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ABSTRACT

ASSESSMENT OF TRENDS IN DESERTIFICATION: A PROPOSED METHODOLOGY

Andrew Gordon dejong Advisor:
University of Guelph, 2009 Professor E. McBean

Desertification is most commonly accepted as "land degradation that

occurs in arid, semi-arid, and dry sub-humid areas as a result of climatic

variations and human activities." Primary influences include over-grazing,

over-cultivation, exploitation ofwater resources and climate. Such

influences lead to reduced productive capacity of land and potentially,

desert-like conditions. Once degraded, the recovery ofthese natural systems

may take decades or centuries.

This research focused on two environments as case studies,

Saskatchewan, Canada, and Bangladesh. Forecasts of desertification were

depicted by integrating observed meteorological data, general circulation

model (GCM) projections and a range ofphysical, biological and social

indicators to create maps that depict the regions at greatest risk of

desertification. Using GIS software, a thematic layer was employed for each

indicator and they were integrated to form a single map of desertification.

This methodology was found capable for identifying areas at risk of
desertification in Saskatchewan and Bangladesh.
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1. INTRODUCTION

l.i. Definition of Desertification

Desertification processes often evoke an image of advancing desert with growing

sand dunes encroaching on fertile lands leaving behind a barren and sterile

environment. For many years, the term desertification has been misused due to

the lack of data, objective indicators, rigorous scientific studies, and absence of a

widely accepted definition (Hountondji et al, 2006). As it is most commonly

defined, desertification is land degradation in arid, semi-arid and dry sub-humid

areas resulting from various factors, including climatic variations and human

activities (Grainger et al, 2000; Danfeng et al, 2005; Hountondji et al, 2006;

Sivakumar, 2007; Hellden, 2008). Land degradation implies the reduction or

loss of the biological or economic resource potential of a landscape through a

combination of processes (Pando-Moreno et al, 2004; Hountondji et al, 2006;
Hellden, 2008).

Since the mid-1970s, interest from scientific, political and public circles in the

issue of desertification has grown considerably. Land degradation in arid lands is

now recognized to be one of the major environmental problems for the 21st

century (Hountondji et al, 2006). International Years have been designated by
the United Nations (UN) since 1959 and have covered a wide range of topics,

from social and political themes such as refugees, human rights and disabled

persons, to environmental themes including mountains and freshwater. One of
1



the most recent International Years is that of deserts and desertification,

celebrated during 2006 (Stringer, 2008). As such, the International Year of

Deserts and Desertification (IYDD) was adopted as a way of "raising public

awareness about desertification" and "helping to protect dryland biodiversity and

the knowledge and traditions of the people whose everyday lives are affected by

desertification" (Stringer, 2008).

1.2. Causes of Desertification

In the past decades, the degradation of naturally vegetated or productive

agricultural lands has dramatically extended in many regions of the world (Pia

Centis, 2006). While natural variables played a major role in historic

desertification analysis, anthropogenic elements are taking precedence in more

contemporary desertification issues (Danfeng et al, 2005). The combination of

factors that may lead to desertification for any given region can be extensive. A

detailed study conducted in Greece during the execution of the European Union

research project DESERTLINKS found over 50 indicators that could be

attributable to land degradation in the region (Kosmas, 2006).

In recent studies desertification has been attributed to a variety of climatic and

anthropogenic factors including precipitation, aridity, topography, improper land

use, including deforestation, over-grazing, mining, recreation practices, fire

management schemes, urbanization and deficient agricultural practices. As a

consequence of drastic changes in the water balance, these factors can lead to soil

2



erosion, salinization and vegetation degradation. These factors may be further

aggravated by the ongoing threat of climate change (Grainger et al, 2000;

Pando-Moreno et al, 2004; Danfeng et al, 2005; Lin et al, 2006; Pia Centis,

2006).

Despite the ample range of indicators suspected to cause desertification in a

region, many studies suggest that there are only two main limiting and driving

forces. The two components are vegetation cover and soil degradation, where

both are intrinsically linked to the climate, water availability, and land

management practices of a region (Grainger et al, 2000; Lin et al, 2006; Ali &

Baroudy, 2008; Hellden & Tortrup, 2008). While the array of indicators may all

be linked back to vegetation or soil degradation, the reasons why a particular area

is sensitive to desertification vary from region to region (Kosmas, 2006). For

example, in a developed country such as the United States, desertification has

been connected to a variety of factors including improper agricultural practices,

mining, fire management schemes, recreation practices, and urbanization.

Alternatively, the major causes of desertification in Ethiopia are related to rapid

population increases, severe soil loss, deforestation, low vegetative cover and

unbalanced crop and livestock production (Danfeng et al, 2005). While, globally,

some factors such as highly variable precipitation, aridity and improper land use

will be common, there will always be factors that are applicable to only select

regions (Pia Centis, 2006).

3



? .3 . Impacts of Desertification

Desertification is accompanied not only by a reduction of the potential of a

landscape to produce biomass, but also by a reduction in surface and ground

water resources, having negative repercussions on the living conditions and the

economic development of the people affected by it (Pia Centis, 2006; Hellden,

2008). According to the United Nations Convention to Combat Desertification

(UNCCD), the consequences of desertification include undermining of food

production through damages to crops and livestock, decreases in the quantity and

quality of fresh water supplies, in land's resilience to natural climate variability

and in soil productivity with increases in famines, social costs, poverty and

political instability. These social consequences may each cause migration of

people from rural areas to urban centres, or to other regions or countries, trying

to improve their living conditions (Pia Centis, 2006; Sivakumar, 2007; Hellden,

2008).

As the effects of climate change become more apparent, current pressures on the

factors listed above will be exacerbated, particularly in arid and drought-affected

regions. This may be especially true for potable and agricultural water supplies.

Any region that cannot manage a way to function sustainably with current water

resources will be at great risk moving forward in a changing climate (Henderson-

Sellers et al, 2008).

4



?.4· Regions Impacted by Desertification

Desertification varies in degree from slight to severe and, contrary to early

definitions of the problem, may occur anywhere in dry areas and not just on

desert fringes (Grainger et al, 2000). The areas prone to degradation and

desertification are often characterized by marginal soils, and low and/or highly

variable rainfall (Pia Centis, 2006). The lives of rural people in these regions

ultimately depend on the effective use of natural resources (Veron et al, 2006).

This problem is widely recognized as a serious threat to arid and semiarid

environments which cover more than 40% of the global land surface and provide

habitat to more than 1 billion humans (Grainger et al, 2000; Lin et al, 2006;

Veron et al, 2006). In Bali, in December 2007, the Conference of the Parties to

the United Nations Framework on Climate Change Convention (UNFCCC)

underscored the vulnerability of many nations to future desertification under

climate change (Henderson-Sellers et al, 2008).

In an assessment of population levels in the world's drylands, the Office to

Combat Desertification and Drought (UNSO) of the United Nations Development

Programme (UNDP) showed that, globally, 54 million km2- or 40%, of the world's

land area is occupied by drylands (UNSO, 1997). About 30% of this area falls in

the arid region, 44% in the semi-arid region and 26% in the dry sub-humid

region. A large majority of the drylands are in Asia (34.4%) and Africa (24.1%),

and the Americas (24%), followed by Australia (15%) and Europe (2.5%).

Estimates of the extent of desertification range widely. The UNSO estimate is
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high relative to estimates of 32.5 million km2 by Dregne (1983) and 20 million

km2 by Mabbutt (1994). The GLASOD methodology of Oldeman and van Lynden

(1998) produced a low estimate of 11.4 million km2. According to UNCCD, over

250 million people are directly affected by desertification, in addition to those at

risk living in the world's arid and semi-arid environments in over one hundred

countries. Unfortunately, these people include many of the world's poorest, most

marginalized, and politically weak citizens (Sivakumar, 2007).

1.5. Rationale for the Assessment of Desertification

While global climate change has been the focus of an unprecedented and

continuing international research effort, only a relatively small amount of effort

and funds have been devoted to desertification research. Consequently, our

understanding of the phenomenon, and data on its extent and rate of change, are

both limited (Grainger et al, 2000). Assessment of the status of desertification

processes is essential for many reasons:

• To identify the impacts of desertification and so to understand its nature

and causes;

• To assist a village, district, region, or nation to make informed decisions
on the financial and labor investment that should be made in its control

(Dregne, 1999); and
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• To establish the magnitude and extent of the problem in order to awaken a

response from governments and the international community (Mabbutt,

1986; Dregne, 1999).

Global, continental, national and local mapping or monitoring of desertification

constitute important activities necessary for the implementation of development

plans and policy decisions concerning the methods of combating desertification

(Dregne, 1999; Dragan et al, 2005). They also assist in the prevention of valuable

losses to ecosystems, their productivity, and the productivity of those dependent

on them (Dragan et al, 2005). Maps at different scales serve different purposes.

Desertification maps become less accurate as the size of the mapped area

increases, and as such, they have less value in detailed project planning at

watershed or village levels (Dregne, 1999). However, a continental or national

map is still a very effective tool for identifying regions with a higher risk of

becoming impacted by desertification processes, at both present and future time

scales. Local assessments of desertification can be costly and time consuming;

first producing a national assessment may assist in determining in which regions

that local assessments may be worthwhile.

There have been many attempts to assess the extent, nature, and rate of

desertification at different scales (Thomas, 1997). However, there are few

established diagnostic and monitoring techniques for assessing the status and

trend of desertification, including the use indicators to develop a system of

desertification evaluation (Yang et al, 2005; Linli et al, 2006).

7



1.6. Indicators of Desertification

Desertification is the result of a complex combination of processes active, largely,

in arid and semi-arid environments. By assessing the degree to which land is

susceptible to degradation, regions sensitive to desertification can be

distinguished and mapped by using certain key indicators. The key indicators for

defining these regions, which can be done at regional, national or global levels,

can be divided into a selection of broad categories defining the qualities of soil,

climate, vegetation, and land management (Ali & Baroudy, 2008).

Different modelling approaches have been adopted in the study of land use and

land cover change. However, the approaches have only recently been applied in

desertification studies. Modelling can be an important technique in analyzing and

describing the processes of desertification, in addition to furthering our

understanding of the relationship between the socio-economic and ecological

factors involved and their affects on desertification (Danfeng et a/., 2005). The

complexity of the processes has so far precluded the development of a

comprehensive model and methods of monitoring have involved the use of

indicators in the attempt to assess and monitor desertification (Veron et al.,

2006). Indicators usually describe one or more aspects of desertification and

provide data on threshold levels, status and evolution of relevant physical,

chemical, biological and anthropogenic processes. However, there is a clear

distinction between the indicators that are useful to have, and those which are

practical to obtain (Warren and Khogali, 1992). This is largely scale-dependent as

8



it may be relatively simple to collect in situ degradation data from individual

fields but more difficult to do so for whole regions, countries and continents

(Symeonakis & Drake, 2004).

In the 1980s, the importance of using indicators to monitor desertification at

local, regional and global scales was recognized by the Food and Agriculture

Organization (FAO) and the United Nations Environment Programme (UNEP),

who developed a Provisional Methodology for Assessment and Mapping of

Desertification consisting of a total of 22 indicators (UNEP, 1997; Symeonakis &

Drake, 2004). This methodology has been evaluated at a regional scale through a

pilot project carried out in the Lake Baringo district in Kenya (Grunblatt et al,

1992). Mapping of all 22 indicators was attempted using field methods and it was

concluded that most of the indicators proposed by UNEP could only be used at

the local scale. This was because the costs at the regional scale would be

prohibitive and the process of data collection time consuming. It was concluded

that the use of remotely-sensed data was necessary to monitor desertification

over large areas (Grunblatt et al, 1992). Thus, indicators derived through remote

sensing provide an attractive way to map and monitor the desertification

processes (Symeonakis & Drake, 2004).

Long-term observations from space provide a practical way of implementing a

regional monitoring system in order to derive broadly applicable and cost-

effective indicators of desertification over large areas. Ideally such a monitoring

system needs to provide a comprehensive set of indicators in order to allow

9



evaluation of the numerous different processes that contribute to desertification

(Symeonakis & Drake, 2004; Zhang et al., 2008). The integration of remote

sensing with Geographic Information System (GIS) techniques is becoming

increasingly important for the assessment of environmental changes such as

desertification control (Zhang et al., 2008). Zhang et al. (2008) recognize that

this method can also be used to assess and analyze probable future area changes

of desertified land.

1.7. Case Study ofSaskatchewan

The largest area in Canada that meets the meteorological definition of dryland is

the prairie eco-zone which occupies 46.7 million hectares, including 60% of

Canada's cropland and 80% of its rangeland. Where dryland refers to land area

where the mean annual precipitation is less than two thirds of potential

évapotranspiration (MEA, 2005b). Saskatchewan's climate is characterized by

short, hot summers and long cold winters with low precipitation and high

evaporation (UNCCD, 2006). In Saskatchewan, the most arid area is found in the

south-west, with the landscape becoming progressively more semi-arid to sub-

humid, moving north and east. This is reflected in the natural vegetation and soil

type. There is a progressive change from mixed grassland, through moist mixed

grassland and aspen parkland, to a boreal transition zone between the parkland

and the boreal forest of the north. The mean annual precipitation ranges from

250 mm in the arid grasslands to over 500 mm in the sub-humid regions.

10



Annual potential évapotranspiration varies from highs in excess of 600 mm in

the mixed grasslands to less than 450 mm in the moister areas (UNCCD, 2006).

\
NorthwestTerritories Nunavut

Hudson
Bay

Iw^ Alberta Manitoba/
SaskMchâmn

j? Saskatoon

ed Stares

Figure 1.1 - Saskatchewan and Surrounding Area
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Drylands such as the Prairie Provinces have been identified by the Millennium

Ecosystem Assessment as "hotspots" for future environmental degradation,

because of the combined effects of climate warming and human activity (MEA,

2005a; Schindler & Donahue, 2006). In the course of the last century,

Saskatchewan has seen reductions in both the availability of water and its quality

of soil as a result of these effects (Schindler & Donahue, 2006). Reliable summer

(May-August) flow records exist for 90 - 100 years for most major rivers in the

Prairies. Summer flows in major rivers of the Prairies have declined rapidly

during the 20th century. Current summer flows across the Prairies are 20-84%

lower than they were in the early 20th century. A comparison of rivers suggests

that damming, human water withdrawals, and increased warming via its effects

on évapotranspiration and winter snowpack have contributed to the declines in

flow. Worst affected is the South Saskatchewan River, which flows through

Saskatoon (as seen in Figure 1.1, above), where summer flows have been reduced

by 84% since the early 20th century. The river's major tributaries (the Oldman,

Bow, and Red Deer rivers) all have been subjected to multiple impoundments

and large withdrawals for irrigation, municipal, and industrial uses. All of the

tributaries also flow through semi-arid and sub-humid eco-zones, where average

annual évapotranspiration exceeds average annual precipitation (Schindler &

Donahue, 2006).

Erosion and depletion of the soil's organic matter has reduced soil productivity to

the extent that additional fertility inputs are usually required to maintain crop

production over large portions of the area (UNCCD, 2006). Past response to soil
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degradation has resulted in significant area of cropland being returned to forage

production. However, within the last 25 years, changes in cropping systems and

the adoption of soil conservation practices (such as reduced and zero tillage) have

stopped or begun to reverse the decline in soil fertility and productivity in over

70% of the annually cropped land in the Prairies (UNCCD, 2006).

To determine whether the Prairie Provinces have warmed significantly, Schindler

& Donahue (2006) analyzed annual temperature trends at sites with records pre-

dating 1925. Results of this study can be seen in Table 1.1.

Table 1.1 - Observed changes in temperature in Saskatchewan

Site Period
Mean Annual Temperature, 0C

Initial Change

Prince Albert
1891 -2003

1970-2003

-0.6

-0.5

3.1

2.2

Saskatoon
1909-2003

1970-2003

0.3

1.0

3.6

1.7

Regina
1884-2003

1970-2003

-0.5

1.6

4.0

0.9

These sites have undergone a warming of 3.10C - 4.O0C in the past 95 - 120 years.

The site at Saskatoon receives 14% less total annual precipitation than at the

beginning of the period of record (Schindler & Donahue, 2006). Schindler &
Donahue (2006) claim sites were selected where urban heat island effects on the
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records would be negligible. It is unknown how the 'Change' data of Table 1.1 was

produced. Transient climate change simulations from the Canadian Centre for

Climate Modelling and Analysis (CCCma) suggest that the largest C02-induced

rise in mean surface temperature in southern Canada will occur in the Interior

Plains (IPCC, 2007d). Most general circulation models (GCMs) also forecast an

increase in winter precipitation for this region, coupled with decreased net soil

moisture and water resources in summer, and more frequent extreme departures

from mean conditions, including severe drought (IPCC, 2007d). Drought is a

serious and recurring problem for agricultural production and conservation of

the landscape resources. Drought may trigger severe episodes of land degradation

(UNCCD, 2006). The Canadian Prairies have been subject to periodic droughts,

with intense episodes occurring in the 1930s, 1980s and the early part of the

2000s. Where land degradation has taken place the recovery of natural systems

to a previous or new equilibrium can take decades or centuries (Sauchyn et al,

2002). For these reasons Saskatchewan was deemed a valuable region to assess

as a case study in this research.

1.8. Case Study of Bangladesh

Bangladesh lies in a sub-tropical region where monsoon weather prevails

throughout the year in most parts of the country. The climate of Bangladesh is

greatly influenced by the presence of the Himalayan mountain range and the

Tibetan plateau in the north and the Bay of Bengal in the south, see Figure 1.2

(MoEF, 2005).
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Figure 1.2 - Bangladesh and Surrounding Area

The average temperature of Bangladesh ranges from 170C to 20.60C during

winter and 26.90C to 31.10C during summer (Shahid, 2008). The mean annual

rainfall varies from as low as 1,500 mm in western region to as high as 5,000 mm
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in the eastern region (MoEF, 2005). Three distinct seasons can be recognized in

Bangladesh from the climatic point of view:

(i) The dry winter season from December to February;

(ii) The pre-monsoon hot summer season from March to May; and

(iii) The rainy monsoon season from June to October (Shahid, 2008).

Bangladesh is not only considered one of the most disaster-prone countries in the
world but is also recognized as one of the countries most vulnerable to the

impacts of global warming and climate change. Almost every year the country

experiences disasters of one kind or another, including coastal erosion, floods,

and droughts, causing heavy loss of life and property and jeopardizing the

development activities (Shahid & Behrawan, 2008). Due to its high population

density and high levels of poverty, as well as a unique geographic location, low

elevation from the sea, and overwhelming dependence on nature, Bangladesh is

highly vulnerable to disaster (Shahid & Behrawan, 2008).

With a current population of 153 million inhabiting a geographical area of 147,

560 km2, Bangladesh is a land-scarce country. This equates to one of the highest

population densities of any country in the world, with over 1000 people per

square km (DOE, 2007; MoEF, 2008). By 2050, the population could grow to

more than 250 million (UN, 2009). As well, over 40% of the population currently

lives in poverty (Shahid & Behrawan, 2008). The amount of land per capita,

particularly for agricultural production, has been diminishing with the increase in
16



population; the loss of agricultural land is taking place at the rate of

approximately 1% per year. Land degradation in varying degrees is affecting

about 6 million hectares or 43% of the total land area of Bangladesh (MoEF,

2006).

Among many environmental issues that Bangladesh faces today, land

degradation due to aridity and loss of crops due to drought have been causing

considerable economic loss and human suffering (MoEF, 2006). It is considered

that desertification processes may have started in the most arid areas. Land

degradation in the coastal areas is characterized by water logging and associated

productivity decline. Salinization is affecting a considerable expanse of landmass

along the coasts. The salinity level of the soil in some of the coastal areas has

gradually increased due to the shrinking flow of water along the major rivers with

consequent reduction in crop yields. Due to frequent cyclones, tidal surges, and

floods, serious deposition of coarse sand occurs, resulting in severe land

degradation. Agricultural intensification and the increase in irrigated area have
led to a number of environmental problems (e.g. loss of bio-diversity through the

conversion of forest land into agricultural land, abandonment of many

indigenous crop varieties, depletion of soil nutrients and organic matter due to

intensive cropping, and deprivation of soil from organic content due to use of

crop residue as fuel). Other environmental degradation includes loss of wetland

habitats through abstraction and drainage, resulting in depletion of aquatic fauna

and flora, reduction in water availability to the rural population, and increased

use of agro-chemicals, raising the pollution potentials of surface and ground
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water (MoEF, 2006). All of these phenomena point to the inevitable fact that a

slow but sure process of desertification is in progress in the country.

GCM analysis indicates that the average temperature of Bangladesh will increase

by 1.4 ± 0.160C by 2050 (MoEF, 2008; IPCC, 2007a). The GCM data projects

more warming for winter than for summer months. Based on the above

projections, Bangladesh is likely to face more hot days and heat waves, longer dry

spells and higher drought risk. According to the criteria set by the UNCCD for

defining a dry region (the ratio of annual rainfall to potential évapotranspiration

being a maximum of 0.65), no region within Bangladesh can be termed as a dry

region (MoEF, 2005; MoEF, 2006). However, almost 80% of rainfall in

Bangladesh comes during monsoon season (June-October), the remaining 20%

occurs over seven months (Ramamasy, 2007). Within these months, Bangladesh

does experience long spells of dry weather and moderate to severe droughts. The

west and north-west regions of the country are generally considered the drier

regions. The total precipitation in the dry regions is low but the rainfall often

occurs in sudden heavy storms, which sometimes lead to flooding and soil

erosion. During the 7-month dry season, in some regions the évapotranspiration

exceeds the amount of rainfall by a factor of 2.0 (MoEF, 2005). In recent decades,

the hydro-climatic environment of north-west Bangladesh has been aggravated

by environmental degradation and cross-border anthropogenic interventions

(Shahid, 2008).
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The fourth assessment report from the Intergovernmental Panel on Climate

Change (IPCC) describes that most GCMs project a decrease in precipitation in

dry season and an increase during monsoon in South Asia. Rainfall is predicted

to become both higher and more erratic, and the frequency and intensity of

droughts are likely to increase, especially in the drier west and north-west regions

of the country (IPCC, 2007a; Ramamasy, 2007; MoEF, 2008; Shahid &

Behrawan, 2008). Climate change will exacerbate many of the current problems

and natural hazards the country faces. The IPCC suggests that up to one-quarter

of the total global mountain glacier mass could disappear by 2050 and up to one-

half by 2100 (Rees & Collins, 2006). Melting of the Himalayan Glaciers could

lead to higher river flows in the warmer months of the year, followed by lower

river flows and increased saline intrusion after the glaciers have shrunk or

disappeared.

