height and uplift mode. The results showed a
remarkable orbit-driven effect of the uplift mode on monsoon response. Under the mode of
stable plateau uplift in the past 15 Ma, monsoon intensity and variable rate index have
shown little change, whereas under the mode of large uplift at 11-8 Ma, monsoon intensity
and the variable rate index showed a marked increase. These rsults show that the
sensitivity of the orbit-driven monsoon response has strengthened greatly. Under the
Quaternary uplift mode, monsoon intensity an d variability increased abruptly at 2-3 Ma.
This shows that not just the rate of plateau uplift, but also the process and mode of uplift
may have an important influence on climate change.

1.2. Review on the simulation of influence of orbital parameter change in non-
specific geological peri od on the atmosphere

Hunt (1979) investigated the effects of a five-fold increase or decreasen rotation rate. The
lower rotation rate resulted in phenomena in cluding enhanced mid-latitude westerly jet
stream, a decrease in the tropospheric temperatire gradient with warming in polar regions,

and an expansion of the subtropical arid area. The rapid rotation scenario yielded a
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significant tropospheric zonal temperature gradient and dry, cold high latitudes. A
hemispheric model was used without terrain changes or diurnal processes, considering
yearly average cloud, ozone, and ground reflectivity. Because the terrain and the land—sea
distribution are different between the Northern and Southern Hemisphere, the anomalies of
the atmospheric circulation and climate caused by change in Coriolis force are not
hemispherically symmetrical. Therefore, the changes of circulation and climate in the two
hemispheres and the differences between the two hemispheres are not depicted well in the
model. Furthermore, the monthly and seasonal differences of all sorts of effects cannot be
considered in this model.

Kutzbach and Otto-Bliesner (1982) analyzed the effect of orbital parameter change in the
Holocene on the African and Asian monsoon. The difference of radiation is largest at the
two solstitial points, and two solstitial points are closely related to the monsoon; therefore,
the effects of different orbital parameters on the monsoon in summer and winter were

analyzed. The results showed that the monsoon in the Holocene was stronger than now and

that precipitation in Africa and India was heav ier. The seasonal circulation corresponding to
different orbital parameters was not discussed in detail.

Even though Kutzbach and Guetter (1986) discussed the effect of different orbital
parameters and surface boundary conditions on the climate, the radiation and sea
temperature conditions were fixed to January and July conditions. Again, there was no
detailed discussion of the effect of different orbital parameters on climate under seasonal
cycle. Their conclusion was that the response of the monsoon and tropical precipitation to
the change of radiation caused by change in orbital parameter is stronger than the
response of the forcing. Similar conclusions were made to those in Kutzbach and Otto-
Bliesner (1982).

Using the NCAR Community Climate Model version 0 (CCMO0), Jenkins (1993) investigated
the effect of a high rotation rate on circulation. Terrain was not considered. The radiative
forcing was reduced by 10% from present values, as an approximation of the radiation
incident on the early Earth. The carbon dioxide concentration in the atmosphere was higher
than present values, and other forcings were annual averages. It was concluded that by
reducing the cloud amount, a high rotation ra te influences the climate. Using the same
model, Jenkins et al. (1993) investigated the effect of thepresence or absence of land and of
rapid rotation rate on the climate at 2.5-4 billion years ago, yielding the following results:

1. When the day length is 14 hours, the world average cloud coverage drops to 79% of the
present value and the global average temperature rises by 2 K.

2. In the absence of land, the global average temperature rises by 4 K compared with the
present value.

3. Increasing the rotation rate and reducing the land area offsets the impact of lower solar
radiation during early times on the Earth. Therefore the early Earth might not have
needed more CQO; to maintain its temperature above freezing point.

4. The surface wind direction reversed from west to east in mid-latitudes with the high
rotation rate of the early Precambrian, and the meridional mean surface wind was
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enhanced. Compared with the current single jet stream, it is possible that there were
two jet streams in the early Earth.