The higher temperatures and changing rainfall patterns, coupled with increased

flooding, rising salinity in the coastal belt and droughts are likely to reduce crop

yields and crop production (MoEF, 2008). Very small changes in the

temperature, rainfall or sea-level can lead to severe consequences for a country

like Bangladesh, already stressed environmentally, socially and economically

(DOE, 2007). If not checked in time, the exacerbating aridity along with the

accompanying desertification process is destined to cause severe environmental
and socio-economic crisis in the coastal and arid zones of the country.
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2. LITERATUREREVIEW

2.1. Estimating Missing Data

When dealing with data from climate stations, or any real world data source,

incomplete records are an unavoidable problem (Lakshminarayan et al, 1999;

Grzymala-Busse & Hu, 2001; Kotsiantis et al, 2006). Reasons for missing data

can be attributed to station relocation, instrumentation failure, equipment

replacement, inaccurate digitizing of hard-copy records or a variety of systematic

errors (Mott et al, 2004; Lozada Garcia et al, 2006; Kotsiantis et al, 2006).

Direct analysis of an incomplete climate record may not provide an accurate

representation of the true historical climate (Schneider, 2001; Lozada Garcia et

al, 2006). However, excluding datasets from analysis where only a few values are

missing would be an inefficient use of available resources. Therefore, techniques

are necessary for estimating the missing records (Xia et al, 1999; Patra, 2001;

Schneider, 2001; Schafer & Graham, 2002; Kotsiantis et al, 2006).

Several techniques, spanning a wide range of complexity, have been proposed to

deal with the problem of incomplete climate records (Xia et al, 1999; Kotsiantis

et al, 2006; Lozada Garcia et al, 2006). Techniques range from simply ignoring

the missing values or substituting a features mean or most common value, to

more sophisticated regression or classification methods (Lakshminarayan et al,

1999; Grzymala-Busse & Hu, 2001; Schafer & Graham, 2002; Kotsiantis et al,

2006; Matondo et al, 2004; Mott et al, 2004). When considering a large volume
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of observed climate data it is desirable to choose a simple, effective method for

estimate missing or bad climate data, while allowing for the retention of as many

data sources as possible (Mott et al, 1994; Schafer & Graham, 2002; Feng et al,

2004). Such a method is the Arithmetic Mean method described by Patra (2001).

Using this method the missing climate data of a given station is computed by

simple arithmetic averaging of the index stations in the form:

??=-(??+?2... + ??},?F? (l)
?

Where:

Px, p2, ..., pn = the climate variables at the index stations,

Px = the missing station, and

? = the number of index stations.

Patra (2001) explains that this method is used when: (i) the normal annual

climatic variables of the missing station are within 10% ofthat at the surrounding

stations, (ii) data of at least three surrounding stations, the index stations, are

available, and (iii) the index stations should be evenly spaced around the missing

station and should be as close as possible. The word 'normal' refers to the average

of 30 years of data. For example, for a station when the last 30 years of June

month rainfall is averaged, it is called the normal rainfall for the month of June

for that station (Patra, 2001).
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Lozada-Garcia et al. (2006) used a similar method to the Arithmetic Mean

method, termed the Closest Station method. The study was based on daily

rainfall data at 106 weather stations in the Andes region of Venezuela. Where

Lozada-Garcia et al. (2006) encountered a station missing data they determined

which were the two closest stations and from the first closest substituted its data

for the missing data at the main station. If the first closest station also presented

missing data, the estimates were done with data from the second closest station.

Where both stations presented missing data the main station remained without

data. Lozada-Garcia et al. (2006) found that for time scales beyond daily (7, 15

and 30 days) the Closest Station method showed very good performance. The

Fraction of Correct Estimates, which is the percentage of days with correct

estimations, and the False Alarm Ratio, which is the percentage of days with

wrong rainfall estimations, was found to be 0.88 and 0.07 respectively for time

scales from 7 to 30 days.

Xia et al. (1999) examined six methods for estimating missing climate data,

including both mean air temperature and precipitation, for different time scales

at six German weather stations. The six techniques considered were: simple

arithmetic averaging, inverse distance method, normal ratio method, single best

estimator, multiple regression analysis, the traditional method of the UK

meteorological office (constant ratio or constant difference) and the closest

station method. The arithmetic averaging method used by Xia et al. (1999) is the

same as the Arithmenc Mean method described by Patra (2001) but with 5 index

stations instead of 3. Xia et al. (1999) found that for precipitation, the mean
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absolute error (MAE) was similar for all six estimation techniques. The MAE of

mean temperature was smaller than 10C for daily, weekly, biweekly and monthly

time scales. The difference of MAE between the best method and worst

techniques was 0.2 ± 0.40C, depending on the different climate variables and
time scales. Xia et al. (1999) concluded that while the regression analysis

produced the most accurate estimates, they were not significantly different from

the other methods and as such, any of the methods could be relied upon.

For a selection of climate datasets in New Mexico, Mott et al. (1994) compared

two linear regression methods for replacing missing data using the nearest

climate stations. While their regression technique is more complex than the

Arithmetic Mean method, Mott et al. (1994) suggest that using more than one

climate station to derive new data would increase the error of the replaced data.

However, the stations Mott et al. (1994) considered in New Mexico were located

hundreds of kilometers apart, separated by mountains, and represented two

distinct, different weather patterns compared to the weather pattern of the

missing climate station data.

2.2. Downscaling

Raw outputs from GCM simulations are inadequate for assessing the impacts of

climate change at regional scales. This is because the spatial resolution of GCMs

are too coarse to resolve important sub-grid scale processes and GCM

simulations are unreliable at individual and sub-grid box scales (Zorita & Hans
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von Storch, 1998; Hay et al, 2000; Wilby et al, 2004; Diaz-Nieto & Wilby, 2005;

Zhang, 2007). There is a need to derive scenarios with more appropriate scales.

This process is usually known as downscaling, with techniques varying from

simple algorithms to sophisticated physically-based methods (Prudhomme et al.,

2003).

Many methods have been developed to downscale regional climate model (RCM)

or GCM projections (Diaz-Nieto & Wilby, 2005; Zhang, 2007). Beyond simply

interpolating GCM projections to a finer grid, the most straightforward means of
obtaining higher spatial resolution may be the change factor (CF) method (Wilby

et al, 2004). More complex approaches encompass a range of statistical

techniques from simple linear regression to sophisticated applications such as

those based on weather generators, canonical correlation analysis, or neural

networks (Prudhomme et al, 2003; Wilby et al, 2004; Bader et al, 2008).

Statistical downscaling (SD) is based on the view that the regional climate is

conditioned by two factors: the large scale climatic state, and regional/local

physiographic features (e.g. topography, land-sea distribution and land use).

From this perspective, regional or local climate information is derived by first

determining a statistical model which relates large-scale climate variables (or

"predictors") to regional and local variables (or "predictands"). The large-scale

output of a GCM simulation is then fed into this statistical model to estimate the

corresponding local and regional climate characteristics (Wilby et al, 2004).
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SD methods can deliver ensembles of daily climate that evolve in line with the

large-scale, transient changes of a host GCM. However, SD methods are more
time-consuming to implement than are CFs at previously unseen sites, and

contingent upon the availability of archived climate model output for the

region(s) of interest (Diaz-Nieto & Wilby, 2005). To date, most SD approaches

are practiced by climatologists rather than by impact analysts undertaking fully

fledged, policy oriented impact assessments. This is because the scenarios have

largely been regarded as unreliable, too difficult to interpret, or do not embrace

the range of uncertainties in GCM projections in the same way that simpler

interpolation methods do. Also, SD methods used have largely restricted

themselves to the use of a single driving GCM (Wilby et al, 2004). However, it is

recognized that comprehensive impact studies must be founded on multiple GCM

outputs (Wilby et al, 2004).

A common method of dealing with GCM inadequacies, the CF method, is to

compute differences between current and future GCM simulations and apply

these changes to directly adjust observed records (Gellens & Roulin, 1998;

Feddema, 1999; Hay et al, 2000; Middelkoop et al, 2001; Prudhomme et al,

2003; Diaz-Nieto & Wilby, 2005; Zhang, 2007; Akhtar et al, 2008). Applying the

CF method assumes that GCMs more reliably simulate relative changes rather

than absolute values (Hay et al, 2000). This method is often used when RCM

output are unavailable, for sensitivity analysis, or whenever rapid assessments of

multiple climate change scenarios (and/or GCM experiments) are required

(Wilby et al, 2004). Advantages of the monthly CF approach are the ease and
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speed of application and the direct scaling of the scenario in line with changes

suggested by the GCM or RCM (Diaz-Neito & Wilby, 2005; Bader et al, 2008).

This method incorporates the climatic characteristics of the target station as well

as the areal-averaged relative climate changes projected at the GCM grid level.

However, it fails to consider differences between climate variability at the GCM

grid scale and that at the target station (Diaz-Neito & Wilby, 2005; Zhang, 2007).

The procedure also assumes that the spatial pattern of the present climate

remains unchanged in the future. For these reasons it is suggested that the CF

method does not easily apply to precipitation records because when direct scaling

is applied to a baseline precipitation series the temporal sequencing is

unchanged, which can affect the number of rain days or the size of extreme

events. Therefore the CF method may not be helpful for studies over short

temporal scales where responses of single rainfall events and spell lengths are

important to the impact assessment (Prudhomme et al, 2003; Wilby et al, 2004;

Diaz-Neito & Wilby, 2005).

Some methods have been compared side by side. These studies have tended to

show fairly good performance of the relatively simple vs. complex techniques

when assessing climate change. SD and regional climate simulation also have

been compared, with no approach distinctly better or worse than any other

(Bader et al, 2008). Of course, no matter which downscaling method is selected,

they will always depend on the validity of the host GCM (Diaz-Neito & Wilby,

2005).
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Diaz-Nieto and Wilby (2005) compared the CF method with a SD model

constructed upon the stochastic weather generator and regression-based

downscaling methods. Their case study used the outputs of the CF method and

the SD model as inputs for a hydrological model in order to study low flows in the

River Thames at Kingston in the United Kingdom under baseline (1961-1990)

and climate change conditions (centred on the 2020s, 2050s and 2080s). Diaz-

Nieto and Wilby (2005) found the monthly hydrological changes projected for

the River Thames by the CF and SD methods to each be consistent with observed

trends. However, they still found there to be strengths and weaknesses to each

method and recommended that CF and SD techniques be used in a

complimentary way. CFs should be used for broad-brush, high-level assessment

and identification ofvulnerable regions; SD for exploring detailed impacts arising

from subtle changes in the temporal sequencing and persistence of daily events.

Zhang (2007) compared the responses of simulated soil erosion, surface

hydrology, and wheat and maize yields to two (implicit and explicit) spatial

downscaling methods used to downscale climate change scenarios projected by

the Hadley Centre's global climate model (HadCM3). The study site was located

at the Changwu experiment station in the Loess Plateau region of China. The

implicit method was a version of the CF method while the explicit method was

software based, using transfer functions to spatially and temporally downscale

the GCM scenarios. Overall, Zhang (2007) found the averaged annual climate

change to be similar between the two methods but noticed greater variance at

shorter temporal scales with the explicit method. Therefore, as Zhang (2007)
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found the implicit method easier to implement it is more appropriate for

simulating a first-order regional response of nature resources to climate change.

For site-specific impact assessments, especially for entities that are heavily

influenced by local conditions such as soil loss and crop yield, the explicit method

was recommended as the relative climate changes appeared more dynamic or

variable than those with the implicit method, especially for precipitation.

For three mountainous basins in the United States: (i) the Animas River basin in

Colorado, (ii) the East Fork of the Carson River basin in Nevada and California,

and (iii) the CIe Elum River basin in Washington State, Hay et al. (2000)

compared two methods of climate scenario downscaling, the CF method and SD.
For the SD method National Centres for Environmental Prediction (NCEP) and

HadCM2 predictors were used in a regression-based SD model. Hay et al. (2000)

found that, in general, the CF and SD model were able to produce similar

seasonal patterns of precipitation and temperature but there was variance

between them in the magnitude of change. Overall, Hay et al, (2000) was

satisfied with the ability of the studied downscaling methods to yield reliable

estimates of station-scale surface variables, assuming each method is used

appropriately. However, given the time at which this study was completed, they

questioned the ability of GCMs to simulate current conditions and as such

transferred that uncertainty to downscaling future climate assessments.
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2.3· Aridity

There are a number of methods used for characterizing the aridity of a geographic

region. Methods have been based on precipitation and temperature, precipitation

and evaporation, precipitation and relative humidity, number of dry days, and

précipitation-évapotranspiration ratio. Among the methods is an aridity index
(AI) that has been widely used for both climatic classification and aridity

quantification (Shahid et al, 2005; Vincente-Serrano et al, 2006; Paltineanu et
al, 2007). The AI method is based on the ratio of precipitation (P) to potential

évapotranspiration (PET) and is useful for mapping the arid and semi-arid

regions of the world. There are other widely used methods, such as the
Thornthwaite or De Martonne methods based on precipitation and temperature

(Shahid et al, 2005; Paltineanu et al, 2007). However, these methods are not

well suited for the negative mean monthly temperatures of Saskatchewan.

Therefore, for this research, the AI method has been used for the aridity mapping

of Saskatchewan and Bangladesh.

The AI has been adopted by such organizations as the United Nations

Educational, Scientific and Cultural Organization (UNESCO) (i979) and the

UNEP (1997) for aridity mapping and quantification. This AI is a basis for

classifying drylands and for identifying land at risk of desertification (Sauchyn et

al, 2002).
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The AI function is:

AI =
PET

(2)

Based on the AI values, five climatic regions of aridity are proposed as given in

Table 2.1 (Sauchyn et al, 2002; Shahid et al, 2005).

Table 2.1 - Class of climate region based on the Aridity Index

Al Value Climate Class

<0.05 Hyper-Arid
0.05 - 0.2 Arid

0.2 - 0.5 Semi-Arid

0.5 - 0.65 Dry Sub-Humid
>0.65 Humid

Paltineanu et al. (2007) attempted to document the range of aridity and its

influence on soil features across the country of Romania. Four aridity indices

were considered including the AI, De Martonne's index, Thornthwaite's index
and the climatic water deficit (calculated as the different between precipitation

sum (P) and the Penman-Monteith reference évapotranspiration sum). With each

method, aridity levels were calculated for 192 weather stations based on both

annual and monthly weather statistics. The values were then interpolated

between stations using the Kriging method. When comparing the selected

indices, Paltineanu et al. (2007) found the results to be highly correlated. The
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simple AI method was selected as there were many places in Romania, as well as

many neighbouring countries, where long-term records such as solar radiation,

wind speed and air humidity are not available making more complicated methods
difficult (Paltineanu et al, 2007).

Vicente-Serrano et al. (2006) analyzed the role of climatic aridity on the spatial

difference of vegetation activity and its inter-annual variability in a semi-arid

region of the Northeast of the Iberian Peninsula, Spain. The vegetation activity

was quantified by means of a monthly Normalized Difference Vegetation Index
(NDVI) database from National Oceanic and Atmospheric Administration

(NOAA) - Advanced Very High Resolution Radiometer (AVHRR) satellite images.

The measure of aridity was obtained from the AI and was based on the mean

monthly weather statistics from 159 weather stations. While Vincent-Serrano et

al. (2007) found there to be non-linear relationships between aridity and

vegetation activity, they were able to conclude that aridity has high influence on

the spatial distribution of vegetation. Increased aridity caused a general decrease

in of the NDVI in the study area.

Shahid et al. (2005) mapped the aridity of Bangladesh based on the climatic data

of 50 climatic stations situated in and around the country. Three well-known

aridity measuring models, the De Marronne Aridity Index, Thornthwaite

Precipitation Effectiveness Index and AI, were used. The results showed that the

climate of Bangladesh is mostly humid in nature. There exist no climatically dry

zones in the country. However, the climate of the north-western and central-
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western sides of Bangladesh, which comprises 1.55% to 7.92% of total area of

country, is very close to the dry sub-humid type. The aridity maps prepared by

using De Martonne's, Thornthwaite's and AI methods showed that there exists no
arid, semi-arid or dry sub-humid zones in Bangladesh (Shahid et al, 2005).

Sauchyn et al. (2002) used instrumental and paleoclimatic records to define a

regional baseline for prairie aridity in Canada in order to evaluate the utility of

modern climate normals (e.g. 1961 - 1990) as a benchmark for future climatic

change. They also strived to provide a historical context for a range of GCM
forecasts of regional aridity. The objective was to describe and compare past and

future changes in aridity, rather than evaluate different methods of aridity index

calculations. Sauchyn et al. (2002) used the AI method and all estimates of PET

were based on the widely used Thornthwaite formula. Analysis of climate

normals revealed that a large part of the southern Canadian Plains usually has

dry sub-humid conditions, and that P/PET was rarely < 0.5 (semi-arid). The

increasing aridity projected by the GCM scenarios represents a higher frequency

of dry years over a larger area. As a result of an increase in mean annual

temperature and in turn, PET, with even the coolest and wettest climate change

scenario there is a marginal increase in the area of dry sub-humid climate in the

Prairie Provinces by the 2080s (Sauchyn et al, 2002).

32



2.4. Potential Evapotranspiration

Precipitation alone cannot determine whether a climate is moist or dry. It must

be known if precipitation is greater or less than the water needed for evaporation

and transpiration (Thornthwaite, 1948). Evapotranspiration in the hydrological

cycle is considered as the transfer of water from the earth into the atmosphere by

combination of evaporation from surface water and soil and transpiration from

vegetation (Alkaeed et al, 2006; Ogolo, 2007). PET can be generally defined as

évapotranspiration when the water supply in the ground is unlimited

(Thornthwaite, 1948; Chang, 1959; Kwabenah et al, 1986; Pereira & Paes de

Camargo, 1989; Federer étal, 1996; Chang, 2003; Lu étal, 2005; Ogolo, 2007).

It does not represent actual transfer of water to the atmosphere but rather the

transfer that would be possible under ideal conditions of soil moisture and

vegetation (Thornthwaite, 1948). The concept of PET provides a convenient index

to represent or estimate the maximum potential water loss to the atmosphere (Lu

et al, 2005).

There are various methods for measuring évapotranspiration, some are direct

and others indirect. The direct methods (typically involving lysimeters) are quite

laborious, costly, time consuming and difficult to carry out in remote areas (Lu et

al, 2005; Ogolo, 2007). In light of the above problems, évapotranspiration is

generally estimated by theoretical or empirical equations, or derived simply by
multiplying standard pan evaporation data by a coefficient (Kwabenah et al,

1986; Lu et al, 2005).
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Many researchers and organizations, such as the FAO, have recommended that

évapotranspiration be computed based on the parameterizations of Penman-
Monteith or similar methods (Kumar et al, 1987; Kwabenah et al, 1986;

Rosenberry et al, 2004; Lu et a;., 2005; Alkaeed et al, 2006; Rosenberry et al,

2007). While such methods have tested positively in many climates the need for

many input variables (e.g. parameters of wind speed, humidity and solar
radiation), seldom all available at any one meteorological station, limits their

widespread use (Kumar et al, 1987; Federer et al, 1996; Pereira & Pruitt, 2004;
Alkaeed et al, 2006; Ahmadi & Fooladmand, 2007).

Knowing that such variables as solar radiation were far from being available at

more than a few experimental sites, Thornthwaite, in 1948, developed a relation

between air temperature and PET (Palmer & Havens, 1958; Willmort et al, 1985;

Mintz & Serafini, 1992). Thornthwaite's empirical formula can be used for any

location at which mean monthly air temperatures are recorded. It is this simple

universal applicability which has led to the widespread use of this method.

Although ease of application is not a suitable criterion of adequacy, it is often a

primary consideration for use (Palmer & Havens, 1958). In spite of the inherent

simplicity and a lack of a sound theoretical basis the Thornthwaite method has

been found to perform well (Thornthwaite, 1948; Palmer & Havens, 1958;

Rosenberry et al, 2004; Alkaeed et al, 2006; Ogolo, 2007).
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Thornthwaite's basic formula in the form for computing monthly PET is

(Thornthwaite, 1948; Thornthwaite, 1955):

ß = 16! ? ,0°C<T<26.5°C (3)

Where:

e = monthly PET (mm),

T = mean monthly temperature (0C),

a = 6.75IxIO'7/3 -7.71IxIO"5/2 +1.792IxIO"2/ + 0.49239, and

/ = a heat index which is the sum of 12 monthly index values (see Equation 4).