Jenkins (1996) then used the NCAR CCM1 model to investigate the effect of a high rotation
rate on the climate, using the present-day land-sea distribution, CO2 concentration, and
ozone concentration. The climatological Janwary mean sea surface temperature field and
radiative forcing were used in the model, yielding the following conclusions:

1. Polar temperatures fall under the high rotation rate and the winter hemisphere is
noticeably colder. As rotation rate increases, the permanent ridge and trough features
weaken. When the length of day is less than 18 hours, the ridge and trough features
disappear completely.

2. Under fast rotation there is strong mid-lati tude subsidence, which is more pronounced
in the Pacific and Atlantic.

3.  While present-day storm trajectories are mainly controlled by large-scale fluctuation,
the trajectories under fast rotation consist of small-scale fluctuations. This kind of
movement forward to the small-scale fluctuatio n under the high rotation rate is related
to enhanced convective precipitation.

Hall et al (2005) investigated the effect of a chage in orbital parameter on the climate in
winter in the Northern Hemisphere using an atmosphere—ocean coupled model employing
orbital forcings for the past 165,000 years. The results suggest that while global summer
temperature differences can be explained by local thermodynamics caused by a change in
radiative forcing, the change of winter climate in the Northern Hemisphere cannot be
explained completely in this way. The authors concluded that the change in radiative
forcing gave rise to an atmospheric circulation anomaly similar to the Northern Hemisphere
Annular Mode (NAM). This circulation anomaly perturbed other climatological variables.

1.3. Discussion and future prospective

Research on the effect of orbital parameter clange on circulation and climate has deepened
our understanding of the paleoclimate, but pr evious simulations focused on a specific
geological period or specific seasons (mostlysummer and winter). The influence of a single
orbital parameter change on the circulation has never been examined in detail. Moreover,
analyses of sediment in the Arabian and South China seas show that variations in global ice-
cover have an important influence on the east Asian monsoon, while orbital parameters,
especially the change of precession, are the main external driving force for the east Asian
summer monsoon and Indian summer monsoon (Clemens et al, 1991; Jianet al, 2001).
Previous studies considered the effect of orbital parameters on the monsoon within a limited
area, but the effect of orbital parameters on the global monsoon has rarely been considered.
Liu et al (2010) and Liu (2011) therefore investigated the effect of rotation rate and obliquity
on global circulation, describing the responses of atmospheric elements and three-cell
circulation to variations in a single orbital parameter. Furthermore, they discussed the
response of the global monsoon to different rotation rates. Their conclusions are that the
African monsoon and the monsoon in the temperate and frigid zones weaken when the
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rotation rate slows, and vice versa, while the Asia—Australia monsoon has no obvious
reverse change with a change of rotation rate. The monsoon changes are different with
rotation rate in different areas. However, these studies are somewhat preliminary in nature,
and future research on the effect of different orbital parameters on circulation could include
the following aspects:

1. Consideration of changes in each of the three key elements of the Earth’s orbit, using a
GCM to simulate the circulation. This will identify the re lative effects of the three
orbital elements.

2.  An atmosphere—ocean coupled model could be used to investigate the effects of
different orbital parameters on the circulation. The mechanisms by which the ocean and
atmosphere influence each other under the change of orbital parameter should be
discussed in more detail in the future.

2. The influence of different rotation rates on the general circulation of
the Earth’s atmosphere

The observations of celestial optics and malern spatial geodesy have proved that the
rotation of the Earth varies on multiple time scales ranging from several hours to geological
ages, and fossil analysis has shown that the Earth’s rotation rate is currently slowing.
Changes in the Earth’s rotation can have an important effect on the atmosphere.

Numerical simulations of the influence of change in rotation rate on geological time scales
on the atmospheric circulation and climate have greatly improved our understanding of the
ancient climate (Hunt, 1979; Kutzbach and Otto-Bliesner, 1982; Kutzbach and Guetter, 1986;
Jenkins, 1993, 1996; Jenkinet al, 1993; Hall et al, 2005). However, this research has either
focused on a specific geological period or on specific seasons (mostly summer and winter).
The influence of a single orbital parameter change on the circulation has not been studied.
Moreover, Jenkins (1996) reported a thresholdat a day length of 18 hours: when the day
length is shorter than 18 hours, the atmospheric circulation will change significantly. The
same conclusion can be drawn from numerical simulations in which the meridional
circulation changes from two circuits to a single circuit, when the day length increases from
16 to 64 times its present-day length (Del Genio, 1996). What happens when the day length
changes by one hour? Is the atmospheric change significant? Based on the above
considerations, the present study performed simulations to investigate the atmospheric
circulation under different rotation rates.

2.1. Model description and experimental design

The atmospheric general circulation model (AGCM) used in this study is the NCAR
Community Atmospheric Model version 2 (CAM2) released in July 2003. CAM2 uses
spherical harmonic functions truncated at wave number 42. To facilitate physical
computing, the model grids are based on 64 latitude Gaussian points and 128 longitude
points (2.8125 degree intervals) in the horizontal plane, with 26 hybrid vertical levels. The
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model includes detailed radiative forcing, cumulus convection, and a land surface process
parameterization scheme. The sea surface temperature (SST) adopted ishe climatological
average SST field. Present-day terrain is used. A complete description of this model version
is available online at http://www.ccsm.ucar.edu/models/atmcam/docs/desanifindex.html A
control run with 24-hour day length and two sensitivity runs, with 23- and 25-hour day
length, are discussed in this section. These two sensitivity runs represent a condition from
geological history and some 10,000 years in thefuture, respectively. The time series of whole
layer average dimensionless angular momentum and the integrals of unit quality
atmospheric kinetic energy in the troposphere (surface—100 hPa) and stratosphere (100 hPa—
stratosphere top) in the sensitivity runs show that the atmospheric conditions reach steady
state after two years (figure not shown). The whole-layer averaged dimensionless angular
momentum is an index of atmospheric rotation, which is defined as the ratio of the specific
angular momentum acos/(u a cos/) to the mean specific angular momentum of the
atmosphere at rest 2a%: /3 (Hourdin et al., 1995). We run a 32-year Biulation. The first two
years are considered as spin-yp, and only the results of the last 30 years are analyzed.

2.2. The results of climatic annual mean atmospheric circulation under different
rotation rates

The wind speed difference can be used as a repesentation of the strength of the three-cell
circulation (Oort and Yienger, 1996; Quanet al, 2004). With increasing day length, the
strength changes of the three-cell circulation are different for the two hemispheres and at
different latitudes, while the extent of the three-cell circulation does not change
significantly. Figure 1 shows that the change under the higher rotation rate is opposite to
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that under the lower rate. The three-cell circulation is stronger with slower rotation than
with faster rotation. It should be pointed out that the changes of circulation at latitudes
south of 80°S and between 10°S-10°N do not behave in this way. In these regions the
circulation strength decreases under the slow rotation, and increases under faster rotation
compared with the control run. In general, th e main characteristics are that the circulation
strength increases globally when the rotation slows, and vice versa.

Results for the temperature field are as follows (Fig. 2). There are cold anomalies in the
Northern Hemisphere and warm anomalies in the Southern Hemisphere for the lower
rotation rate, while the opposite applies for the higher rate. The boundary between cold and
warm anomalies is at 15°S. The trend of geopotential height change is the same as for the
temperature field between different rotation rates (figure not shown).
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Latitude—pressure cross-section of climatological annual temperature anomaly field, which is
the sensitivity run minus the control run. a) 25-hour day minus 24-hour day; b) Same as a) but for 25-
hour minus 23-hour; c) Same as a) but for 23-hour minus 24-hour. The shaded areas indicate significant

difference at the 95% level according to Student’st-test. Positive anomalies are shown by dark shading,
negative ones by light shading. Units: K.