12 /t V-514

n=\
,Tn>0°C (4)

v^y

Equation (3) is Thornthwaite's relation between monthly temperature and PET

adjusted to a standard month of 30 days, each having 12 hours of possible

sunshine. Since the number of days in a month ranges from 28 to 31 and the

number of hours in the day between sunrise and sunset it is necessary to reduce

or increase the unadjusted rates by a factor that varies with the month and

latitude. Equation (5) is used for this purpose.

e = 16
?\0??
V ? )

( A \

V 30y
,0°C<r<26.5°C (5)
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Where:

N = mean monthly sunshine hours, and

d = number of days in the month.

Generally, it is known that the Thornthwaite method overestimates PET in

equatorial humid climates and underestimates PET under arid conditions
(Pereira & Paes de Camargo, 1989; Pereira & Pruitt, 2004; Alkaeed et al, 2006;

Ahmadi & Fooladmand, 2007). Methods have been employed in an effort to

offset the common inaccuracies of the Thornthwaite method.

While not exclusive to the equatorial region, mean monthly temperatures greater

than 26.50C are not accurately represented by the Thornthwaite method

(Thornthwaite, 1948). Using Thornthwaite's original formula, equation (3),

estimates of PET become excessive at high monthly temperatures. For

temperatures above 26.50C the following equation, (6), can be used to replace
Thornthwaite's basic formula (Willmott et al, 1985; Pereira & Pruitt, 2004;

Zhang er al, 2008):

e = -4l5.S5 + 32.24T-0A3T2,T>26.5°C (6)

To account for the underestimation of PET in arid conditions several researchers

have used scaling factors to increase the estimates (Pereira & Paes de Camargo,

1989; Milly, 1994, Georgakakos & Smith, 2001, Cornwall & Harvey, 2008). In
36



their evaluation of the Thornthwaite method Pereira & Paes de Camargo (1989)

found several studies where the Thornthwaite method underestimated measured

PET by factors ranging from 1.3 to 2.0. Milly (1994) used the Thornthwaite

method to determine PET for locations east of the Rocky Mountains in the

United States, specifically east of 105o longitude. Milly (1994) found it necessary

to apply a scale factor of 1.2 to the results of the Thornthwaite method to match

available observed evaporation records. To more accurately produce water

balances, Georgakakos & Smith (2001) also applied adjustment coefficients to
Thornthwaite estimates of PET for various sites across the United States.

Cornwall & Harvey (2008) incorporated the Thornthwaite method in efforts to

reproduce the soil moisture simulations of various GCMs; they used a factor of

1.2 to compensate for underestimates in the PET method.

Ogolo (2007) compared two models for estimating monthly energy limited

évapotranspiration for the tropical humid region of the rainforest belt of Nigeria.

The models were Thornthwaite and Hargreaves, which utilize solar radiation and

air temperature input. The reference data used by Ogolo (2007) was obtained

from the International Institute for Tropical Agriculture in Ibadan, Nigeria. The

performance of the two methods was investigated on a monthly and seasonal

basis by determining their respective standard error of estimate, model error and

average ratio. While the Hargreaves method overestimated (by 9.28%) and

Thornthwaite underestimated (by 1.22%) the observed values, the performance of
the Thornthwaite method was found to be better based on the standard error of

estimates. Ogolo (2007) concluded that when instrumental records are not
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available, either method should be considered a good alternative.

Rosenberry et al. (2004) compared 12 commonly used methods for determining

évapotranspiration with the energy-budget method. This study was conducted at

a semi-permanent prairie pothole wetland in east-central North Dakota, United

States. Rosenberry et al. (2004) found the Priestley-Taylor and deBruin-Keijman

results compared best with the energy-budget values with mean differences less

than 0.1 mm/d. However, Rosenberry et al. (2004) were sure to point out that

many studies do not have the human, financial or computing resources to

consider such methods as the Priestley-Taylor or deBruin-Keijman as they

depend on some of the more labour intensive and costly variables. The Mather

(Thornthwaite) method was the simplest method considered and provided results

that compared relatively well with the energy-budget values. A similar study was

conducted by Roseberry et al. (2006) at Mirror Lake in New Hampshire, United

States. This study used 14 alternate evaporation methods during six open-water

seasons and compared values with the Bowen-ratio energy-budget method. Once

again, Rosenberry et al. (2007) found the Thornthwaite method to compare well

with the energy budget method when considering it requires measurement of

only mean temperature. Rosenberry et al. (2007) concluded that the

Thornthwaite method may be the most cost-effective method, depending on the

nature of the study.

Alkaeed et al. (2006) compared six évapotranspiration methods under the

climatic conditions in the western region of Fukuoka City, Japan. The
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meteorological data of 7 years at the Maebaru AMeDAS station, covering the

period of January 1996 to December 2002, were analyzed for purposes of

calculating évapotranspiration by the different methods. Alkaeed et al. (2006)

concluded that, along with other studies in the region, the Penman-Monteith

method was found to be the most desirable method for estimating

évapotranspiration if the required data is available. However, Alkaeed et al.

(2006) recognize that in many cases collecting data for use with the Penman-

Monteith method is difficult. As a reliable alternative the Thornthwaite method is

suggested as it was found to be highly correlated with the Penman-Monteith
results.

2.5. Assessment of Desertification

Desertification is now recognized as one of the major environmental problems for

the 21st century (Hountondji et al, 2006). Evaluation of the degree or status of
desertification is needed for reasons which include:

• To establish the magnitude and extent of the desertification that has

occurred;

• To identify the impacts of desertification and so to understand its nature
and causes; and

• To mobilize an appropriate response in planning and project selection and

in the harnessing of technologies (Mabbutt, 1986; Dregne, 1999; Pia

Sentis, 2006).
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Assessment of the status of desertification processes is essential for a village,

province, or nation to make informed decisions on the investments that should
be made in its control. Planners need to know the severity of each degradation

process because control of desertification demands, first and foremost, control of

each process affecting the land (Dregne, 1999).

Variability in the climate and human activities are the main causes of

desertification. The desertification process results from the complex interactions

of physical, biological, political, social, cultural and economic factors (MOA,

2003; Danfeng et al, 2006; Gad & Lotfy, 2008). While there is support for a

complex array of processes that may cause desertification, no consensus has been

reached regarding the exact role each process may play. As a result of this

complexity and lack of thorough understanding, there is also no agreed means of

measuring the status or trends of desertification in an area, even as a basis of

comparison in the most general terms (Mabbutt, 1986; Symeonakis & Drake,

2004; Pia Sentis, 2006; Veron et al, 2006; Ali & Baroudy, 2008).

The calling of the UN Conference on Desertification (UNCOD) in 1977 was the

first response of the international community to the evident human and

environmental crisis of desertification (UNCOD, 1977; Symeonakis & Drake,

2004). However, this conference did not produce a comprehensive methodology

for the assessment of desertification. In 1984, a methodology presented by the

FAO and UNEP for the assessment and mapping of desertification was outlined

and, depending on its implementation, could incorporate a variety of information
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sources (Mabbutt, 1986; Symeonakis & Drake, 2004). It presented indicators, in

the form of 'assessment factors', for desertification status, rate, and inherent risk.

There were quantitative class limits established for slight, moderate, severe and

very severe desertification. Estimation of the desertification hazard would then

be based on combination of the map units of each indicators falling into the

established classes (Mabbutt, 1986).

There have been a range of methods applied in assessing desertification. Field

monitoring, expert opinion, remote sensing, modelling, productivity changes and

sample studies are some of the common methods, but none of these should be

used alone (Pia Sentis, 2006). The recommendation of the UN Plan of Action to

Combat Desertification (PACD) suggests that a standardized system of surveying

and monitoring desertification be established, that human activity,

climatological, meteorological and hydrological networks be strengthened, and

that maps of desertification be compiled (Mabbutt, 1986). The PACD

recommendation calls for the identification of a complementary set of indicators

of desertification, for methodical observations of the indicators, and for a

standard method of interpreting and extending such observations in terms of the

status and trend of desertification over significant areas (Mabbutt, 1986). Since

the time of the PACD recommendation many papers have used a limited

approach for assessing desertification as they consider only a part of the

desertification problem and related responses (Kosmas et al, 2006; Pereira et

al, 2006). Often, the concept of desertification is represented by only a single or

few indicators (Piao et al, 2005; Huang et al, 2006; Wang et al, 2007).
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Nevertheless, there is a trend to better integrate the variety of different factors

that characterize the land and human activities (Kosmas et al, 2006; Pereira et

al, 2006; Pia Sentis, 2006; Veron et al, 2006; Ali & Baroudy, 2008).

The number of indicators that can be considered to have an impact on

desertification is extensive, as seen in Table 2.2. The method in which the

indicators are classified varies from monitoring scale (e.g. local, regional, or

global) to their origin (e.g. physical, biological, land management, social, and

economic) (Mabbutt, 1986; Kosmas et al 2006; Ali & Baroudy, 2008).

42



Table 2.2 - Desertification Indicators

Desertification Indicators

Climatic

Precipitation
Wind Speed

• Temperature
• Run Off

Evapotranspiration

Topographic
• Digital Elevation Map Slope

Soil

Drainage
Structural Stability

Salinization

Organic Matter
Rock Fragment
Alkalization

Depth
Dust Storms

Crusting and
Compaction

Socio-Economie

• Income

Farmer Age
Rate of Land
Abandonment
Nutritional
Status/Health Index

• Conflict

• Land Ownership
• Subsidies

• Population
Density/Changes

• Policy Enforcement
• Level of Education

Migration

Land Use

• Grazing/Animals per
Land Area

• Mining
• Area of Cropland

Application of
Fertilizers
Yield
Area of Pasture

Cultivation Practices

Irrigation

Land Cover
• Fire Risk

• Drought Resistance
• Erosion Protection

• Distribution and
frequency of key
species

• Type of Vegetation
• Vegetation Cover
• Area Burned per

Year

Reflectance
Above-Ground Biomass

Appearance of Dunes

Water

• Available Water

• Crop Water Demand

Water Quality
Frequency of
Floods

Extent of Groundwater

Extent of Surface Water
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Decision-makers need highly aggregated indicators that, at the final stage, are

few in number. This means that data collection may involve a large number of

indicators but the final presentation should be a few integrated indices that are

easily understood and can be compared in order to determine trends (Dregne,

1999; Pereira et al, 2006; Pia Sentis, 2006). GIS tools have been shown to be a

suitable tool to integrate the collection of indicators or indices into maps. The use

of maps to show spatial differences in land degradation is strongly endorsed,

recognizing that degradation seldom occurs uniformly across a landscape or

region (Dregne, 1999; Ali & Baroudy, 2008). Also, GIS tools assist in handling the

large computational requirements and are also useful in visualizing the situation

of different desertification parameters (Ali & Baroudy, 2008; Gad & Lotfy, 2008).

While each nation should focus its data collection and analysis efforts upon

degradation processes of most concern to it, having a common core of indicators

for all countries would greatly strengthen international cooperation against a

shared problem (Dregne, 1999). When selecting indicators it must be

remembered that the dominant factors contributing to desertification in one

region or scale may be different than those in another, especially the factors

related to human activities (Danfeng et al, 2006).

The complex array of physical, biological, and socio-economic factors involved in

desertification operates at different scales and at different times throughout the

world (Danfeng et al, 2006). Maps at different scales serve different purposes.

Global, continental, and national maps of desertification or of desertification

processes are useful to inform planners and decision-makers about the general
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status of land degradation and to call attention to the presence or absence of a

major environmental problem (Dregne, 1999; UNCCD, 2001). The use of

remotely sensed data is becoming a necessary tool for monitoring desertification

over large areas (Symoenakis & Drake, 2004). Monitoring desertification at

different scales requires images of different resolutions. At national and regional

levels low resolution satellite information is acceptable and readily available from

remote sensing techniques. The low cost and high availability of these low

resolution products removes constraints on the assessment process yet they can

still provide influential information for decision-making from local to national

levels (UNCCD, 2001). Nevertheless, combating desertification in the final stages

is a local effort.

For small regions, only the local people are in a position to know what can be

done that is socially and economically acceptable to them and will be continued

after the initial assessments end (Dregne, 1999). At the local level traditional

knowledge must be incorporated into data analysis systems more demanding

than that for regional levels and higher. Emphasis should be given to such

knowledge, especially where data generation through technology may be difficult

and costly; this will help to validate the information and to obtain feedback

(Dregne, 1999; UNCCD, 2001). The initial assessments of the current status of

desertification in a country are still a crucial first step in understanding and

correcting the problem. National assessment maps are needed by planners and

decision-makers to establish priorities for addressing the problem of

desertification and investing in the local areas at higher risk in order to protect
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them and improve the situation (Dregne, 1999; Pia Sentis, 2006).

The assessment of desertification through a system of indicators, indices,

weighting schemes and classification systems is not without problems. The main

drawback of a methodology built over indices is its degree of subjectivity

(Pimenta et al, 1997; Veron et al, 2006). Yet the desertification phenomenon is

subject to a broad field of definitions according to specific regional characteristics
that make a harmonized characterization difficult (Pimenta, 1997). The objective

of the indices proposal is thus to group the more determinant physical processes

involved in desertification in less subjective indices, leaving the regional

specificity for the final weighting of such indices. This does not imply that each
index has no subjective aspects in itself, but informed opinions and a coherent

rationale should be included in their development in order to be sure that small

instabilities in each component do not reflect in the overall assessment (Pimenta,

1997)· To improve upon reducing subjectivity involved in large-scale

desertification assessments, continued work needs to be made to develop an

established and comprehensive collection of indicators, indices and weighting

schemes that can be used worldwide.

Gad & Lotfy (2008) used an indicator method to map the environmentally

sensitive areas (ESA's) to desertification in Egypt. Remotely-sensed images,

topographic, climate, soil and geologic data were among the information sources

used to map the ESA's. Each of these indicators were grouped into three separate

indices: i) Soil Quality Index, ii) Vegetation Quality Index, and iii) Climatic
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Quality Index. The methodology applied by Gad & Lotfy (2008) was based on the

classification of each quality index obtained as a geometric mean of available

environmental and anthropogenic parameters. The available parameters were

then quantified in relation to their influence on the desertification process by

assigning a score to each. The scores assigned to the different parameters ranged

between 1 (best value) and 2 (worst value). The final overall ESA index was

obtained as a geometrical average of the quality indexes. God & Lotfy (2008)

concluded that the quantitative aspect of desertification sensitivity demonstrates

a clearer image of the state of risk than descriptive approaches. Reliable priority

actions can be planned better on the basis of risk magnitude knowledge.

Pimenta et al. (2007) attempted to assess the areas of risk of desertification in

Portugal with a methodology that would be both easy to apply (requiring readily

available data) and be scientifically sound. They hoped the methodology would be

portable to other countries and would help to reach a harmonized description of a

phenomenon that transcends national boundaries. The proposed methodology

was based on the combination of three separate indices: i) a measure of water

availability (climatic index), ii) a measure of soil loss, and iii) a description of

drought. The components of the three indices, with other indicators to be further

applied, were each assigned a relative weighting based on their influence of

desertification. Using mainly GIS tools, the three indices were aggregated into a

single index to display the desertification-prone areas.
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The UNCCD provides the international community with a framework for

sustainable development of drylands. As a component of this framework,

countries at risk of desertification develop National Action Programmes (NAP),

which include a desertification assessment based on a methodology developed

under the UNCCD. The Ministry of Agriculture (2003) of Lebanon implemented

this methodology to assess the areas of the country prone to desertification.

Recognizing that land degradation involves a complex set of processes the

Ministry of Agriculture (2003) found it necessary to identify an array of

indicators to provide the relevant information to define the desertification-prone

areas. The selection of indicators was based on: i) their relative importance in

contributing to degradation phenomena, and ii) data availability. There were 15

indicators selected that were grouped into 5 separate indices: i) climate, ii) soil,

iii) vegetation, iv) land use intensity, and v) demographic pressure. The

indicators used in each index can be seen in Figure 2.1, the flowchart used by the

Ministry of Agriculture (2003). A qualitative classification scheme with values

ranging from 1 to 2, where the range between 1 and 2 reflects the relative

vulnerability, was then applied to each of the individual indices, as well as the

final index of the desertification prone areas. The five indices were combined to

form the final index using GIS technology.
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Ali & Boroudy (2008) used spatial analyses in a GIS to assess the environmental

sensitivity to desertification in the Wadi El Natrun Depression, Egypt. They

collected and manipulated data from the available topographic, geologic map,

satellite image and field survey data. The collected data were placed into thematic

layers of soil, vegetation, climate and management quality indices. The indicators

used in each index can be seen in Figure 2.2, the assessment scheme used by Ali

& Baroudy (2008). The spatial analyst function of ArcGIS 9.0 software was used

for matching the thematic layers and assessing the desertification index, from

which the map of environmentally sensitive areas of Wadi El Natrun was

produced. Ali & Baroudy (2008) concluded that the assessment of desertification

is important to plan combating actions and to improve the employment of

natural resources. GIS was found to be a useful tool for a quantitative assessment

based on thematic layers.
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3. RESEARCHQUESTION

The principal objective of this research was to develop a comprehensive

methodology for assessing a land area's risk, both current and future, of

succumbing to the processes of desertification. Important criteria in developing

this methodology was that it be easy to implement and understand, for those who

may not have the necessary technical background, and that it have widespread

applicability.

Application of this methodology was investigated through the use of two case

studies, the land areas of: i) Saskatchewan, Canada, and ii) Bangladesh.

For the purposes of assessing the future risk of desertification for the two case

studies, the projected climate of each region was evaluated through the use of

General Circulation Models. Potential impacts of climate change were also

investigated as they could influence possible indicators of desertification.
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4. METHODOLOGY

This research relied on the use of an index to depict spatial and temporal

variability of the areas at risk of desertification in Saskatchewan and Bangladesh.

There are three core components that were prepared for use in this

desertification index:

i) Observed Meteorological Data;

ii) General Circulation Model Projections; and

iii) Physical, Biological and Socio-Economie Indicators

With these components prepared, GIS software was employed to produce a

thematic layer for each indicator and based on the desertification index, these

distinct indicators were integrated into a single map of the areas at risk of

desertification.

4.1. Observed Meteorological Data

To incorporate climate into an assessment of desertification, observed records of

precipitation and temperature are required. While other useful parameters such

as wind speed, atmospheric pressure and relative humidity may be recorded at a

given station, these records are not as widely available both spatially and

temporally as those of precipitation and temperature. For Saskatchewan, records
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were obtained from the National Climate Data and Information Archive,

maintained by Environment Canada (Environment Canada, 2008). Records for

Bangladesh were obtained from a network of meteorological stations maintained

by the Bangladesh Meteorological Department.

The records for a given meteorological station were used if: i) the station had

mean monthly records for both precipitation and temperature, and ii) the

station's records covered the time period of 1971 - 2000. This is used as the

climatological baseline period for which the GCM data are referenced. The

current World Meteorological Organization (WMO) baseline period for climate

impact studies is 1961 - 1990 but using this period would reduce the number of

acceptable stations in Bangladesh from 28 to 18 (IPCC-TGICA, 2007). As well,

while not recognized by the WMO as an official baseline period, 1971 - 2000 has

been used by many other studies as a new standard 30-year averaging period

(IPCC-TGICA, 2007).

Based on the two requirements specified above, the records of 86 meteorological

stations were obtained for Saskatchewan, 76 within Saskatchewan itself and 10 in

the surrounding regions of Alberta, Manitoba and the Northwest Territories.

Also, as specified above, the records of 28 meteorological stations were obtained

for Bangladesh. Lists of the stations used can be found in Table 8.1

(Saskatchewan) and Table 8.2 (Bangladesh) of Appendix 8.1.
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4.1.1. Estimating Missing Data

Many of the available meteorological stations contained incomplete records
where the data for some months, or in some cases years, were missing. In order

to maintain a thorough spatial coverage of the two selected regions and avoid

excluding dataseis with incomplete records, a method for estimating missing data

was selected. Making use of the large number of meteorological records used in

this research, the method selected was the Arithmetic Mean method described by

Patra (2001). Using this method, the missing climate data of a given station was

computed by simple arithmetic average of the index stations in the form:

Px =-(Pi+P2--- + Pn\n*x C1)
?

Where:

P1, p2 , ..., pn = the climate variables at the index stations,

? = the number of index stations, and

Px = the newly calculated climate variables at the missing station.

The index stations were the surrounding stations selected to have the best

representation for the period of missing data at the station of interest. Factors for

the selection of the index stations are described in Section 2.1. As suggested by

Patra (2001), the three closest surrounding stations to that with missing data

were used as the index stations in this research.
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4·2. General Circulation Model Projections

4.2.1. Model Selection

For this research forecasting trends in desertification for was a primary objective.

As climate is one of the most important indicators for desertification analysis,

projected climate data was required. Among other sources, projected climate data
are produced from Atmosphere-Ocean General Circulation Models (AOGCMs)

(Meehl et a/., 2007). These models are developed and run by many modelling

groups worldwide. With many models to choose from, a select few were chosen

for use in this research. In order to choose which models would be used, the

recommendations made by IPCC were taken into account. The role of the IPCC:

The IPCC does not conduct research nor monitor climate related data but

rather it was established to provide decision-makers and others interested

in climate change with an objective source of information about climate

change. Its role is to assess on a comprehensive, objective, open and

transparent basis, the latest scientific, technical and socio-economic

literature produced worldwide relevant to the understanding of the risk of

human-induced climate change, its observed and projected impacts and

options for adaptation and mitigation.

In their Guidelines on the Use ofScenario Data, the IPCC recommends the

selection of GCMs be based on four criteria: i) age of the model, ii) resolution, iii)
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validity of results relative to observed records, and iv) representativeness of

results (IPCC-TGICA, 2007). Based on these recommendations, four different

models were selected that each had results evaluated in the most recent report

produced by the IPCC, the IPCC Fourth Assessment Report: Climate Change

2007. The selected models had some of the highest resolutions of currently

available models, had full datasets available for acquisition and, with four

models, a range of results would be available for comparison. Details on the four

models selected are provided in Table 4.1 (IPCC, 2007b; IPCC, 2007c).

Table 4.1 - Selected General Circulation Models

Model Vintage Modelling Centre Country Atmosphere
- Resolution

Aerosols
Included

Scenarios
Acquired

CCSM3 2005
National Centre for
Atmospheric
Research

USA T85(1.9°x
1 .9°) L31 Yes, 5

COMMIT,
20C3M,
A1 B, A2,
B1

CGCM3.1
(T63) 2005

Canadian Centre
for Climate
Modelling and
Analysis

Canada T63(2.81°x
2.81°) L31 Yes, 4 A1B, A2,

B1

MIROC3.2
(hires) 2004

Centre for Climate
System Research
(University of
Tokyo), National
Institute for
Environmental
Studies, and
Frontier Research
Centre for Global
Change

Japan T106(1.1°x
1.1°) L56 Yes, 8 A1 B, A2

UKMO-
HadGEMI 2004

Hadley Centre for
Climate Prediction
and Research/Met
Office

UK 1.3° ? 1.9°,
L38 Yes, 7 A1B, B1
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4.2.2. GCM Scenarios

The IPCC developed long-term scenarios to represent the range of driving forces

and emissions in scenario literature. This set of emission scenarios was published

in 2000 in a Special Report on Emissions Scenarios (SRES). The SPvES scenarios

were subdivided into four different storylines to describe the relationships

between the forces driving greenhouse gas and aerosol emissions and their

evolution during the 21st century. Each storyline represents different

demographic, social, economic, technological, and environmental developments

that diverge in increasingly irreversible ways (IPCC, 2000). Abrief description of

each storyline is as follows (a more detailed quantitative breakdown is provided

in Table 8.3):

• Al: A future world of very rapid economic growth, global population that

peaks in mid-century and declines thereafter, and rapid introduction of

new and more efficient technologies. Al is further divided into three

groups based on alternative developments of energy technologies:
o AiFi - fossil intensive

o AiT - predominantly non-fossil

o AiB - balanced across energy sources

• A2: A very heterogeneous world with continuously increasing global

population and regionally oriented economic growth that is more

fragmented and slower that in other storylines.

• Bi: A convergent world with the same global population as in the Al
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storyline but with rapid changes in economic structures toward a service

and information economy, with reduction in materials intensity, and the

introduction of clean and resource-efficient technologies.

• B2: A world in which the emphasis is on local solutions to economic;

social, and environmental sustainability, with continuously increasing

population (lower than A2) and intermediate economic development

(IPCC, 2000).

While small details may vary, these scenarios have been adopted by each

modelling centre as the basis for their climate change projections. All scenarios

have been designated as equally valid, with no assigned probabilities of
occurrence. Based on this, each scenario that was considered in the IPCC Fourth

Assessment Report (scenario B2 was not), and for which data were available, has

been used for comparison in this research. The scenarios for which climate data

were acquired are outlined in Table 4.1. Not part of the SRES scenarios, the

20C3M and COMMIT scenarios have also been acquired for use in this research.
The 2oC3m scenario is a simulation of the 20th century climate and is based on

historical records of greenhouse gases, aerosol effects, volcanoes and solar

forcing. This scenario is required for the downscaling of the SRES scenarios; this

process is described in Section 2.2. The COMMIT scenario simulates climate

change into the future with anthropogenic forcing fixed at year 2000 levels. This

scenario is used for comparison as a 'business as usual' approach.
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4·2·3· Acquiring GCM Data

While there are many parameters projected by the various models, to be

consistent with the observed meteorological data assembled, only precipitation

and temperature data were sought after from GCMs for this research. For the

observed meteorological data, the period of 1971 - 2000 has been used as a

climatological baseline period for which the GCM data are referenced. As such,

the GCM data for three future time periods (2011 - 2040, 2041 - 2070 and 2071 -

2100) have been assembled for comparison with this baseline period. For each of

the four time periods above, the variables assembled or calculated for this

research (e.g. temperature, precipitation, PET, and AI) have been done so for

each month and year of these periods. For the purposes of comparison between

the periods, mean values for the 30 year periods were used (whether it was for a

monthly, seasonal or annual comparison).

There exist a variety of sources online from which GCM data can be obtained.

Some modelling groups maintain websites dedicated to providing data for their
own model. However, the data availability and user-friendliness of these sites can

vary greatly between modelling groups. A straightforward site that proved to be a

useful resource is that of the Canadian Centre for Climate Modelling and Analysis

(CCCma) maintained by Environment Canada. This site was used to assemble

data for the CGCM3.1 (T63) model (CCCma, 2008).

An option other than downloading data directly from the websites of the

60



modelling centres is using online databases, or archives, where the data outputs

of the various modelling centres have been assembled by a single source. The

IPCC Data Distribution Centre provides links for two GCM data archives (IPCC,

2009). One is run by the Program for Climate Model Diagnosis and

Intercomparison (PCMDI) which volunteered to assemble model output from the

leading modelling centres around the world. This activity was proposed by the

World Climate Research Programme (WCRP) and is labelled as the Coupled

Model Intercomparison Project (CMIP3) multi-model dataset. The datasets can

be accessed via the Earth System Grid (ESG) data portal maintained by the

University Corporation for Atmospheric Research (UCAR). A second archive is

the World Data Centre for Climate (WDCC) which is run by the Model & Data

(M&D) group hosted at the Max Planck Institute for Meteorology. The mission of
the WDCC is to assemble, store and disseminate climate research data in order to

serve the scientific community (WDCC, 2008). For this research the WDCC

database was found to provide faster access to data with the ability to select

defined regions rather than global datasets. This site was used to assemble data

for the CCSM3, MIROC3.2, and UKMO-HadGEMi models (WDCC, 2008).

The procedure required to assemble and format the GCM data from both the

CCCma and WDCC is provided in Sections 8.2.1 through 8.2.3.
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4·3· Downscaling

Raw outputs from GCM simulations are inadequate for assessing the impacts of

climate change at regional scales. This is because the spatial resolution of GCMs

are too coarse to resolve important sub-grid scale processes (Zorita & von Storch,

1998; Hay et al, 2000; Wilby et al, 2004; Diaz-Nieto & Wilby, 2005; Zhang,
2007). There is a need to derive scenarios with more appropriate scales; this

process is usually known as downscaling.

Beyond simply interpolating GCM projections to a finer grid, the most

straightforward means of obtaining higher spatial resolution may be the CF
method (Wilby et al, 2004). Sophisticated methods can deliver ensembles of

daily climate that evolve in line with the large-scale, transient changes of a host
GCM. However, these methods are more time-consuming to implement than are

CFs, and contingent upon the availability of archived climate model output for

the region(s) of interest (Diaz-Nieto & Wilby, 2005). For these reasons, the CF

method was used for downscaling purposes in this research.

The CF method is applied by computing the differences between future and

current GCM simulations and applying the changes directly to observed time-

series (Gellens & Roulin, 1998; Feddema, 1999; Hay et al, 2000; Middelkoop et

al, 2001; Prudhomme et al, 2003; Diaz-Nieto & Wilby, 2005; Zhang, 2007;

Akhtar et al, 2008). This method can be achieved through three steps (IPCC-

TGICA, 2004):
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?. The reference climatology is established for the site or region of interest.

This was completed through the assemblage of observed meteorological

data (i.e. temperature and precipitation) in Saskatchewan and Bangladesh

for the years 1971 - 2000.

2. Changes in the variable of interest for the GCM data point closest to the

target meteorological station are calculated. For this research, this was

completed for mean monthly values. That is, changes in the variable were

found between a GCM predicted future climate (e.g. mean temperature for

June, 2041) and a GCM modeled present climate (e.g. mean temperature

for June, 1971). The first year of each of the assembled future time periods

is referenced to the first year of the observed period (e.g. 2011, 2041 and

2071 are referenced to 1971), and continues through the 30 year time

periods (e.g. 2012, 2042 and 2072 are referenced to 1972).

3. The change in the variable suggested by the GCM is applied to the

observed meteorological data for the equivalent time period (i.e. the time

range by year and month). For temperature and precipitation this process

is achieve with the following formulas.

TCF=T0+(Tf-Tp) (7)

(8)PcF=P0X
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Where, TCF and PCF are the downscaled future values of monthly

temperature and precipitation, respectively; T0 and P0 are the observed

meteorological values of monthly temperature and precipitation,

respectively; Tf and Pf are the GCM predicted future climate values of

monthly temperature and precipitation, respectively; and 7^ and Pp are the

GCM modelled present climate values of temperature and precipitation,

respectively.

The CF method assumes that the spatial pattern of the present climate remains

unchanged in the future, which, for a variable such as precipitation, could affect

the number of rain days or the size of extreme events (Diaz-Neito & Wilby, 2005;

Zhang, 2007). It is for reasons such as this that for this research a 30 year

averaging period and large regions are used. The benefit is that small-scale
climatic influences that would have to be considered for studies over short

temporal scales or small regions are masked by the long-term averaging period.

4.4. Potential Evapotranspiration

With the observed and GCM climate data assembled and downscaled it was

necessary to calculate the values of PET. Calculation of PET was needed for this

research to compute the AI, selected as a representation of climate in order to

identify the drier regions of Saskatchewan and Bangladesh. The AI proposed by

UNESCO is the ratio of precipitation (P) to potential évapotranspiration (PET).
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For this research, a method that lends itself well to widespread use was a crucial

factor. Thornthwaite's empirical formula can be used for any location at which

mean monthly air temperatures are recorded. While ease of application may not

be a suitable criterion of adequacy, data availability in an unavoidable constraint

on the selection of a PET computation method (Palmer & Havens, 1958). The

Thornthwaite method has also been found to perform well when compared to

other more complex methods (Thornthwaite, 1948; Palmer & Havens, 1958;

Rosenberry et al, 2004; Alkaeed et al, 2006; Ogolo, 2007).

For both the observed meteorological data and projected GCM data, for both

Saskatchewan and Bangladesh, the Thornthwaite has been used for this research
to calculate PET. Thornthwaite's basic formula in the form for computing

monthly PET is (Thornthwaite, 1948; Thornthwaite, 1955):

e = 16
'ìorv

,0°C<r<26.5°C (3)
? l J

Where:

e = monthly PET (mm),

T = mean monthly temperature (0C),

a = 6.75IxI(T7/3 -7.71IxI(T5/2 +1.7921xl(T2/ + 0.49239, and

/ = a heat index which is the sum of 12 monthly index values (see Equation 4).
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Equation (3) is Thornthwaite's relation between monthly temperature and

potential evaporation adjusted to a standard month of 30 days, each having 12

hours of possible sunshine. Since the number of days in a month ranges from 28

to 31 and the number of hours in the day between sunrise and sunset it is

necessary to increase or decrease the unadjusted rates by a factor that varies with

the month and with latitude. Equation (5) is used for this purpose.

16
(???????

V12y

( A \

V30y
,0°C<r<26.5°C (5)

Where:

N = mean monthly sunshine hours, and

d = number of days in the month.

For this research, values for sunshine hours were obtained from the United States

Naval Observatory (UNSO) website (UNSO, 2008). The UNSO website has

records for the daily sunrise and sunset times, which can be obtained for

specified coordinates. Records were obtained for the 15th day of each month (to

represent the mean monthly value) for the year 2000. The coordinates were

based on the central longitude of each region and a series of latitudes. The values
of sunshine hours used for this research can be seen in Table 8.6.
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Generally, it is known that the Thornthwaite method underestimates PET under
arid conditions and overestimates in equatorial humid climates (Pereira & Paes

de Camargo, 1989; Pereira & Pruirt, 2004; Alkaeed et al, 2006; Ahmadi &

Fooladmand, 2007). Methods have been employed in an effort to offset the

common inaccuracies of the Thornthwaite method.

While not exclusive to the equatorial region, mean monthly temperatures greater

than 26.50C are not accurately represented by the Thornthwaite method

(Thornthwaite, 1948). Using Thornthwaite's original formula, equation (3),

estimates of PET become excessive at high monthly temperatures. For

temperatures above 26.50C, most importantly for Bangladesh, the following

equation, (6), is used to replace Thornthwaite's basic formula (Willmott et al,

1985; Pereira & Pruitt, 2004; Zhang et al, 2008):

e = -4l5.S5 + 32.24T-0A3T2,T>26.5°C (6)

To account for the underestimation of PET in arid conditions several researchers

have used scaling factors, ranging from 1.2 to 2.0, to increase the estimates

(Pereira & Paes de Camargo, 1989; Milly, 1994, Georgakakos & Smith, 2001,

Cornwall & Harvey, 2008). For Saskatchewan, a scaling factor of 1.3 has been

applied to the computed PET values. A value of 1.3 was selected as this factor was

required to match Thornthwaite results to observed evaporation records for

Edmonton, Alberta. Evaporation records for the Edmonton City Centre Airport

were available for the record of 1912 - 2001. Using data of temperature and
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precipitation for this site the mean monthly PET values were calculated with the
Thornthwaite method. The mean annual observed evaporation value was found

to be an average of 1.3 times higher than the mean annual value calculated with
the Thornthwaite method. While Edmonton is located in Alberta, it represents a

similar climate to that in wide regions of Saskatchewan.

4.5. Assessment of Desertification

Assessment and monitoring of desertification have the primary objective to

forewarn of impending land degradation and desertification, as well as to suggest

some preventive and remedial measures (Pia Centis, 2006). Various

methodologies have been developed for identifying and mapping land areas at

risk of desertification (Kosmas et al, 2006). However, there is still a lack of a

practical and comprehensive long-term measurement system applicable at a

regional scale.

The complexity of the processes behind desertification has so far precluded the

widespread establishment of a comprehensive model for its assessment. Some
methods of monitoring have involved the use of indicators in the attempt to

assess and monitor desertification (Symeonakis & Drake, 2004). There is a need

for the identification of a comprehensive set of indicators of desertification and a

standard method of interpreting and extending such observations in terms of the
status and trend of desertification over significant areas (Mabutt, 1986;

Symeonakis & Drake, 2004).
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The use of indicators can generally simplify complex processes and provide

appropriate tools for combating desertification (UNCCD, 2001). Indicators of

impacts will help decision-makers at different levels to assess their own progress,

review their priorities and improve their positions with respect to combating

desertification, mitigating the effects of drought and improving the lives of people
in affected areas (UNCCD, 2001).

Indicators can be classified as those related to (a) the physical environment (soil,

vegetation, climate), (b) land management (tillage operations, irrigation

practices, animal density, grazing the land, forest fire protection, erosion
measures, etc.), and (c) socio-economic characteristics (farmer age, family size,

farm size, subsidies, farmer income, etc.) (Kosmas et al, 2006). At present there

is no agreeable set of common benchmarks or indicators (UNCCD, 2001).

A general methodology has been proposed by the UNCCD using a selected set of
indicators to identify areas at risk of desertification. While not necessarily

following the same steps, this general approach has been used for several other

studies and government reports (MOA, 2003; Pimenta et al, 2007; Ali &

Baroudy, 2008; Gad & Lotfy, 2008). This methodology has been used for this

research and can be broken down into 6 key steps:

1. Identification and collection of data for the factors or indicators necessary

to describe the risk of desertification for the region of interest.
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2. Selection of categories or indices within which the indicators can be

grouped and connected.

3. Mapping the data of each indicator in a GIS, which will then be overlaid to

produce maps for each index and finals maps of the risk of desertification.

4. Application of a weighting scheme to each indicator with values ranging
from a selected low to high value, such as 1 to 10. The value "1" would be

assigned to component which contributes least to desertification while

"10" is assigned to components which contribute most. The range in

between 1 and 10 reflects the relative role.

5. Mapping each of the indices. The maps of each indicator within an index

are overlaid to produce a data layer for each index. As each index may have

a different number of contributing sub-layers the index maps should be re-

weighted in a manner similar to step 4.

6. Final mapping of the areas of risk of desertification. Similar to the process

of step 5, the maps of each index are overlaid to produce a single final map

indentifying the areas at risk of desertification.

4.5.1. Identification of Indicators and Collection of Data

The design of indicators and assembly of data is an iterative process. It is

necessary to select indicators for which data are already available or can be

obtained at reasonable costs (Symeonakis & Drake, 2004). There is a clear
distinction between the indicators that are useful to have and those which are

practical to obtain. This is scale-dependent as it is relatively simple to collect in
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situ degradation data from individual fields but another matter to do so for entire

regions, countries, and continents (Symeonakis & Drake, 2004). Global and

regional indicator sets should ensure comparability across regions (UNCCD,

2001).

Desertification is such a complex process that a single indicator would not be

adequate to represent the great number of interrelated components (Pia Centis,
2006). Indicators must be able to value the conditions and changes of quality and

state of such a process, and must provide means to compare trends and progress
over time in different scenarios of climate, soils, and land use (Pia Centis, 2006).

The strategy for identification of indicators can be based on the following

principles: a) exploitation of easily available information, b) characterization of

desertification at a regional scale in the first step and later at local scale, and c)

selection of indicators most closely related to the problem (Kosmas et al, 2006;

Sepehr et al., 2007). There are several points of basic criteria that should be
considered for indicator selection. Indicators should be at least some of the

following:

• Widely applicable,

• Objectively and scientifically measurable,

• Preferentially quantitative,

• Easy and cost-efficient to be measured,

• Suitable for repeated scanning, or subject to periodic updating,
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• Recognizable or usable without specialized training,

• Sensitive to environmental changes, and

• Sensitive to policy decisions (Mabutt, 1986; Kosmas et al, 2006).

4.5.2. Description of Indicators

Based on the above strategies and criteria for the selection of indicators the

following indicators have been selected. They are each described below in a

manner that covers steps 1 through 3 identified above. The indicators, italicized,

have been categorized under six headings: i) Climate, ii) Water, iii) Soil, iv) Land

Cover, v) Land Use, and vi) Socio-Economie. These headings represent the

indices as described in step 2, above.

4.5.2.1. Climate

Aridity Index

An AI is a numerical indicator of the degree of dryness or moisture deficit of the

climate at a given location. As described earlier, the AI used in this research is

derived from the ratio of precipitation (P) to potential évapotranspiration (PET).

This index has been adopted by UNESCO and UNEP and is a basis for classifying

drylands and for identifying land at risk of desertification. The AI function is:

AI=- (2)
PET
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Based on the AI values, seven climatic regions of aridity are proposed as given in

Table 4.2 (Sauchyn et al, 2002; Shahid et al, 2005). Classifications of 'Very
Humid' and 'Wet' have been added for this research to further differentiate

between higher levels of humidity.

Table 4.2 - Class of climate region based on the Aridity Index

Al Value Climate Class
<0.05 Hyper-Arid

0.05 - 0.2 Arid

0.2 - 0.5 Semi-Arid

0.5-0.65 Dry Sub-Humid
0.65 - 1 Humid

1 -2 Very Humid
>2 Wet

As explained earlier, the data for the variables (total monthly precipitation and

mean monthly temperature) of the AI have been collected from a combination of

meteorological station records and GCM-projected data. Also explained earlier,

PET, which incorporates the temperature data, has been calculated using the
Thornthwaite method.

More than any other possible indicator, predicting future global climates has

been a focus of many scientific research groups for the past two decades. For this

reason, projected climate data is essential for any estimate of future risk of
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desertification. Maps of the AI have been produced for each of the time periods

1971 - 2000, 2011 - 2040, 2041 - 2070 and 2071 - 2100. As Bangladesh receives

so much precipitation within a relatively short time period, and goes through

long periods with low levels of precipitation, it was desirable to avoid masking

these dry periods in mean annual estimates of aridity. Therefore, the aridity of

both regions has been assessed for each season (i.e. winter, spring, fall, summer

for Saskatchewan and dry, pre-monsoon and monsoon in Bangladesh).

As the GCM data were downscaled to the network of meteorological stations in

both Saskatchewan and Bangladesh, each climate map was produced through

interpolation of the data from the meteorological networks. A simple outline of

the procedure needed to map the AI values is as follows:

• In a spreadsheet, the coordinates of the meteorological stations were listed

(one column for longitudes and one for latitudes), making sure that the
coordinates of one station were both in the same row (i.e. in adjacent

cells).

• For each set of coordinates, the AI data that needed to be mapped was

added to the spreadsheet in the cell adjacent to the appropriate
coordinates.

• In a GIS the spreadsheet data was uploaded. For this research ArcGIS 9.2,

produced by ESRI, was used for all GIS applications. In the upload process

(The 'Add XY Data' function of the 'Tools' menu was used) the appropriate

columns of longitude and latitude were selected and a coordinate system
74



was identified. For this research, the Mercator coordinate system was used

for all map projections. Through this process, a point was plotted for each

coordinated and the data added was recognized as an attribute of the

appropriate points.

• With the data added to GIS it was manipulated for the desired result,

producing a map of the AI as one of the indicators of the areas at risk of

desertification. To produce these maps, the 'Interpolation' function of the

'Spatial Analyst' toolbox was used to create a grid of values across the

region of interest from the limited number of meteorological station data

points. For this research the Kriging interpolation procedure was used and
the meteorological station data were expanded to a 5 ? 5 km grid.