The sign of the annual mean zonal wind field anomalies changes when the rotation rate is
changed (Fig. 3). The positive and negative anomalies reverse between higher and lower
rotation rates. Westerlies are strengthened in the middle-higher latitudes (40°S—60°S and
40°N-60°N) under the lower rotation rate, and weakened elsewhere. The reverse situation
applies under the higher rotation rate, but at slightly different latitudes. Compared with the
control run, with slow rotation the easterlies strengthen and westerlies weaken at 15°S-30°S
and below 700 hPa over the region 0°-30°N. Waeterlies strengthen and easterlies weaken
above 500 hPa at 30°S—70°S and 15°S—-60°N. The situation reverses under the higher rotation
rate. As the rotation rate becomes even slower,the extent of the positive and negative areas
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also increase. Convergence and divergence of the tropospheric wind field are enhanced
when the rotation rate decreases (figure not shown). Vertical velocities are enhanced in the
troposphere and north of 30°S in the stratosphere with a lower rotation rate, while the

vertical velocity weakens south of 30°S in the stratosphere. The situation with a higher
rotation rate reverses, but the change is not completely symmetrical (figure not shown).

EQ

Same as Fig. 2 but for zonal wind. Units: m s,

2.3. The results of climatic seasonal mean atmospheric circulation under
different rotation rates

Figure 4 shows the changes in the climatological seasonal meanthree-cell circulations with
different rotation rates. The changes of three-<cell circulation in the Northern and Southern
Hemispheres are not consistent under different rotation rates. In the Northern Hemisphere
the three-cell circulation strengthens under the slower rotation and weakens under the
faster rotation. Enhancement of the three-cell circulation is not obvious in the Southern
Hemisphere. Autumn changes in the ascending branches of the Hadley cell over the low-
latitude (0°-25°S) Southern Hemisphere and in the Ferrel cell over high latitudes (60°S—90°S)
are not consistent with changes in other seasons, which show weakening under the lower
rotation rate and strengthening under the higher rate. The changes in strength of the three-
cell circulation in autumn are the most obvious. For the Hadley cell, the change in strength
in winter is the second most obvious. The changes in the climatological annual mean three-
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cell circulation are affected by those of the climatological seasonal mean three-cell
circulation.

The magnitudes of change vary significantly with season, with the change in autumn
being the largest. The largest changes in strengh and extent of geopotential height under
different rotation rates are seen in the autumn. The changes in spring under different
rotation rates of geopotential height field, te mperature field, meridional wind field in the
stratosphere and vertical velocity field are opposite to those in summer and winter (and to
the annual mean). Westerlies in mid-latitudes are strengthened in all four seasons with
slow rotation. Changes in the zonal wind in the two hemispheres are opposite in spring
and autumn.
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2.4. Concluding remarks

The general circulation of the Earth’s atmosphere has been modeled under different rotation
rates using the NCAR CAM2 model. The results indicate that the intensity of the three-cell
circulation strengthens when the rotation rate slows. Slower rotation gives cold anomalies in
the annual mean temperature field in the Nort hern Hemisphere and warm anomalies in the
Southern Hemisphere, with the boundary be tween cold and warm anomalies located at
15°S. The annual mean zonal wind field has positive and negative anomalies when the
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rotation rate is changed. The positive and negative anomalies reverse between higher and
lower rotation rates. In spring, the changes of geopotential height field, temperature field,
meridional wind field in the stratosphere, and ve rtical velocity field are opposite to those in
summer and winter (and the annual mean) under different rotation rates. Westerlies in mid-
latitudes strengthen in all four seasons with slow rotation. Tr ends in the zonal wind changes
in the two hemispheres are opposite in spring and autumn. Quanti tative changes have
significant seasonal differences, with the largest changes in autumn.