Each of the indicators beyond the AI was produced in a slightly different way. The

data for each of the remaining indicators were collected from existing global

datasets. Within each collected map there existed a grid of pixels, where the

desired data were contained in each pixel. Each map was in a global format, with

the exception of the NDVI, which was obtained separately for North America and

South-East Asia. The data for the areas surrounding Saskatchewan and

Bangladesh had to be extracted from these datasets, converted to a point map

and interpolated to a grid that would be consistent with that selected for the AI,

the 5x5 km grid. The areas surrounding Saskatchewan and Bangladesh, selected

based on the 'Download Coordinates' in Table 8.4, were required to ensure that

after interpolating the data, values along the borders did not appear to be

drastically reduced due to there being no data outside of the border.
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Below are maps of the meteorological station networks used for both

Saskatchewan and Bangladesh. Maps of the AI, for select time periods used to

present the results, can be seen in Section 5.4. Maps of the mean annual aridity

for the four time periods assessed for this research can be seen in Section 8.5.
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4·5·2.2. Water

Surface Water Density

The maps of surface water density have been aggregated from maps of rivers and

lake perimeters for the regions of Saskatchewan and Bangladesh. A map of

surface water density is meant to provide an indication as to the availability of

water resources. The dataset was analyzed on a 5 ? 5 km grid where each pixel

contains a density value expressed in kilometers of river length and lake edge per

square kilometer of land area. Datasets acquired to produce this indicator were

obtained from LAND INFO Worldwide Mapping LLC and the FAO GeoNetwork.
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4·5·2·3· Soil

The development of some indicators, such as the AI or population density, may

seem straightforward, while others may not. Those that do not may most notably

include the indicators of soil quality, specifically soil moisture storage capacity,

soil drainage, and soil depth. Direct measurement of these indicators for a global

scale would be costly and time-consuming and so, estimates of each must be

based on data that are already available or easier to obtain. The basis for these

indicators is often soil type, among other factors, which is not an indicator in

itself, as it is incorporated into these more readily categorized indicators.

The FAO has developed a soil classification system that can be a valuable

resource when developing desertification indicators. It is not meant to substitute

for national soil classification systems but instead is designed to facilitate

comparisons among these systems. Reference may be made to one of the

classified soil groups in the descriptions of the soil moisture storage capacity, soil

drainage, and soil depth indicators. A description of each soil group is provided

in Appendix 8.3.1.

Effective Soil Depth

Effective soil depth is the depth to which micro-organisms are active in the soil,

where roots can develop, and where soil moisture can be stored. As such it is an
essential indicator of soil health (FAO, 2008).
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The classifications of soil depth were based on the following criteria (FAO, 2008):

1. Soils are considered <io cm deep if they are identified as rock, Lithosols,

glaciers or salt flats.

2. Soils are considered between 10 and 50 cm deep if they are classified as

Rendzinas, Rankers, or have a Lithic phase. In addition, one-half of the

area of soils with a Petrocalcic, Petrogypsic, Petroferric or Duripan phase

is considered to have an effective soil depth between 10 and 50 cm.

3. Soils are considered to have an effective soil depth between 50 and 100 cm

for the other half of the area characterized by a Petrocalcic, Petrogypsic,

Petroferric, or Duripan phase. In addition, other soils than those given

above occurring on steep slopes (> 30 %) or having permafrost are

considered for one-half of their area to have a soil depth between 50 and

100 cm.

4. All other soils are considered to have an effective soil depth between 100

and 150 cm except Nitosols, Ferralsols, and Histosols, when not occurring

on slopes of more than 30%, nor having permafrost. Soils under these

conditions are assumed to be between 150 and 300 cm deep.

The dataset was analyzed on a 5 ? 5 km grid where each pixel represents the

dominant depth of soil found in the land area of the pixel. The dataset acquired

was produced by the FAO and obtained from GeoNetwork.
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Soil Drainage Class

The soil drainage class indicates the possibility to evacuate excess moisture form

a soil based on the soil unit's classification name, the soil phase(s) indicated for

the dominant unit, and the slope class (FAO, 2008). It takes into account the full

composition of each mapping unit. Soil drainage is indicated by seven classes

from very excessive to very poorly drained. The seven drainage classes are

described as follows (FAO, 2008):

1. Excessively Drained: Water is removed from the soil very rapidly. The soils

are commonly very coarse textured or rocky, shallow or on steep slopes.

2. Very Well Drained: Water is removed from the soil rapidly. The soils are

commonly sandy and very pervious.

3. Well Drained: Water is removed from the soil readily but not rapidly. The

soils commonly retain optimal amounts of moisture, but wetness does not

inhibit root growth for significant periods.

4. Moderately Well Drained: Water is removed from the soil somewhat

slowly during some periods of the year. The soils are wet for short periods

within the rooting depth. They commonly have an almost impervious layer

or periodically receive heavy rainfall.

5. Imperfectly Drained: Water is removed slowly so that the soil is wet at a

shallow depth for significant periods. Soils commonly have an impervious

layer, a high water table, and additions of water by seepage or very

frequent rainfall.
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6. Poorly Drained: Water is removed so slowly that the soils are commonly

wet at a shallow depth for considerable periods. The soils commonly have

a shallow water table which is usually the result of an almost impervious

layer, seepage or very frequent rainfall.

7. Very Poorly Drained: Water is removed so slowly that the soils are wet at

shallow depths for long periods. The soils have a very shallow water table

and are commonly in level or depressed sites or have very high rainfall

falling almost every day.

The criteria upon which the classifications of soil drainage were based can be

found in Appendix 8.3.2. The dataset was analyzed on a 5 ? 5 km grid where each

pixel contains a value for the dominant soil drainage class found in the pixel. The

dataset acquired was produced by the FAO and obtained from GeoNetwork.
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Soil Moisture Storage Capacity

The soil moisture storage capacity is a measure of the amount of stored soil

moisture readily available to vegetation. Classification is based on the depth of

moisture that should be available per meter of soil. Parameters used in the

estimation of the soil moisture storage capacities are: i) texture, ii) texture

changes with depth, iii) total depth, iv) existence of stones or coarse fragments, v)

soil groups strongly influenced by parent material, and vi) soils strongly

influenced by groundwater or which are seasonally permanently flooded (FAO,

2008). The dataset was analyzed on a 5 ? 5 km grid where each pixel contains a

value for the dominant class of soil moisture storage capacity found in the pixel.

The dataset acquired was produced by the FAO and obtained from GeoNetwork.
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Organic Content ofSoil

The amount of organic carbon present in a soil is a good indicator of the nutrient

status ofthat soil (FAO, 2008). Decomposing organic material provides many

necessary nutrients to soil inhabitants. The organic content of soil greatly

influences the plant and microorganism populations in that soil. Without fresh

additions of organic matter from time to time, the soil becomes deficient in some

nutrients and populations of organisms in the soil decrease. Moderate to high

amounts of organic carbon are associated with fertile soils with a good structure

(FAO, 2008). The dataset was analyzed on a 5 ? 5 km grid where each pixel

contains a value for the percentage of organic carbon found in the land area of the

pixel. The dataset acquired was produced by the FAO and obtained from
GeoNetwork.
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Soil pH

Soil pH is a measure of the acidity or alkalinity of a soil based on the types of

available nutrients and can provide an indication of where plant growth may be

limited (FAO, 2008). Soil pH is largely influenced by the kinds of parent

materials (i.e. basic or acidic rocks) from which the soil was formed. Rainfall can

also affect pH, as water passing through a soil can leach basic nutrients from the

soil and replace them with acidic elements. Anthropogenic pollutants from

sources such as vehicular traffic and applied fertilizers have also been shown to

affect the pH of a soil. For the dataset used in this research five major pH classes

are recognized, each of which has a specific agronomic significance (FAO, 2008):

1. pH < 4.5: Extremely acidic soils.

2. pH of 4.5 - 5.5: Very acidic soils but some crops are tolerant of these

conditions (e.g. tea or pineapple).

3. pH of 5.5 - 7.2 : Acidic to neutral soils. These are the ideal pH conditions

for nutrient availability and plant growth.

4. pH of 7.2 - 8.5: Indicative of carbonate rich soils.

5. pH > 8.5: Indicative of carbonate rich soils, higher levels than (4).

The dataset was analyzed on a 5 ? 5 km grid where each pixel contains a value for

the dominant pH class found in the pixel. The dataset acquired was produced by
the FAO and obtained from GeoNetwork.

98



Legend

<4.5

4.5-5.5

5.5 - 7.2

3??

*-?» J8«-^ 4r^»4k

«ir Y^SAn^
¦hU

"Sl-Hl. JF1

¿J. ?1"

£-V

¦ ? -

'* ?^ ·/; *

« <r

¦w>

/

X ·

•?

¦—/*>

¡ 7.2 - 8.5 © Regina
J >8.5 0 Saskatoon
i Wfcter River

D Kilometers
0 75 150 300 450

Fusto·® 4.15 - §askaitelhi<ewsi]iii Seil



Ls

?." "

<4.5

1 4.5 - 5.5
5.5 - 7.2

j- s

,M'

9: - - . i¿í:»*;

Ti

1Ä " · V tic

fuVA
I

¡ÄV„

àW

H
f*

ü

N

D Kilometers
0 30 60 120 180

7.2 - 8.5 @ Dhaka
I >8.5 R¡ver
! Wfeter

Fi: liaœssit l pH



Terrain Slope

A map of terrain slope represents the degree to which the land diverges from

being horizontal (FAO, 2008). Typically, the greater the slope of a land surface

the more susceptible it will be to the processes of erosion and land degradation.

The dataset was analyzed on a 5 ? 5 km grid where each pixel represents the

dominant slope class value found in the land area of the pixel. The dataset

acquired was produced by the FAO and obtained from GeoNetwork.
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4·5·2·4· Land Cover

Length ofGrowing Period

The length of growing period (LGP) is not based strictly on temperature or

daylight hours, but rather it is established as a general characterization of
moisture conditions (FAO, 2008). Thus, according to the FAO, the LGP refers to

the number of days within the period of temperatures above 50C when moisture

conditions are considered adequate. Moisture conditions are based on

évapotranspiration, where ?.4-?.5 times the level of reference

évapotranspiration is considered sufficient to meet water requirements of

dryland crops, and soil moisture conditions. The soil moisture conditions are

established by the storage capacity, which is dependent on soil depth and other

physical and chemical characteristics. Under rain-fed conditions, the beginning

of the growing period is linked to the start of the rainy season and continues

beyond the rainy reason as, to a greater or lesser extent, crops mature on
moisture stored in the soil profile (FAO, 2008).

The dataset was analyzed on a 5 ? 5 km grid where each pixel contains a class

value for the dominant length of growing period found in the pixel. The dataset

acquired was produced by the FAO and obtained from GeoNetwork.
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NDVI

The Normalized Difference Vegetation Index (NDVI) is a numerical indicator that

can be used to analyze remote sensing measurements and assess whether the

target being observed contains live green vegetation or not (Piao et al, 2005;

Wang et al, 2007). Live green plants absorb solar radiation in the

photosynthetically active radiation (PAR) spectral region, which they use as a

source of energy in the process of photosynthesis. Leaf cells have also evolved to
scatter (i.e. reflect and transmit) solar radiation in the near-infrared spectral

region because the energy level per photon in that domain (wavelengths longer

than about 700 nanometers) is not sufficient to be useful to synthesize organic

molecules (Guo et al, 2007). Therefore, live green plants appear relatively dark

in the PAR and relatively bright in the near-infrared (Wang et al, 2007). By

contrast, clouds and snow tend to be rather bright in the red (as well as other

visible wavelengths) and quite dark in the near-infrared (Wang et al, 2007).

Since early instruments of Earth observation, such as NASA's ERTS (Earth

Resources Technology Satellite) and NOAA's AVHRR, acquired data in the red

and near-infrared the strong differences in plant reflectance could be exploited to

determine their spatial distribution in these satellite images (Guo et al, 2007;

Wang et al, 2007). The NDVI is calculated from these individual measurements
as follows:

mvIjNIR-RED)
[NIR + RED)
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Where, RED and NIR stand for the spectral reflectance measurements acquired

in the red and near-infrared regions, respectively. The NDVI varies between -1.0

and +1.0 and for this research the ranges have been broken down as follows (Piao

et al, 2005; Huang &Siegert, 2006; Guo et al, 2007; Wang et al, 2007):

• -1.0 - o: Water, glaciers, clouds or snow cover.

• 0: Land area with no vegetation (e.g. clear agricultural land, barren desert,

tundra or mountain tops). These areas may also be expressed in negative

values.

• 0-0.2: Sparse vegetation,

• 0.2 - 0.4: Light vegetation,

• 0.4-0.7: Medium vegetation, and

• 0.7 - 1.0: Dense vegetation.

A benefit of the NDVI, and other indicators based on satellite imagery, is that the

datasets can be updated regularly (Piao et al, 2005; Huang &Siegert, 2006). As
data can be collected at regular intervals throughout the year, every year, a time

series can be constructed from which trends or changes in the data can be

observed. While the data may not be equal in quality, for an initial assessment

such as that of this research, this process is a more time and cost-efficient

compared to in situ data collection, especially when the regions of interest are

large (Huang &Siegert, 2006). Taking advantage of this data source for this

research, an average NDVI map has been developed for each season (i.e. winter,

spring, fall, summer for Saskatchewan and dry, pre-monsoon and monsoon in
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Bangladesh) to distinguish between the different levels of vegetation throughout

the year. The data for each map is based on an average of the years 1985 to 2005.

The datasets were analyzed on a 5 ? 5 km grid where each pixel contains a class

value for the dominant NDVI value found in the pixel. Data for NDVI has been

obtained from the Global Inventory Modelling and Mapping Studies (GIMMS)

maintained by the Global Land Cover Facility. The datasets were derived from

imagery obtained from the AVHRR instrument onboard the NOAA satellite series
7, 9, 11, 14, 16 and 17 (Piao et al., 2005). The datasets have been corrected for

calibration, view geometry, volcanic aerosols, and other effects not related to

vegetation change. An example for each region is provided here and the

remaining maps can be seen in Appendix 8.4.
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4·5·2.5· Land Use

Livestock Density

The dataset of livestock density is based on the most recent available sub-

national livestock census data that has been converted into densities, excluding

land unsuitable for livestock (FAO, 2008). The map presented in this research

has been aggregated from livestock density data of cattle, pig, goat, buffalo,

sheep, and poultry. The datasets were analyzed on a 5 ? 5 km grid where each

pixel represents an actual density of livestock (per square kilometer). The dataset

acquired was produced by the FAO, from a global network of data providers on

livestock, and obtained from GeoNetwork.
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Occurrence ofIrrigation

The area that is being irrigated in a region provides an indication of where there

is stress on the water resources and soil quality ofthat region (FAO, 2008). The

irrigation indicator used for this research shows the amount of area equipped for

irrigation at the end of the 20th century. The actual area of irrigation may be

smaller but is difficult to determine for most countries (FAO, 2008). The dataset

was analyzed on a 5 ? 5 km grid where each pixel contains a value percentage of

land area equipped for irrigation found in the pixel. The dataset acquired was

produced by the FAO and obtained from GeoNetwork.
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Occurrence ofCropland

The occurrence of cropland represents the land areas that are recognized for use

in crop production (FAO, 2008). The maps display both the extent and density of

land use for crop production. The dataset was analyzed on a 5 ? 5 km grid where

each pixel contains a value representing the percentage of land area within that

pixel designated as cropland. The dataset acquired was produced by the FAO and
obtained from GeoNetwork.
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Occurrence ofGrassland, Shmbland and Pasture

The occurrence of grassland, shrubland and pasture represents the land area

where livestock grazing may be practiced (FAO, 2008). The map displays both

the extent and density of land which is suitable for livestock grazing. The dataset

was analyzed on a 5 ? 5 km grid where each pixel contains a value representing

the percentage of land area within that pixel designated as grassland, shrubland

and pasture. The dataset acquired was produced by the FAO and obtained from

GeoNetwork.
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Occurrence ofForested Land

The occurrence of forested land represents the land areas that are recognized to

support stands of forest (FAO, 2008). The map displays both the extent and

density in which land is covered by forest. The dataset was analyzed on a 5 ? 5 km

grid where each pixel contains a value representing the percentage of land area

within that pixel designated as forested land. The dataset acquired was produced

by the FAO and obtained from GeoNetwork.
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Occurrence ofBarren and Sparsely Vegetated Land

The occurrence of barren and sparsely vegetated land represents the land areas

that are recognized as being sparsely vegetated, and thus at a higher risk of

degradation (FAO, 2008). The map displays both the extent and density in which

land is sparsely vegetated. The dataset was analyzed on a 5 ? 5 km grid where

each pixel contains a value representing the percentage of land area within that

pixel designated as being barren and sparsely vegetated. The dataset acquired

was produced by the FAO and obtained from GeoNetwork.
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4·5·2·6· Socio-Economie

Population Density

Population density expresses the total number of persons on a km2 basis (FAO,
2008). It offers an indicator of where there are greater pressures of human

activity on the land. The dataset was analyzed on a 5 ? 5 km grid where each pixel

contains a value that represents the population density in the land area. The

dataset acquired was produced by the FAO and obtained from GeoNetwork.
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Protected Areas

This indicator identifies where there are areas that have been set aside by

government or other organizations for protection (FAO, 2008). These are areas

that should be relatively safe from the pressures of human activity, in the future

should not be developed, and if desertification were to occur it would largely be

due to natural causes. The protected areas have been distinguished between those

where land development may still occur and where it should not. The dataset was

analyzed on a 5 ? 5 km grid. The dataset acquired was produced by the FAO and
obtained from GeoNetwork.
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4·5·3· Indicator Weighting Schemes

The classes of each indicator were assigned a value that represents their relative

risk of contributing to desertification. This weighting process was necessary to

apply a common scale to the indicators as the number, magnitude, and type of

classes (e.g. Soil Drainage Class vs. Terrain Slope %) varies between them. For

this research, a classification scheme was established using numbers from l to 10.

A value of "10" was assigned to the component that should have the lowest risk of

desertification while a value of "o" was assigned to the component that should

have the highest risk of desertification. The classes between the extremes were

assigned a value between l and 10 to reflect their relative role.

In order to assign the classification scheme to each indicator, available literature
was consulted in which similar classification schemes have been published

(Pimenta et al., 1997; MOA, 2003; Sepher et al., 2007; Gad & Lotfy, 2008). While

the indicators incorporated for this research have been used in other studies the

classification schemes applied, that is the range in assigned values, is often

different. Consistent among other studies however, is that the weighting assigned

to each class is determined by dividing the overall range into equal intervals,

dependent on the number of classes for each indicator. For example, where an
indicator has 5 classes and an overall range of 1 - 2, weightings of 1, 1.25, 1.5,

1.75, and 2 would be established and assigned accordingly. To assign the

weightings for the indicators of this research the methods of other studies were
consulted to assist in determining which classes would be likely to contribute the
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least and most to desertification. Weightings for the remaining classes were

determined by dividing the range of l to 10 by the number of classes for each
indicator.

The weighting process was accomplished using the 'Reclassify' function of ArcGIS

9.2. The reclassification function allows for the modification of the values of an

input raster dataset for a variety of purposes, including reclassifying values to a

common scale. The original classes of each indicator and the new weighted

schemes can be seen in Table 4.3.
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4·5·4· Index Mapping

Each of the indicator maps described above was overlaid into a small group of

indices based on Climate, Water, Soil, Land Cover, Land Use and Socio-

Economic. This step is necessary to prevent a large selection of indicators that

represent a similar factor (i.e. many indicators of soil quality vs. few indicators of

other factors) from having a dominant influence on the overall map of

desertification risk.

In order to integrate the indicator maps to create a map for each index, the

relative contribution of each indicator to desertification (e.g. does soil depth have

a greater impact on desertification than slope?) had to be determined. For

regions as large as Saskatchewan or Bangladesh it is difficult to determine which

indictors will have a greater impact on desertification, and to what degree. This is

true for any large region (e.g. provincial, national, or continental) as the relative

influence of each indicator may vary within the region of interest. As such, it was

decided that the most unbiased approach would be to assume each indicator has

an equal influence when assessing desertification for large regions. In other

studies where similar methodologies have been employed, assuming equal

influence has been the most common practice (MOA, 2003; Sepher et al., 2007;

Ali & Baroudy, 2008; Gad & Lotfy, 2008). For small or local assessments,

indicators more specific to the region and the opinion of those with thorough

knowledge of the local land and activities would help in determining the relative
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influence of each indicator and the weighting of each indicator individually.

The six indices were developed by taking the geometric mean of the indicators

upon which each was based, as described in Section 4.5.2 and Figure 4.39. To

integrate the various indicators into their respective indices the following

equation was used (MOA, 2003; Sepher et al., 2007; Ali & Baroudy, 2008; Gad &

Lotfy, 2008):

Indexx = (/, X I2 x /3 x . . ./„ )' ' " (7)

Where:

? = Index in consideration,

/ = Indicator, and

? = Number of indicators to be integrated into the index.

This integration process was accomplished using the 'Raster Calculator' function
of ArcGIS 9.2. The 'Raster Calculator' is a tool for performing mathematical

functions on dataseis within ArcGIS. Once each index was created they could be

integrated to create final maps of the areas at risk of desertification in

Saskatchewan and Bangladesh.

4.5.5. Final Mapping of Desertification Risk

The final product of the desertification assessment methodology employed for
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this research was a map showing the location and extent of the variables for a

collection of indicators that may have an impact on desertification in

Saskatchewan and Bangladesh. From these individual maps, an aggregated map

showing the areas at risk of desertification was then constructed.

These final maps were constructed using the same process as for each of the

individual index maps. The six indices were integrated to form the final maps by

taking their geometric mean. To accomplish this, the following equation was used

(MOA, 2003; Sepher et al., 2007; Ali & Baroudy, 2008; Gad & Lotfy, 2008):

Areas at Risk = (C/ xWI x Six LCI xLUI xSEl)V6 (8)
of Desertification

Where:

CI = Climate Index,

WI - Water Index,

SI = Soil Index,

LCI = Land Cover Index,

LUI = Land Use Index, and

SEI = Socio-Economie Index.

The following flowchart, Figure 4.39, provides an overall view of which indicators

were included in each index prior to the formation of the overall maps of the
areas at risk of desertification.
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Figure 4.39 - Desertification Assessment Flowchart
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5· RESULTS & DISCUSSION

5.1. Observed Meteorological Data

To provide an example ofboth the observed and projected climate changes for

Saskatchewan and Bangladesh, the meteorological station closest to the capital

city has been used. To assess the trends of the observed data presented in Section

5.1, a linear regression curve was applied to each data set through Microsoft

Excel. A linear regression curve is useful for data that increases or decreases at a

steady rate which is the case over the long records of the assembled observed
data.

5.1.1. Saskatchewan

For this research, observed meteorological data were assembled from 86 climate

stations throughout Saskatchewan and the surrounding provinces and territories.

The record for the station near Regina, the capital of Saskatchewan, was one of

the longest for the province with over 100 years (1900 - 2007) of meteorological

data. Long records such as these can provide an indication of the climate trends,

if any, that have begun to occur. It should be indentified that from 1883 - 1932

the climate station for Regina was located at the North-West Mounted Police

barracks in the city (ESask, 2006). In 1932 the instrumentation was relocated to

the Regina airport, where it has remained (ESask, 2006). Environment Canada,

while recognizing that incorrect values are still possible, apply quality control
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procedures to each of their observational data records (Environment Canada,

2008). The trends in Figure 5.1, which shows the mean annual observed

temperatures in Regina, show an overall increase in temperature over the past
100 years with greater warming in the winter months than summer. As seen in

Table 5.1, the difference between the mean annual temperature of the first 30

years (1900 - 1929) on record and the last 30 years (1978 - 2007) shows an

increase of 1.400C. A lower increase of 1.020C is seen in July, with a higher

increase of 2.360C in the winter month of January. Due to the highly variable

nature of precipitation, discernible trends in the observed record are less evident

than with temperature. Slight decreases, as seen in Figure 5.2 and Table 5.1, of

1.67% in the annual totals and 0.74% in the monthly totals for July were observed

in the percent difference between the mean annual precipitation of the first 30

years and the last 30 years on record. A decrease of 17.0% was observed for

January between the same periods but, with the total annual precipitation in

winter being so low, this value is heavily influenced by the few records in the

averaging period that varied greatly from the mean. This lack of reliability of the
January trend is evidenced by the percent difference between the total

precipitation of the first 10 years on record and the last 10 years showing an

increase of 27.0% for January.
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Regina, Saskatchewan Mean Observed Temperatures
(1900-2007)

• Annual

• July (Highest Temperatures)
a January (Lowest Temperatures)

IM·* U 4
? i

1950
Year

Figure 5.1 - Regina, Mean Observed Temperatures

Table 5.1 - Regina, Observed Climate Data

Mean Temperature (0C)
Annual July January

10 Year
Average

1998-2007 3.07 1998-2007
1900-1909 0.98 1900-1909

19.2 1998-2007 -14.6
17.1 1900-1909 -17.9

Difference 2.09 2.12 3.33

30 Year
Average

1978-2007 2.97 1978-2007 19.0 1978-2007 -15.2
1900-1929 1.58 1900-1929 17.9 1900-1929 -17.6
Difference 1.40 1.02 2.36

Total Precipitation (mm)
Annual July January

10 Year
Average

1998-2007
1900-1909

377 1998-2007
413 1900-1909

74.5 1998-2007 9.56
85.2 1900-1909 7.53

% Difference -8.81 -12.5 27.0

30 Year
Average

1978-2007 382 1978-2007 67.6 1978-2007 10.0

1900-1929 388 1900- 1929 68.1 1900-1929 12.1
% Difference -1.67 -0.74 -17.0
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Regina, Saskatchewan Total Observed Precipitation
(1900-2007)

¦¦¦?¦¦¦¦ Annual

¦-·-- February (Lowest Precipitation)
.-.*.-. June (Highest Precipitation)

ut
\t *i\ß

*»i\t

ñh ULIt

1950

Year

Figure 5.2 - Regina, Total Observed Precipitation

For the whole of North America, annual mean temperature increased for the

period 1955 - 2005, with substantial warning in the continental interior (IPCC,

2007d). Spring and winter months have shown the greatest changes in

temperature, while daily minimum temperatures have warmed more than daily

maximum. This warming during the later half of the 20th century reflects the

combined influence of greenhouse gases, sulphate aerosols and natural external

forcing. While annual precipitation has increased for most of North America, like

Regina, there have been decreases across the Canadian Prairies (IPCC, 2007d).
There has also been no consistent trend in extreme precipitation events. With

these changes several noteworthy impacts have been recorded.
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o Many rivers in Saskatchewan, such as the Saskatchewan River system,

begin in the Rocky Mountain region, where over the last century
streamflow has decreased by about 2%/decade (IPCC, 2007d). Also, in the

mountains, the April ? snow water equivalent has declined 15 - 30% since

1950. Decreased flow combined with over-allocation of water resources

has resulted in summer river flows in the Prairies being 20 - 84% lower

than they were in the early 20th century (Schindler & Donahue, 2006).

o Drought has become more frequent and intense across the Prairies and

vulnerability is increasing due to population growth and more demands

from agricultural, municipal and industrial uses (IPCC, 2007d).
Land Cover:

o The length of the vegetation growing season has increased an average of 2

days/decade since 1950 in Canada, with most of the increase a result of

earlier spring warming. Global satellite data, available since 1981, indicate

earlier onset of spring 'greenness' by 10 - 14 days over 19 years across the
latitudes of Saskatchewan (IPCC, 2007d).

o In the North American boreal forest region, wildfire-burned area increased

from 6500 km2/yr in the 1960s to 29700 km2/yr in the 1990s. This can be

partially attributed to the warming climate increasing the summer period,

drying forests, and encouraging the spread of insects and diseases. As a

benefit, in areas once limited by low temperatures and short growing

seasons, such as North Saskatchewan, forest growth appears to be

accelerating at a rate less than 1%/decade (IPCC, 2007d).
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• Socio/Economic:

o North American agriculture has been exposed to many severe weather

events during the past decade. More variable weather, coupled with

migration from rural areas and economic stresses, has increased the

vulnerability of the agricultural sector overall, raising concerns about its

future capacity to cope with a more variable climate (IPCC, 2007d).

o Water-borne disease outbreaks are associated with heavy precipitation or

extreme precipitation and warmer temperatures. Heavy runoff after severe
rainfall can also contaminate recreational waters and increase the risk of

human illness through higher bacterial counts (IPCC, 2007d).

o Increased temperatures have aided the spread of diseases by insects, such

as Lyme disease by ticks which require a minimum temperature above 70C
for survival.

o Increased temperatures or extreme heat have also been associated with

increased hospital admission for cardiovascular disease and respiratory
illnesses as a result of heat-waves and reduced air quality (IPCC, 2007d).

5.1.2. Bangladesh

For Bangladesh, observed meteorological data were assembled from 28 climate

stations throughout the country. The record for the station near Dhaka, the

capital of Bangladesh, was one of the longest available with over 50 years (1953 -

2004) of collected data. The trends apparent from the plotted data in Figure 5.3,

show the mean annual observed temperatures in Dhaka, and show an overall
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increase in temperature over the past 50 years with greater warming in the

months of the monsoon season than dry season. As apparent in Table 5.2, the

difference between the mean annual temperature of the first 20 years (1953 -

1972) of record and the last 20 years (1985 - 2004) shows an increase of 0.680C.

A lesser increase of 0.590C is apparent in the dry season month of January, with a

higher increase of 0.900C in the monsoon season month of August. Like Regina,

the variable nature of precipitation in Dhaka makes it difficult to discern trends
in the observed record. However, as seen in Figure 5.4 and in Table 5.2, an

increase of 4.26% was observed in the percent difference between the mean total

annual precipitation of the first 20 years and the last 20 years on record. Despite

this increase, the percent differences for the equivalent period as above were

found to decrease for the warmest month on record, August, as well as the coldest

month, January, by 15.2% and 3.98% respectively.
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Dhaka, Bangladesh Mean Observed Temperatures
(1953-2004)

-?— Annual
-.-¦·- ¦· August (Highest Temperatures)
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Figure 5.3 - Dhaka, Mean Observed Temperatures

Table 5.2 - Dhaka, Observed Climate Data

Mean Temperature (0C)
Annual August January

10 Year
Average

1 995 - 2004 25.9 1995-2004
1953-1962 25.1 1953-1962

29.0 1 995 - 2004 18.1
28.2 1953-1962 17.9

Difference 0.72 0.78 0.25

20 Year
Average

1985-2004 25.9 1985-2004 29.0 1985-2004 18.5

1953-1972 25.2 1953-1972 28.1 1953-1972 17.9
Difference 0.68 0.90 0.59

Total Precipitation (mm)
Annua August January

10 Year
Average

1995-2004 2009 1995-2004
1953-1962 1964 1953-1962

301 1995-2004 9.40

305 1953-1962 10.9

% Difference 2.31 ¦1.18 -13.8

20 Year
Average

1 985 - 2004 2071 1 985 - 2004 281 1985-2004 8.45
1953-1972 1987 1953-1972 332 1953-1972 8.80

% Difference 4.26 -15.2 -3.98
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Dhaka, Bangladesh Total Observed Precipitatoti
(1953-2004)
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Figure 5.4 - Dhaka, Total Observed Precipitation

Across Asia, past and present climate trends have been characterized by

increasing surface air temperatures, which have been more pronounced during

the winter months than summer months. Contrary to the trend across Asia, for

the period 1985 - 1998, Bangladesh experienced an increase of approximately

10C in May and 0.50C in November (CCC, 2007). The increases in temperature

have been associated with an increasing frequency and intensity of droughts,

particularly during the dry months. Annual mean precipitation has exhibited

increasing trends across Bangladesh. In many parts of Asia, the frequency of
occurrence of more intense rainfall events has increased causing severe floods,

landslides, and debris and mud flows (CCC, 2007; MoEF, 2008). With these

changes, several other noteworthy impacts have been recorded.
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o In Bangladesh, water shortages have been attributed to rapid urbanization

and industrialization, population growth and inefficient water use, which

are aggravated by the changing climate and its adverse impacts on

demand, supply and water quality (IPCC, 2007a).

o The Brahmaputra River, the major river of Bangladesh, originates in

southwestern Tibet from a glacier. Glaciers in Asia are melting faster in

recent years; in parts of Asia melting glaciers account for over 10% of

freshwater supplies. As a result, glacial runoff and frequencies of glacial

lake outbursts have increased causing more mudflows and avalanches

(IPCC, 2007a).

o On the coast of the Bay of Bengal, severe destruction of mangroves has

been caused by reductions in freshwater flows and increased salt-water

intrusion. Salt water has been reported to have penetrated 100 km or more

inland along tributary channels during the dry season (IPCC, 2007a).

o Wetlands in the major river deltas have been significantly altered due to

sedimentation, land-use conversion, logging and human settlement. The

warmer climate in Bangladesh in past decades has also resulted in the

drying of the wetlands, with severe degradation to the ecosystem as a

result. Increased costal erosion has also been observed and is dependent

on sediment supply and sea-level rise (IPCC, 2007a).

Land Use:

o Production of rice, maize, and wheat in the past few decades has declined

in many parts of Asia due to increasing water stress arising partly from
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increasing temperature. The yield of rice has been observed to decrease by

10% for every 10C increase in growing-season minimum temperature

(IPCC, 2007a).

• Socio-Economie:

o In South Asia, endemic morbidity and mortality due to diarrhoeal disease

is linked to poverty and hygiene behaviour compounded by the effect of

high temperatures on bacterial proliferation. Diarrhoeal diseases and

outbreaks of other infectious diseases (e.g. cholera, hepatitis, malaria, and

dengue fever) have been reported to be influenced by climate-related

factors such as severe floods, droughts, sea-surface temperatures and

rainfall in association with non-climatic factors such as poverty, lack of

access to safe drinking water and poor sewage system (IPCC, 2007a).

5.2. GCM Projected Data

In their Guidelines on the Use ofScenario Data the IPCC recommended the use

of multiple GCMs when conducting climate change impact assessments. The

reason being that the available GCMs have produced a wide range of projections

of future climate and as no single GCM can claim to produce superior projections,

a variety of projections should be considered. For the four models used in this
research (CGCM3.1, CCSM3, HadGEMi and MIROC3.2) there was only one

common scenario between them for which data were readily available, AiB. To

assess the trends of the GCM projected data presented in Sections 5.2 and 5.3, a

polynomial (order 2) regression curve was applied to each dataset through
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Microsoft Excel. A polynomial regression curve is useful for data that fluctuates

over a large dataset and for each of the GCM dataseis produced the R2 value

closest to i, relative to other regression curve types. The dataset trends for the

observed period presented in the figures of Sections 5.2 and 5.3 were assessed

with a linear regression curve as they are smaller, less variable datasets.

5.2.1. Saskatchewan

For Regina, Saskatchewan the mean annual temperature projections (2011 -

2100) can be seen in Figure 5.5. The temperature projections of the HadGEMi

and MIROC3.2 models increase at higher rates then those of the CGCM3.1 and

CCSM3 models and for the period of 2071 - 2100 reach mean annual

temperatures of 7.250C and 8.120C respectively, as seen in Table 5.3. For the

same period the CGCM3.1 and CCSM3 models project mean annual temperatures

to reach 5.780C and 5.370C respectively. The projected temperature changes of

each model and scenario are relative to the mean annual observed temperature,

2.830C, for the period 1971 - 2000. For all models and scenarios (excluding

COMMIT) considered for this research the mean temperature increase projected

for the period 2071 - 2000 was 3.550C above the observed period (1971 - 2000)

mean. Table 5.3 displays, for Regina, the projected changes of both temperature

and precipitation for each model and scenario.
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GCM Mean Annual Temperature Projections (201 1 - 21 00) for Regina, Saskatchewan
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Figure 5.5 - Regina, GCM Comparison of Temperature Projections

In addition to considering the results of multiple GCMs, the variety of scenarios

(as described in Section 4.2.2) analyzed by the modelling centres were also

considered. No single scenario was developed to have an outcome more likely
than another. The SRES scenario data collected for this research was from the

AiB, A2, and Bi scenarios. The COMMIT scenario was also considered as it is a

'business as usual' approach and useful for comparisons. Of the models

considered in this research CGCM3.1 was the only one for which data were

available for each of the above scenarios. For Regina, the mean annual

temperature projections for each scenario (2011 - 2100) are indicated in Figure

5.6. The temperature projections of the A2 and AiB scenarios increase at higher
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rates than that of the Bi scenario and for the period of 2071 - 2100 reach mean

annual temperatures of 6.920C and 5.780C respectively, as seen in Table 5.3. For

the same period the Bi scenario projects the mean annual temperature to reach

5.300C but the projection is on a decreasing trend, unlike the other scenario

projections. Much more than A2 and, to a lesser extent, AiB, the Bi scenario

describes a world much less dependent on fossil fuels and materials with clean,

efficient energy sources being more prevalent. Greenhouse gas forcing levels (e.g.

CO2, CH4, SO2 and NOx) in the period 2071 - 2100 are much lower in the Bi

scenario than the others, see Section 8.2, and, as a result, long-term changes

projected for temperature, and other climate variables, are lower than for other
scenarios. For the GCMs evaluated, the average A2, AiB, and Bi mean annual

temperature increase for the period 2071 - 2100 was 4.110C, 3.790C and 2.670C,

respectively, above the observed period mean of 2.830C. With greenhouse forcing

levels fixed at year 2000 conditions the COMMIT scenario projects the mean

annual temperature to rise 1.140C above the observed period mean.
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CGCM3.1 Scenario Projections (2011 - 2100) of Mean Annual Temperautre for Regina, Saskatchewan
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Figure 5.6 - Regina, Scenario Comparison of Temperature Projections

As a result of high inter-annual variability, trends are less discernible for

precipitation than temperature. However, for Regina, each GCM and scenario

evaluated for this research projects an increase in total annual precipitation

ranging from an average of 14% to 18% for the 2011 - 2040 and 2071 - 2100,

respectively (see Table 5.3). These increases are above the observed mean total

annual precipitation of 387 mm for the period 1971 - 2000. As seen in Figure 5.7,

the differences between the trends for the CGCM3.1, CCSM3, and HadGEMi

models are low as the projections reach the 2071 - 2100, with less than 5%

difference between their projections. The MIROC3.2 projection is the lowest of

each GCM and scenario evaluated with a projected increase in mean total annual

precipitation for the period 2071 - 2100 of 12%.
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GCM Total Annual Precipitation Projections (201 1 - 21 00) for Regina, Saskatchewan

900.00

Obser*d(1971 -2000
CGCM3.1

CCSM3

800.00 HadGEM

MIROC
Poly. (CGCM3.1)
Poly. (CCS M3)

700.00 Poly. (HadGEM)
Poly. (MIROC)

600.00

500.00

400.00

300.00

200.00

100.00
2040 2060 2080 21002000 202019801960

Year

Figure 5.7 - Regina, GCM Comparison of Precipitation Projections

Evaluation of the projections for different scenarios reveals less variance between
the trends than that for the different GCMs. As seen in Figure 5.8, unlike the

identifiable and divergent projections of mean annual temperature, the total

annual precipitation projections for the range of scenarios offer little difference.

For the period 2071 - 2100, the A2, AiB, and Bi scenarios project increases in

mean total annual precipitation of 23%, 23%, and 19% above the observed period

mean, respectively. For the GCMs evaluated, the average A2, AiB, and Bi mean

total annual precipitation increase for the period 2071 - 2100 was 21%, 19% and

16% above the observed period mean total of 387 mm, respectively.
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CGCM3.1 Scenario Projections (201 1 - 2100) of Total Annual Precipitation for Regina, Saskatchewan

1000.00

Observed (1971 -2000
AIB

A2900.00
Bl

COMMIT

Poly. (A1B)800.00
Poly. A2)
Poly. B1)
Poly. (COMMIT)700.00

600.00

¡p 500.00
S

ë
SS-ítJ400,00

300.00

200.00

100.00

0.00
21002000 2020 2040 2060 208019801960

Year

Figure 5.8 - Regina, Scenario Comparison of Precipitation Projections

According to the coordinated set of climate model simulations archived at the

PCMDI, referred to as the multi-model dataset (MMD), annual temperatures are

expected to increase in the range of 3.50C to 50C across Saskatchewan, with more

warming at higher latitudes (IPCC, 2007e). These projections are based on the

MMD-AiB simulations, which are averaged over 21 models and represent the

change between 1980 - 1999 and 2080 - 2099. The GCM data assembled for this

research reflects similar results with AIB simulations projecting slightly higher

annual increases at more northerly locations, such as Collins Bay (3.810C increase

for the period 2071 - 2100), than southern, such as Moosomin (3.700C increase

for the period 2071 - 2100). The MMD also projects more warming during winter

months over summer on the order of approximately 10C to 20C, again with more

warming at higher latitudes (IPCC, 2007e).
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Annual mean precipitation is also projected to increase according to the MMD.

For AiB simulations, increases in precipitation are projected between 5 and 20%

across Saskatchewan with higher increase (15 - 20%) at higher latitudes and

lower increases (5 - 10%) at lower latitudes. Like temperature, higher increases in

precipitation (10 - 30%) are expected during winter months than summer (0 - 15

%) (IPCC, 2007e). The GCM data assembled for this research reflects higher

results, with AIB simulations projecting higher increases, approximately 27 and

19%, in the northern and southern latitudes, respectively. While in past decades,

no consistent trends in Saskatchewan could be found in extreme precipitation

events, it is still expected that their frequency will increase, with greater risks of

flooding and droughts from greater temporal variability (USD, 1997a). With these

projected changes several noteworthy impacts on possible desertification

indicators are expected.

• Water:

o For snowmelt-dominated watersheds, such as the Saskatchewan River

watershed, winter and spring flows are projected to increase as snowmelt

runoff advances. Summer flows are expected to decrease substantially as a

result (Demuth & Pietroniro, 2003). The rivers that are already over-

allocated will be particularly vulnerable (IPCC, 2007d). As

évapotranspiration increases with warmer temperatures, droughts could

become more frequent and severe (USD, 1997a).

o Communities that rely on rivers for pollutant discharge will find it more

difficult to achieve existing water quality standards as a result of lower
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water levels, warmer water temperatures, and more intense precipitation

(IPCC, 2007d).

• Land Cover:

o Simulations indicate that over the 21st century warming will continue to

lengthen growing seasons. Forest growth is expected to increase modestly

(10 - 20%) as a result of the extended growing seasons and elevated CO2

over the next century (USD, 1997a). However, this is dependent on the

region, species, and magnitude of temperature increase (IPCC, 2007d).

o At high latitudes, several models simulate increased net primary

productivity (NPP), a measurement of plant growth obtained by

calculating the quantity of carbon absorbed and stored by vegetation or

photosynthesis minus respiration, as a result of expansion of forests into

the tundra and longer growing seasons. At lower latitudes, simulated

changes in NPP are more variable, depending on whether there is

sufficient enhancement of precipitation to offset increased

évapotranspiration (IPCC, 2007d).

o Due to warmer temperatures, forests are likely to be more sensitive to

changes in disturbances, such as insects, diseases, and wildfires. Warmer

summer temperatures are projected to extend the annual window of high

fire ignition risk by 10 - 30%, and could result in increased area burned of

74 - 118% in Canada by 2100 (IPCC, 2007d).

o Decreases in snow cover and more winter rain on bare soil are likely to

lengthen the erosion season and enhance erosion. Soil management

practices (e.g. crop residue and no-till) may not provide sufficient
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protection against future intense precipitation and associated runoff
(IPCC, 2007d).