3. The influence of different obliquity on the general circulation of the
Earth’s atmosphere

The obliquity of the Earth ranges from 21.6° to 24.5° over a 41,000-year cycle. The obliquities
of other planets and dwarf planets with atmospheres in our solar system range from 3° to
120°. Each atmosphere has its own characteristis. How does a change in obliquity influence
atmospheric circulation?

Determining the influence of obliquity change over geological time scales involves the
reconstruction and numerical simulation of paleoclimate. Kutzbach and Otto-Bliesner
(1982) analyzed the effect of orbital parameter change in the Holocene on the African and
Asian monsoons. The effects of different orbital parameters on the monsoon in summer
and winter were analyzed in detail, revealing that the monsoon in the Holocene was
stronger than now and that precipitation in Africa and India was heavier than now. The
effect on seasonal global circulation of changes in the orbital parameter was not discussed
in detail. Although Kutzbach and Guetter (1986) discussed the effect of different orbital
parameter and surface forcing conditions on the climate, the radiation and sea
temperature conditions were fixed at January and July values. The authors provided no
detailed discussion of the effect of different orbital parameters on th e seasonal cycle. Hall
et al (2005) investigated the effect of change in orbital parameter on the climate in winter
in the Northern Hemisphere using an atmosphere—ocean coupled model with orbital
parameters from the past 165,000 years. Theiresults suggest that while differences in
global summer temperature can be explained by local thermodynamics caused by changes
in radiative forcing, the change of winter climate in Northern Hemisphere cannot be
explained in this way. They proposed that the change of radiative forcing has generated
an atmospheric circulation anomaly similar to the NAM. This circulation anomaly
perturbed other climatological variables. Tuenter et al. (2003) investigated the effects of
procession and obliquity on the African monsoon . Past research on the effect of orbital
parameter changes over geological scales on circulation and climate has deepened our
understanding of paleoclimate, but these simulations have either focused on a specific
geological period or a specific season (mostly summer and winter). The influence of a
single orbital parameter change on the circulation has never been examined in detail.
Moreover, there has been little work on the effect on the seasonal general circulation. The
influence of different rotation rates on the at mospheric circulation was studied in the last
section; in this section, we consider the influence of obliquity on the general circulation.
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3.1. Model description and experimental design

In this section we use the same model as in Section 2. In addition to the control run,
sensitivity runs with obliquities of 0°, 20°, 30 °, and 60° are discussed. The same methods are
used to judge whether the model is stable. We run a 32-year simulation; again, only the last
30 years are analyzed.

3.2. The results of climatic annual mean atmospheric circulation under different
obliquities

Figure 5 shows that the intensity of the three-cell circulation weakens with increasing
obliquity. The ascending branch of the Hadley cell in the Southern Hemisphere is enhanced
with an obliquity of 60°. With obliquity increased, the Hadley cell in the Southern
Hemisphere expands, and the Hadley cell in the Northern Hemisphere and the Ferrel cell in
the Southern Hemisphere contract. It should be noted that the three-cell circulation in the
Southern and Northern Hemisphe res is not symmetric at an obliquity of 0°, possibly because
of the asymmetry between the terrain in the Southern and Northern Hemispheres, or because
the temperature forcing used in the model is the annual climatological mean. This latter
factor can also cause the asymmetry of the three-cell circulation between the Northern and
Southern Hemispheres at an obliquity of 0°. Compared with the control run, the distributions

of anomalies are very similar for the sensitivit y runs of 0° and 60°, and those of 20° and 30°,
while the anomaly magnitudes of 0° and 60° are larger than those of 20° and 30°. There is a
linear weakening in the three-cell circulation with increasing obliquity.
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These variations in the three-cell circulation can be explained as follows. As obliquity
changes, the highest latitude that sunlight can reach at winter solstice and summer solstice
will change. The larger the obliquity, the higher the latitude that sunlight can reach. The
radiation received throughout the year at high latitudes increases, while that received at low
latitude decreases. This pattern necessarily weakens ascenbver the equator and descent
over the polar regions, so that the Hadley and anti-Hadley cells are weakened. Furthermore,
the Ferrel cell is weakened.