• Socio-Economie:

o It is expected that a moderate climate change will likely increase yields of
North American rain-fed agriculture. Climate-related yield increases of 5

to 20% over the first decades of this century are expected, with overall

positive effects of climate persisting through much of the 21st century

(USD, 1997a). However, vulnerability of agriculture may also increase as a

result of climate change due to stresses from changes in pest competition,

water availability and unsustainable land-use practices (IPCC, 2007d).

o The northern boundary of tick-borne Lyme disease is limited by cold

temperature effects on the tick. The northern range limit for the tick could

shift north by 200 km by the 2020s, and 1000 km by the 2080s (IPCC,

2007d).

o Pollen, an air contaminant, is likely to increase with elevated temperature

and atmospheric CO2 concentrations. A doubling of CO2 concentration

may increase ragweed-pollen production by over 50% (IPCC, 2007d).
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5.2.2. Bangladesh

For Dhaka, Bangladesh the mean annual temperature projections (2011 - 2100)

can be seen in Figure 5.9. While, relative to the projections for Regina, there is

less divergence between GCM temperature projections for Dhaka, the

temperature projections of the HadGEMi and MIROC3.2 models still increase at

higher rates then those of the CGCM3.1 and CCSM3 models and for the period of

2071 - 2100 reach mean annual temperatures of 29.300C and 29.000C,

respectively, as seen in Table 5.3. For the same period, the CGCM3.1 and CCSM3

models project mean annual temperatures to reach 28.5 and 28.40C, respectively.

The projected temperature changes of each model, and scenario, are relative to
the mean annual observed temperature, 25.70C, for the period 1971 - 2000. For

all models and scenarios (excluding COMMIT) considered for this research the

mean temperature increase projected for the period 2071 - 2000 was 2.950C

above the reference period (1971 - 2000) mean. Table 5.4 displays for Dhaka the

projected changes of both temperature and precipitation for each model and
scenario.
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GCM Mean Annual Temperature Projections (201 1 - 2100) for Dhaka, Bangladesh
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Figure 5.9 - Dhaka, GCM Comparison of Temperature Projections

For Dhaka the mean annual temperature projections for each scenario (2011 -

2100) can be seen in Figure 5.10. The temperature projection of the A2 scenario

increases at the highest rate of those considered and for the period of 2071 - 2100

reached a mean annual temperature of 29.30C, as seen in Table 5.4. For the same

period, the AiB scenario projects the mean annual temperature to reach 28.50C
and the Bi scenario 27.70C. For the GCMs evaluated, the average A2, AiB, and Bi

mean annual temperature increase for the period 2071 - 2100 were 3.630C,

3.110C and 2.060C, respectively, above the observed period mean of 25.70C. With

greenhouse forcing levels fixed at year 2000, conditions the COMMIT scenario

projects the mean annual temperature to be 26.250C for the period of 2071 -
2100, a 0.150C reduction from the 2041 - 2070 mean.
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CGCM3.1 Scenario Projections (201 1-21 00) of Mean Annual Temperature for Dhaka, Bangladesh
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Figure 5.10 - Dhaka, Scenario Comparison of Temperature Projections

For Dhaka, each GCM and scenario evaluated for this research projects an

increase in total annual precipitation ranging from an average of 11% to 18% for

the 2011 - 2040 and 2071 - 2100, respectively, see Table 5.4. These increases are

above the observed mean total annual precipitation of 2150 mm for the period

1971 - 2000. As seen in Figure 5.11, relative to the other models, the projected
trends of the CGCM3.1 and MIROC3.2 GCMs steadily increase to the 2071 - 2100

period reaching increases of 26% and 14% in the mean total annual precipitation,

respectively. The CCSM3 and HadGEMi GCMs project peak increases in the

precipitation to occur mid-century followed by a period of decline. For the period

of 2071 - 2100 the CCSM3 and HadGEMi GCMs project increases of 21% and 5%
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above the observed mean, respectively.

GCM Total Annual Precipitation Projections (201 1 - 21 00) for Dhaka, Bangladesh
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Figure 5.11 - Dhaka, GCM Comparison of Precipitation Projections

Like Regina, evaluation of the projections for different scenarios for Dhaka
reveals less variance between the trends than that for the different GCMs. As seen

in Figure 5.12 and Table 5.4, the total annual precipitation projections for the

range of scenarios offer little difference. For the period 2071 - 2100, the A2, AiB,

and Bi scenarios project increases in mean total annual precipitation of 27%,

26%, and 20.0% above the observed period mean, respectively. For the GCMs

evaluated, the average A2, AiB, and Bi mean total annual precipitation increase

for the period 2071 - 2100 was 22%, 17% and 16% above the observed period

mean total of 387 mm, respectively. As for Regina, each of the GCMs and
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scenarios evaluated for Dhaka do not project gradual increases, or decreases, in

the total annual precipitation from the present time. It appears as though the

GCMs incorporate an instantaneous increase in the total precipitation at the

beginning of their projections after which they increase and/or decrease more

gradually. For instance, for the year 2011 the average projected increase in total

annual precipitation for all GCMs and scenarios for Dhaka was 28% above the

observed mean for 1971 - 2000. For mean annual temperature the increase for

the same situation was 0.5%, or 0.150C. It is unknown why the GCM projections

behave in this manner, but it is well documented that precipitation is more

difficult to model than temperature due its variability and determining factors

(e.g. cloud formation) (IPCC-TGICA, 2007, CCSP, 2008).

CGCM3.1 Scenario Projections (2011 - 21 00) of Total Annual Precipitation for Dhaka, Bangladesh

>-. Observed (1 971 - 2000)s- - A1B
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Year

Figure 5.12 - Dhaka, Scenario Comparison of Precipitation Projections
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According to the MMD, annual temperatures are expected to increase in the

range of 2.50C to 30C across Bangladesh, with slightly more warming at higher
latitudes (IPCC, 2007e). These projections are according to the MMD-AiB

simulations, which are averaged over 21 models and represent the change

between 1980 - 1999 and 2080 - 2099. The GCM data assembled for this

research reflects similar, although slightly higher, results with AIB simulations

projecting annual increases ranging from approximately 30C in the east to 3.20C

in the west for the period 2071 - 2100. The MMD projects slightly more warming

during winter months over summer where by the period 2071 - 2100,

temperature change in winter months ranges from 30C to 40C, with more

warming in the northwest. In summer months, projected temperature change

ranges from 2.50C to 30C (IPCC, 2007e). With further increases in temperature,

the frequency and intensity of droughts is expected to increase, particularly in the
north-west (MoEF, 2006; Ramamasy & Baas, 2007; Shahid, 2008).

Annual mean precipitation is also projected to increase according to the MMD.

For AiB simulations, annual increases in precipitation are projected to increase

up to 5% across Bangladesh, with greater increases at higher latitudes (IPCC,

2007e). For winter months, the dry season in Bangladesh, precipitation is

expected to decline from 5 - 10% across most of the country to 10 - 15% along

the coast. Increases in annual precipitation are expected during summer months,

the monsoon season in Bangladesh, from 5 - 10% across most of the country to

10 - 15% at higher latitudes (CCC, 2007; IPCC, 2007e). For the AiB simulations,
the GCM data assembled for this research projects higher increases in annual
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precipitation than the MMD. For the period 2071 - 2100, increases of

approximately 17% across Bangladesh were projected above the observed period.

In Bangladesh, large increases are expected in the intensity of heavy rainfall

events in the future (MoEF, 2008). The number of rainy days may decrease, by as

many as 15 days, but the increased intensity is expected to result in the overall

increase in annual precipitation. With these projected changes several

noteworthy impacts on possible desertification indicators are expected.

• Water:

o Expansion of areas under severe water stress will be one of the most

pressing problems in Bangladesh (and all of South Asia). As the glaciers

that feed the Brahmaputra River continue to melt under a warmer climate,

river runoff will initially increase in winter or spring but eventually

decrease as a result of loss of ice resources (Rees & Collins, 2006;

Ramamasy & Baas, 2007; MoEF, 2008). There will likely be unfavourable

consequences for downstream agriculture in Bangladesh where this water

is relied upon for irrigation (IPCC, 2007a; MoEF, 2008).

o Exacerbating this problem during the dry months is the combination of

the expected decline in precipitation with increased évapotranspiration as

a result of warming temperatures. To supplement losses in surface water a

greater dependence on groundwater for irrigation may lead to further

reduction in its level, leading to ingress of sea water in coastal areas

making the sub-surface water saline (Shah et al, 2003; IPCC, 2007a;

Ramamasy & Baas, 2007; MoEF, 2008).
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o Due to increases in sea-level, Bangladesh is especially susceptible to

increasing salinity of the groundwater, as well as surface water resources

(CCC, 2007). Average global sea-level rise over the second half of the 20th

century was 1.8 ± 0.3 mm/yr, and sea-level rise of the order of 2 to 3

mm/yr is considered likely during the early 20th century as a consequence

of global warming (IPCC, 2007a). Even under the most conservative

scenario, sea level rise is expected to be about 40 cm higher than today by

the end of the 21st century. This rise could flood the residence of millions

in the low-lying areas of Bangladesh. By 2050, it is estimated that more

than 1 million people will be directly affected by sea-level rise in each of

the Ganges, Brahmaputra, and Meghna deltas in Bangladesh (IPCC,

2007a; MoEF, 2008).

• Land Cover:

o Coastal erosion of the major deltas will be caused by sea-level rise,

intensifying extreme events (e.g. storm surge) due to climate change, and

excessive pumping of groundwater for irrigation. Increased flow in rivers

is expected to cause high rates of sedimentation leading to further erosion

of riverbanks and islands (CCC, 2007; IPCC, 2007a).

o Crop yield projections indicate that yields could decrease up to 30% in

South Asia, even with the positive physiological effects of CO2 taken into

account (IPCC, 2007a). As a consequence of the combined influence of

fertilization effect and the accompanying thermal stress and water

scarcity, production of rice and wheat in Bangladesh might drop by 8%

and 32%, respectively, by the year 2050 (IPCC, 2007a).
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o Higher temperatures and longer growing seasons could result in increased

pest populations in the temperate regions of Asia, which include the

northern latitudes of Bangladesh (IPCC, 2007a; Ramamasy & Baas, 2007).

• Socio-Economie:

o Global burden (mortality and morbidity) of diarrhoea and malnutrition

attributable to climatic-change are already the largest in South-East Asian

countries, including Bangladesh. Warmer sea-surface temperatures along

coastlines of South Asia would support higher phytoplankton blooms.

These blooms are excellent habitats for survival and spread of infectious

bacterial diseases, such as cholera (MoEF, 2008).

o Precipitation increases, frequent floods, and sea-level rise in the future,

will degrade the surface water quality flowing to more pollution and,

hence, lead to more water-borne infectious diseases, such as dermatosis,

cardiovascular diseases, and gastrointestinal disease (Ramamasy & Baas,

2007; IPCC, 2007a; MoEF, 2008).

o The population of Bangladesh is expected to grow by approximately 130

million people over the next 50 years. Population growth, particularly in

countries with already high population densities, is inextricably associated

with the increasing pressure on the natural resources and the environment

as the demands for goods and services expand (MoEF, 2006). As a result

of this growth, climate change will exacerbate the present environmental

conditions in Bangladesh that give rise to land degradation, shortfalls in

food production, rural poverty, and urban unrest (IPCC, 2007a).
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5·3· Potential Evapotranspiration

5.3.1. Saskatchewan

The Thornthwaite method for determining PET is heavily dependent on the

temperature variable, as such the trends seen in PET projections are similar to

those of temperature. For Regina, the mean annual PET projections for each

GCM (scenario AiB) can be seen in Figure 5.13. Each GCM projects increased

PET from 1971 - 2000 to 2071 - 2100 with increases between the means of these

periods ranging from 15 - 33%, as seen in Table 5.3. Evaluating the CGCM3.1

scenarios (Figure 5.14), the PET projection of the A2 scenario increases at the

highest rate of those considered and for the period of 2071 - 2100 reached a mean

annual PET increase of 22%, as seen in Table 5.3. For the same period, the Bi

scenario projects a decline in PET beyond the 2060s but still reaches an increase

of 12% over the observed period. For the period 2041 - 2070, the COMMIT

scenario projects the mean annual PET to rise 5.5% over the observed period

mean.
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GCM Total Annual PET Projections (201 1 - 2100) for Regina, Saskatchewan
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Figure 5.13 - Regina, GCM Comparison of PET Projections

CGCM3.1 Scenario Projections (201 1 - 2100) of Total Annual PET for Regina, Saskatchewan
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Figure 5.14 - Regina, Scenario Comparison of PET Projections
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5·3·2. Bangladesh

For Dhaka, the mean annual PET projections for each GCM (scenario AiB) can be

seen in Figure 5.15. The four models evaluated produced similar projections for

PET between 1971 - 2000 and 2071 - 2100. Increases between the annual means

of these periods ranged from 19 - 23%, as seen in Table 5.3. Evaluating the

CGCM3.1 scenarios (Figure 5.16), the PET projection of the A2 scenario increased

at the highest rate and for the period of 2071-2100 reached a mean annual PET

increase of 27%, as seen in Table 5.3. While still the lowest projection, the Bi

scenario produced a trend of continuous PET increase through the coming

century, unlike for Regina. For the period 2041 - 2070, the Bi scenario increase
was 13% over the observed period. For the period 2041 - 2070, the COMMIT

scenario projects the mean annual PET to rise 4.0% over the observed period
mean.

The Thornthwaite method was found to perform well for the region of

Bangladesh. According to the Ministry of Environment and Forests of

Bangladesh (2006) the average évapotranspiration across the country was 1320

mm in the year 2000. For the data assembled for this research, the average PET

found using the Thornthwaite method was approximately 1250 mm, a difference
of less than 6%.
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GCM Total Annual PET Projections (201 1 ¦ 21 00) for Dhaka, Bangladesh
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Figure 5.15 - Dhaka, GCM Comparison of PET Projections

CGCM3.1 Scenario Projections (201 1 - 21 00) of Total Annual PET for Dhaka, Bangladesh
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Figure 5.16 - Dhaka, Scenario Comparison of PET Projections
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According to the IPCC, while in Saskatchewan and Bangladesh annual

precipitation is projected to increase over the next century, increased saturation

vapour pressure is also projected to increase. This can yield greater evaporation

which can offset the increases in precipitation and the regions may experience

net surface drying as a result.

5.4. Aridity Index

5.4.1. Saskatchewan

The maps for the aridity index and areas at risk of desertification are based on the
GCM scenario data assembled for this research that most closely matched the

MMD average projection of the 21 models evaluated by the IPCC. These average

projections are described in Section 5.2. For the period 2071 - 2100, projections
were evaluated for stations across Saskatchewan and Bangladesh and the

HadGEMi-AlB and HadGEMi-A2 scenarios were found to most closely match

the MMD average for the two regions, respectively. Also, the fall season for

Saskatchewan and the dry season for Bangladesh were used as projections for

these seasons provided the most conspicuous changes.

For the observed period of 197 1 - 2000 the climate of Saskatchewan in the fall is

largely semi-arid in the south-west progressing to humid in the north-east, as

indicated in Figure 5.17. For this period the climate is almost entirely semi-arid in

the summer and semi-arid to dry sub-humid in the spring. By the period 2041 -
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2070, the semi-arid and dry sub-humid regions in the fall are projected to

increase in area by 25 and 50%, respectively. The humid region, largely covering

northern Saskatchewan, is projected to decrease in area by 90%. These changes

represent those for Saskatchewan as well as the surrounding area according to
the coordinates of Table 8.4. The changes in the climatic conditions for

Saskatchewan can be seen in Figure 5.18.
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5·4·2. Bangladesh

For the observed period of 1971 - 2000 the climate of Bangladesh in the dry

season is entirely semi-arid, as seen in Figure 5.19. As a result of greatly increased

precipitation in the pre-monsoon and monsoon seasons, for these seasons the
climate is no less than humid in Bangladesh with the degree of humidity

increasing from west to east across the country. By the period 2041 - 2070, the

north-west region of Bangladesh is expected to become arid, as seen in Figure

5.20. The area described by the arid climate was a 15% increase from the

observed period. These changes represent those for not only Bangladesh but also

the surrounding area according to the coordinates Table 8.4.

As Bangladesh is a relatively small region, compared to one the size of
Saskatchewan, it covers a smaller range of latitude and longitude and as such

there is little variation in the climate across the country. For this reason, and due

to the classes of the AI, the maps of the AI for Bangladesh present the country as

having a uniform climate in terms of aridity, or moisture level. This is evident in

Figure 5.19. While there is, indeed, variation across the country (for instance the

east is generally wetter than average while the west is drier), the differences for

seasonal or annual averages are not enough to describe the Bangladesh climate

by multiple classes of the AI, unlike Saskatchewan.

Additional maps of the AI, for mean annual aridity, for the four time periods
assessed for this research can be seen in Section 8.5. The issue of large
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instantaneous increases in the GCM projections of precipitation assembled for

this research, as described in Section 5.2.2, is evident between Figure 8.7 and

Figure 8.8 for Saskatchewan, and between Figure 8.11 and Figure 8.12 for

Bangladesh. For each region the levels of aridity appear greatly reduced for the

period 2011 - 2040, relative to 1971 - 2000, where increased temperatures might

suggest aridity should increase for this period. This is a result of the precipitation

projections for both regions being extraordinarily higher than the observed

precipitation, which more than off-set the projected increases in temperature.
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5·5· Areas at Risk of Desertification

5.5.1. Saskatchewan

By implementing the methodology described for this research the following maps
of areas at risk of desertification in Saskatchewan and Bangladesh were

produced. The scenario for which these maps were produced is explained in
Section 5.4. The areas at risk of desertification have been classified by values

ranging from 1 to 10. This classification system was also used for the production

of the index maps, upon which the overall maps of areas at risk of desertification

were based. The aggregated maps of each index can be seen in Section 8.5, for the

climate or aridity index maps, and Section 8.6, for the remaining index maps.

As a result of time and resource constraints, climate, represented through the

aridity index, was the only indicator used in this research for which future trends

were evaluated. Climate, in addition to population, is one of few possible

indicators for which intensive projections of future scenarios have been

produced. However, as a supplement to the trends of desertification produced

based on climate projections alone, simple projections of other indicators, and

the resulting integrated index and final maps, have been produced for

comparison. These maps are provided in Appendix 8.7.

Climate was also considered one of the six indices that were aggregated to form
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the final map of areas at risk of desertification. As each of the six indices were
assumed to have equal influence in contributing to the risk of desertification, the

characteristics of any one index could represent no more than i/6th of the overall

risk. As such, even with large changes in the trends of a given index, the impact of

those changes on the overall map of desertification will not be as significant. As
the climate has influence over many of the indicators used for this research, it

may have been reasonable to assume that the climate index should have had

greater weighting in the production of the overall maps. However, as no basis for

a quantifiable increase in the weighting could be found, to avoid further

subjectivity, the individual features were assumed to have equal weighting.

The areas at risk of desertification in Saskatchewan can be seen in Figure 5.21.

The area with the highest risk was found to be in the south-west region in the
area of the South Saskatchewan River. At peak values of 2.5 to 3.5, areas of this

region were found to be at the highest risk of desertification between

Saskatchewan and Bangladesh. Reasons for this may be attributed to the higher

levels of aridity, low surface water density, above average soil pH levels, a short

growing season, high occurrence of cropland and pasture coupled with a lack of

high density vegetation coverage across the region. For the observed period the
areas at risk of desertification remains high throughout most of Southern

Saskatchewan, gradually decreasing towards the east. At mid-latitudes the risk

level reaches average or better values (5 or greater) as this is the region of
Saskatchewan where the occurrence of high density vegetation coverage, such as

forests, is greatest. At high latitudes, the risk level is again high as the area

189



covered by forests is replaced with lower density vegetation and barren tundra.

By the period 2041 - 2070 the area with the highest level of risk in Saskatchewan
remains the same as it is still described by a semi-arid climate in the fall season,

see Figure 5.22. However, in accordance with the increasing levels of aridity

across the province, as seen in Figure 5.18, the area at higher risk of

desertification by mid-century spreads further east and north where higher levels

of risk nearly cover the area of the Saskatchewan River watershed in the province.

The regions in the north-west and along the western border of Saskatchewan also
increase in their level of risk of desertification.
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5·5·2. Bangladesh

The areas at risk of desertification in Bangladesh can be seen in Figure 5.21. The

areas with the highest risk were found to be in the north-west region of the

country, just north of Dhaka and along the coast where the Brahmaputra River

meets the Bay of Bengal, see Figure 5.23. Reasons for the higher levels of risk in

these regions may be attributable to:

• High population density across the country,

• Lack of high-density vegetation in each region, being more evident along
the coast,

• High livestock density and occurrence of cropland north of Dhaka and in

the north-west,

• Lower levels of moisture in the north-west,

• Lower levels of soil moisture storage north of Dhaka, and

• Lower surface water (freshwater) density and organic matter content of

soil along the coast.

The peak values of risk for these regions are in the range of 3.5 to 4, which being

lower than the average reflects that there are regions in Bangladesh which are

susceptible to desertification, according to the methodology of this research. As

reflected in the description of expected impacts of climate change in Bangladesh,

it is clear there are many regions of the country that are vulnerable to changes in
the conditions of the environment. For the observed period the level of risk of
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desertification remains average throughout most of the country with the largest

region of low risk being the south-east. This is likely due to higher levels of high

density vegetation coupled with decreased population, livestock density and

agricultural production due to the topography.