Latitude—pressure cross-sections of the climate-mean annual geopotetial height anomaly
(figure not shown), which is the sensitivity run minus the control run, show that the positive
anomaly mainly lies at 30°S-30°N (reachng a maximum of 205 gpm and 60 gpm,
respectively) with smaller obliquity. The nega tive anomaly lies south of 30°S and north of
30°N, and the anomaly in the Northern Hemisphe re is larger than that in the Southern
Hemisphere. The situation reverses when obliquity is increased. There are increases in
geopotential height at 30°S—30°N, and decreases south of 30°S and north of 30°N, with the
obliquity decreased. The change of geopotential height with the obliquity change is larger in
the Northern Hemisphere than in the Southern Hemisphere.

Figure 6 shows latitude—pressure cross-sectims of the climate-mean annual temperature
anomaly field. Consistent with the changes in geopotential height field, a reduction in
obliquity to 0° and 20° gives positive anomalies at 30°S—30°N (reaching a maximum of 4 K
and 1.2 K, respectively), with negative anomalies south of 30°S and north of 30°N. The
situation reverses under larger obliquity. At an obliquity of 0°, there is a zone of positive
temperature anomaly at 10 hPa over the South Pole region, extending northward and
downward, reaching 45°S near the surface. At an obliquity of 60°, there is a region of
positive anomaly between 100 to 200 hPa over the equator.

Latitude—pressure cross-sections of climatemean annual zonal wind anomaly field (not
shown) show that the extent of easterlies in the stratosphee over the equator with an
obliquity of 0° is smaller than that in the control run, while with an obliquity of 20°, it is
close to that in the control run. The extent of easterlies in the stratosphere over the equator
with an obliquity of 30° is slightly larger than in the control run and is largest in these
simulations for an obliquity of 60°. The velocity of the easterlies in the stratosphere over the
equator increases with increasing obliquity. Easterly velocities can reach 80 m s! when the
obliquity is 60°. The extent of the westerlies decreases with increasing obliquity. At the same
time the extent of the jet stream is reduced. The jet stream at middle latitudes in the
Northern Hemisphere decreases from 30 to 10 m s* when the obliquity increases from 0° to
60°. The strongest winds at high latitudes in the Northern and Southern Hemispheres
decrease from 20 to 10 m s and from 50 to 40 m s?, respectively.

Figure 7 shows the situation with obliquity reduced from 23.45° (Fig. 7a and b). The
easterlies strengthen and westerlies weaken below 500 hPa over 30°S—45°S and 10°S-20°S,
and below 300 hPa over 10°N-20°N and 60°N-90°N. At the same time, easterlies weaken
and westerlies strengthen in the troposphere over 45°S-80°S, 20°S-30°S, 10°S-10°N, and
35°N-60°N. Easterlies weaken and westerlies stragthen south of 45°S in the stratosphere
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1. Introduction

1.1. Context

The response of forests to the forecasted increase in climate stress occurrence is considered a
key issue in climate change scenarios [1]. Although forest productivity increased in most
ecosystems during the 20" century [2,3], a review by Allen et al [4] underlined an emerging
trend of heat and drought induced forest decline and dieback at global scale. Several and
generally combined physical and biological causes contribute to observed tree decline or
die-off [4-7]. Apart extensive insect outbreaks [8], understanding the respective role of
hydraulic failure and carbon starvation due to excessive or long lasting water stress is one of
the major research goal in order to predict forest response to climate change [9].

The consequences of climatic events on forestealth can be immediate but are often delayed
up to 5 to 10 years [5,10], and may be signifi@ant for decades and someimes irreversible on
tree growth [11]. Recent studies on tree achitectural development and primary growth
suggested that the long lasti