As a result of the reliance of future projections of the areas at risk of

desertification on climate, the majority of the risk level across Bangladesh

remains constant throughout future projections. For the period 2041 - 2070 the

only area where change in the risk level is observed is in the north-west region of

Bangladesh, see Figure 5.24. With this area described as arid by the aridity index,
from semi-arid in the observed period, the level of risk of desertification

increased for the region.
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6. CONCLUSION

Desertification, or land degradation, is now recognized to be one of the major

environmental problems for the 21st century. As the population in many of the

world's arid, semi-arid, and dry sub-humid regions continues to grow, the

pressure on the water availability and biomass production in these landscapes
will become exacerbated. For this reason, assessment of the status of

desertification processes is essential for a village, province, or nation to make
informed decisions on the investments that should be made in its control.

However, there is still no agreed means of a practical and comprehensive long-

term measurement system applicable at a regional scale.

In the final stages combating desertification is a local effort. However, provincial,

regional or national assessments are useful to inform planners and decision-

makers about the general status of land degradation and where more thorough

assessments and control processes should be implemented. The methodology

described and implemented for this research was found to perform well for

identifying areas at risk of desertification at larger scales. Regions with the

highest risk of desertification were identified for Saskatchewan and Bangladesh

and, through further assessment, additional indicators and mitigation options

could be indentified for those high risk areas. For assessing areas at risk of

desertification, the methodology outlined for this research was found to have

several positive characteristics:
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• There are indicators available, such as those incorporated into this

research, which have records of data available on global scales. Through

the use of the methodology outlined for this research this allows, even with

no local data available, for an initial assessment of desertification to be

applied for any region

• If there is data available, this methodology can support an unlimited

number of indicators. This allows for a thorough account of the wide

variety of processes that may contribute to desertification in any given

region.

• As the methodology is simple and straightforward it is possible to be

implemented without the need for special knowledge or training. It is only

necessary to have access to applicable data sources and, ideally, a GIS

program.

• Should the region being assessed have projected data available, beyond the

widely available GCM data, these projections would be easy to incorporate

into the assessment. While projected GCM data was the only source used

for this research, the same methodology outlined for this research could be

applied to projected data available for other indicators.

Throughout the course of this research several components of the desertification

assessment were identified as needing improvement, but as a result and time and
resource constraints were not addressed. Recommendations for further research

are:
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• For assessing future trends in desertification, ideally more than one

indicator with projected data should be incorporated into the research.

This would provide a more thorough assessment of the areas at risk of

desertification that are changing over time. These indicators for which

projected data are used will ideally have individually been the focus of

research to ensure quality data is used in the desertification assessment.

However, for many of the indicators used in this research, widely available

projected data was limited spatially and temporally. While for this
research, time and resource constraints prevented the use of more than

GCM projected data, climate is an important indicator of desertification

and should be included in any assessment.

• Through the course of this research, it was discovered that in order to

obtain estimates of aridity for winter months in Saskatchewan, the

combination of the Thornthwaite PET method and the AI may not be

feasible. There is issue wherever mean monthly temperature is below zero

as the Thornthwaite PET method assumes PET for these months to be

zero. Then, incorporating these values of zero into the AI (P/PET) a value

of aridity cannot be determined. While, perhaps, contributions to

desertification would be small or negligible during such cold months, it

may still be desirable to obtain an assessment of aridity. Therefore, it is
recommended, where the necessary data is available, a more versatile PET

method (e.g. Priestley-Taylor or Hargreaves) be used to compute PET for

regions of such low temperatures. Where data is limited, a different

method of determining aridity may be also be desirable.
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• One of the most prominent drawbacks of the methodology implemented

for this research is the level of subjectivity present in assigning a weighting

for the indicator classes that represents their relative risk of contributing

to desertification. While a variety of studies have been conducted for the

assessment of desertification using weighted indices, publication of the

weighting scales or reasoning in uncommon. It is recommend that further

research into this methodology be conducted in developing a database

containing weighting scales for a variety of indicators and indices, and

reasoning for their assignment. This database would ideally be broken

down into a variety of regions, beginning at a large-scale with widely

applicable indicators. The weighting scales developed in available research

would be assessed, ideally by an expert on the applicable indicators, and as

further research and studies are developed the database would be updated

and refined to include more specific regions and indicators.

• Many studies that claim to be assessments of desertification incorporate

only one or few indicators. As desertification can be influenced by a wide

variety of processes it is recommended that a large number of indicators

(greater than 10) be used. When assessing the status of desertification, as

it was defined for this research, is an objective a large number of indicators

will provide a more comprehensive assessment. In addition, this collection

of indicators should be integrated into a collection of indices. This process

prevents a large number of indicators related to any one component of

desertification (such as soil quality) from having a dominant influence on
the overall assessment of desertification.
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8. APPENDIX

8.1. Meteorological Stations

Table 8.1 - Saskatchewan Meteorological Stations

Saskatchewan Meteorol ogical Stations

Name Province
Longitude
m

Latitude
M

Elevation
M

Available
Record

Abbey SK -108.78 50.70 695 1956-2007
Amulet SK -104.73 49.62 728 1970-2002
Aneroid SK -107.30 49.72 754 1916-2005
Assiniboia SK -105.97 49.73 724 1915-2007

Aylsham SK -103.80 53.20 362 1968-2005

Beechy SK -107.30 50.82 660 1926-2007

Big River SK -107.03 53.83 503 1962-2000

Biggar SK -107.98 52.07 671 1917-2005
Birch River MB -100.92 52.52 268 1970-2000
Broadview A SK -102.53 50.25 620 1938-2007
Buffalo Narrows SK -108.47 55.85 423 1968-2007
Butte St.Pierre SK -109.20 53.45 572 1955-2007

Ceylon SK -104.60 49.47 713 1922-2002

Claydon SK -109.10 49.13 975 1971 -2007
Cluff Lake SK -109.52 58.37 330 1971 -2000
Coderre SK -106.37 50.13 685 1946-2007
Cold Lake A AB -110.28 54.42 541 1953-2008

Collins Bay SK -103.70 58.18 492 1971 -2007
Coronach SK -105.52 49.12 773 1971 -2007
Cote SK -101.78 51.52 450 1970-2006
Cree Lake SK -107.13 57.35 495 1970-2000

Cupar SK -104.27 50.85 556 1 956 - 2007
Davidson SK -105.98 51.27 619 1922-2005
Duval SK -104.87 51.18 584 1957-2007

Eastleigh SK -106.18 50.28 709 1958-2007

Estevan SK -103.07 49.20 566 1 899 - 2007
Fertile SK -101.45 49.33 511 1 969 - 2007
Flin Flon MB -101.88 54.77 320 1 927 - 2007

Fort Chipewyan AB -111.12 58.77 232 1967-2007

Fort McMurray A AB -1 1 1 .22 56.65 369 1944-2007

Fort Reliance NWT -109.17 62.72 166 1948-2007
Fort Smith A NWT -111.96 60.02 205 1943-2008
Golden Prairie SK -109.80 50.18 747 1971 -2007

Good Spirit Lake SK -102.67 51.50 484 1965-2007

Harris SK -107.58 51.73 578 1922-2006
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Hillmond SK -109.72 53.43 587 1970-2007
Indian Head Cda SK -103.65 50.55 579 1885-2007
Island Falls SK -102.35 55.53 299 1929-2004
Kelliher SK -103.75 51.25 676 1951 -2007

Kerrobert SK -109.05 51.97 660 1964-2007

Key Lake SK -105.62 57.25 509 1971 -2007
Kincaid SK -107.00 49.67 739 1951 -2000

Kindersley Ky SK -109.17 51.47 683 1958-2008

Kipling SK -102.73 50.20 671 1949-2007

La Ronge A SK -105.27 55.15 379 1959-2008

Langenburg SK -101.72 50.90 517 1959-2007

Lipton SK -103.77 50.85 602 1947-2000

Look Lake Cda Epf SK -109.10 54.05 543 1951 -2005

Lynn Lake MB -101.08 56.86 357 1968-2005
Mankota SK -107.02 49.10 830 1962-2007

Maple Creek North SK -109.47 50.00 764 1951 -2007

Maryfield SK -101.52 49.83 576 1970-2005
Meadow Lake SK -108.43 54.13 481 1967-2008
Mídale SK -103.40 49.40 582 1922-2007
Moose Jaw A SK -105.55 50.33 577 1943-2007
Moosomin SK -101.67 50.13 576 1900-2000

Nipawin 2 SK -104.02 53.35 358 1927-2005
Nokomis SK -105.00 51.52 524 1922-2007
North Battleford A SK -108.26 52.77 548 1942-2007
Outlook Pfra SK -107.05 51.48 541 1952-2007
Oxbow SK -102.12 49.32 572 1949-2007

Pasquia Project MB -101.53 53.72 262 1956-2005

Paswegin SK -103.92 51.98 533 1921 -2005

Pilger SK -105.15 52.42 552 1911 -2007
Prince Albert A SK -105.67 53.22 428 1 942 - 2007

Regina A SK -104.67 50.43 577 1883-2007
Rocanville SK -101.55 50.47 479 1968-2007
Saskatoon A SK -106.72 52.17 504 1892-2007
Scotstown SK -109.40 52.38 685 1962-2007
Shaunavon 2 SK -108.42 49.65 914 1 971 - 2003

Stony Rapids SK -105.83 59.25 225 1960-2007
Swift Current Cda SK -107.73 50.27 825 1 959 - 2007
The Pas MB -101.10 53.97 270 1943-2008
Treelon SK -108.38 49.00 902 1971 -2007

Tugaske SK -106.30 50.88 607 1922-2007

Uranium City SK -108.48 59.57 318 1953-2000
Val-Marie SK -107.85 49.37 808 1937-2007
Waseca SK -109.40 53.13 638 1907-2007
Waskesiu Lake SK -106.08 53.92 532 1934-2007
Watrous SK -105.47 51.67 541 1953-2007

West Poplar River SK -106.38 49.00 876 1956-2002
Whitesand Dam SK -103.15 56.23 344 1937-2004
Whitewood SK -102.27 50.35 598 1902-2007

2l6



Wynyard SK -104.20 51.77 561 1939-2005
Yellow Grass SK -104.18 49.82 580 1911 -2007
Yorkton A SK -102.47 51.27 498 1941 -2005

Table 8.2 - Bangladesh Meteorological Stations

Bangladesh Meteorological Stations
Name Longitude Latitude Elevation (m) Available Record
Barisal 90.370 22.720 1949-2004
Bhola 90.650 22.680 1966-2004

Bogra 89.370 24.850 18 1 948 - 2004

Chandpur 90.700 23.230 1 964 - 2004

Chittagong 91 .820 22.350 33 1 949 - 2004
Comilla 91.180 23.430 1 948 - 2004
Cox's Bazar 91 .970 21.450 1948-2004
Dhaka 90.380 23.780 1953-2004

Dinajpur 88.680 25.650 38 1948-2004

Faridpur 89.850 23.930 1948-2004
Feni 91 .420 23.030 1971 -2004

Hatiya 91.100 22.450 1966-2004
lshurdi 89.030 24.150 13 1961 -2004
Jessore 89.330 23.200 1948-2004

Khepupara 90.230 21 .980 1971 -2004
Khulna 89.530 22.780 1948-2004

Madaripur 90.180 23.170 1971 -2004

Maijdi Court 91.100 22.870 1952-2004

Mymensingh 90.420 24.730 18 1948-2004
Patuakhali 90.330 22.330 1971 -2004

Rajshahi 88.700 24.370 20 1964-2004

Rangamati 92.150 22.630 69 1957-2004

Rangpur 89.270 25.730 33 1955-2004
Satkhira 89.080 22.720 1948-2004
Sitakunda 91.700 22.630 1971 -2004

Srimangal 91.730 24.300 22 1948-2004

SyI het 91.880 24.900 34 1956-2004
Teknaf 92.300 20.870 1971 -2004
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8.2. GCM Information

Table 8.3 - GCM Scenario Primary Driving Forces

SRES Scenario Driving Forces
Family A1 A2 B1

Scenario Group | Unit 1990 A1F1 A1B A1T A2 B1

Projected Surface Warming*
Best Estimate 0C at 2090-

2099 relative
to 1980-1999

Year 2000
-0.6

2.8 2.4 3.4 1.8

Likely Range 0C at 2090-
2099 relative
to 1980-1999

Year 2000
-0.3-0.9

2.4-
6.4

1.7-
4.4

1.4-
3.8

2.0-
5.4

1.1 -
2.9

Projected Sea-Level Rise*
Likely Range m at 2090-

2099 relative
to 1980-1999

0.26-
0.59

0.21

0.48

0.20

0.45

0.23

0.51

0.18

0.38

Primary Driving Forces*
Population Billion 5.3

2020 7.6 7.5 7.6 8.2 7.6
2050 8.7 8.7 8.7 11.3 8.7
2100 7.1 7.1 15.1

:G?2~World GDP 10'
1990US$/yr

21

2020 53 56 57 41 53

2050 164 181 187 82 136
2100 525 529 550 243 328

Per Capita
Income Ratio

Developed
Countries and
economies in
transition (Annex-
I) to developing
countries (Non-
Annex-I)

16.1

2020 7.5 6.4 6.2 9.4 8.4
2050 2.8 2.8 2.8 6.6 3.6

2100 1.5 1.6 1.6 4.2 1.8

Secondary Driving Forces**

Final Energy
Intensity

2020
2050
2100

10bJ/US$ 16.7

9.4
6.3

9.4
5.5
3.3

837
4.8
2.3

12.1
9.5
5.9

8.8
4.5
1.4
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Primary Energy 10 J/yr
GG8?

351
2020 669 711 649 595 606

2050 1431 1347 1213 971 813

2100 2073 2226 2021 1717 514
Share of Coal in
Primary Energy

% 24

2020 29 23 23 22 22
2050 33 14 10 30 21

2100 29 53
Share of Zero
Carbon in
Primary Energy

18

2020 15 16 21 21
2050 19 36 43 18 30
2100 31 65 85 28 52

GHG, SO2, and Ozone Precursor Emissions*
Carbon Dioxide,
fossil fuels

GtC/yr

2020 11.2 12.1 10 11 10
2050 23.1 16 12.3 16.5 11.7

2100 30.3 13.1 4.3 28.9 5.2

Carbon Dioxide,
land use

GtC/yr 1.1

2020 1.5 0.5 0.3 1.2 0.6
2050 0.8 0.4 0.9 -0.4
2100 -2.1 0.4 0.2

Cumulative
Carbon Dioxide,
fossil fuels

GtC

2100 2128 1437 1038 1773 989
Cumulative
Carbon Dioxide,
land use

GtC

2100 61 62 31 89
Cumulative
Carbon Dioxide,
total

GtC

2100 2189 1499 1068 1862 983

Sulfur Dioxide MtS/yr 70.9
2020 87 100 60 100 75
2050 81 64 40 105 69

2100 40 28 20 60 25

Methane MtCHVyr 310
2020 416 421 415 424 377

2050 630 452 500 598 359

2100 735 289 274 889 236

Nitrous Oxide MtN/yr 6.7
2020
2050
2100

9.3
14.5
16.6

7.2
7.4

6.1
6.1
5.4

9.6

__12_
16.5

8.1
8.3
5.7
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CFC/HFC/HCFC I MtC equiv/yr 1672
2020 337 337 337 292 291
2050 566 566 566 312 338

2100 614 614 614 753 299
PFC MtC equiv/yr 32

2020 42.7 42.7 42.7 50.9 31.7
2050 88.7 88.7 88.7 92.2 42.2

2100 115.3 115.3 115.3 178.4 44.9

SF6 MtC equiv/yr 37.7
2020 47.8 47.8 47.8 63.5 37.4
2050 119.2 119.2 119.2 104 67.9
2100 94.6 94.6 94.6 164.6 42.6

CO MtCO/yr 879

2020 1204 1032 1147 1075 751
2050 2159 1214 1770 1428 471
2100 2570 1663 2077 2326 363

NMVOC Mt/yr 139
2020 192 222 190 179 140

2050 322 279 241 225 116

2100 420 194 128 342 87
NOx MtN/yr 30.9

2020 50 46 46 50 40
2050 95 48 61 71 39
2100 110 40 28 109 19

* From: IPCC. (2007). Synthesis report. In A. Allali, R. Bojariu, S. Diaz, I.

Elgizouli, D. Griggs, D. Hawkins, O. Hohmeyer, B. P. Jallow, L. Kajfez-Bogataj, N.

Leary, H. Lee, & D. Watt (Eds.), an Assessment of the Intergovernmental Panel

on Climate Change for the Fourth Assessment Report.

** From: IPCC. (2000). Emission scenarios. A Summary for Policymakers

published for the Intergovernmental Panel on Climate Change.
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8.2.1. GCM Data Acquisition Process: CCCma

The following is the process necessary to download data from the CCCma website
as it existed in June, 2009.

• From the CCCma homepage (In English,

http://www.cccma.ec.gc.ca/eng_index.shtml) select the 'Data' link on the
left sidebar. This leads to the data available for each model. For more

information on each model select the 'Models' link.

• On the 'Data' page is a list of the models developed by the CCCma, select

the model of interest (for this research, CGCM3).

• On the 'CGCM3' page, or the model output page for whichever scenario is

a list of each scenario for which there are data available under this model.

The CGCM3 model has been run under two resolutions, T47 and T63. The

T63 is desired as it has a higher resolution. Select the scenario of interest.

The process beyond this point is the same for each scenario and thus needs

to be repeated for each scenario of interest.

• On the 'Model Output' page, for whichever scenario was selected, exists

the option between selecting specific regions from an interactive web

server or, downloading a global NetCDF file. This research was concerned

with two specific regions so the interactive web server was used. As the
area of interest is over land and monthly data were obtained for the

observed records, the 'Monthly' option under 'Atmosphere/sea-ice model
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output' is selected.

• On this page of the 'Atmosphere model monthly output' should be the
interactive web server as shown in Figure 8.1 below. The map shows a grid

broken up by vertical and horizontal lines according to the resolution of

the model. The centre of each grid square on the map is a data point that

represents the average conditions within the grid square. To select the

region of interest on the map the coordinates ofthat region need to be
known.

o The actual coordinates of Saskatchewan and Bangladesh used for

this process can be seen in Table 8.4. However, to ensure that the

entire region of interest is included in your selection it may be

desirable to select a region slightly larger, these download

coordinates can also be seen in Table 8.4.

Under step 1 of this web page, select a region on the map by clicking once on

the map to establish the top left corner and clicking a second time to establish

the bottom right corner. Continue this process until the desired area is
selected.
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ESTHER use the image map below...
Select the corner, click on the map and wait until the map is reloaded. The selected region
is highlighted.
Mouse click on the map will change the coordinates of the...
T upper left corner O upper right comer

I1=I j2=64 (0.00E 87.86N) I2=I 28 J2=64 (2.81 W 87.86N)
O lower left corner O lower right corner

I1=I J1=I (0.00E 87.86S) l2=128 J1=I (2.81W87.86S)
Grid resolution: 128 grid cells (Ion.) by 64 grid cells (lat.) (approx. 2.81° ?
2.81°)

Latitudes are numerated from South to North.

Longitudes are numerated eastwards from the Greenwich meridian.
The selected region may overlap the Greenwich meridian.

OR specify your own coordinates... Lower left: h =h |J1 = |1
To preview the selected region press the Update ~zzzz::; z=zregio» button. Upper right: (2= ¡128 i J2= [64_

Reset default values Update region

Figure 8.1 - CCCma Interactive Web Server
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Table 8.4 - GCM Data Coordinate Boundaries

Actual Coordinates
North South East West

Saskatchewan 59.99 49.00 '. , '.

Bangladesh 26.62 20.74 92.67(E) 88.04(E)
Download Coordinates

98 44 1 1 2 50Saskatchewan 62.79 46.04 ' . "

Bangladesh 29.3 18.14 95.62(E) 84.38(E)

Under step 2 of this web page the variable of years of interest are selected.

This process has to be completed for each variable of interest.
o To be consistent with the observed meteorological data, for this

research only precipitation flux (pr) and near surface daily mean

temperature (tas - 2m) are needed.

Scroll to the variable desired and click on it to select. Enter the years of

interest.

Under step 3 the Username and Password obtained when registering to
download data from the CCCma needs to be entered. Fill out the

registration form to obtain a Username and Password. Once they are
entered click on the icon for 'Download data'

On the 'Dataset Summary' page is a summary of the data selected for

download and a list of format options for the download.

o For the purposes of this research in which the data needs to be

accessed and manipulated, it was found that the ASCII E13.5 data

format in a zip archive was the most accessible, user-friendly data
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format.

Select the data format and compression method desired and then click on

the icon 'Start downloading'. Once the data are downloaded the ASCII

E13.5 formatted data can be accessed in a spreadsheet program such as

Microsoft Excel or a Notepad or Wordpad.

When using the CCCma website to download the data from their models, the

above process needs to be repeated for each model, scenario, region, variable and
time scale of interest.

8.2.2. GCM Data Acquisition Process: WDCC

The following is the process necessary to download data from the WDCC website

as it existed in June, 2009.

• From the M&D homepage (http://www.mad.zmaw.de/) select the 'WDC

for Climate' link under the 'Navigation' heading on the left sidebar. Once

expanded select the 'CERA Database' link and finally, select 'Graphical
User Interface'.

• In the main area of the web page should be a link for 'data catalogue'

which should access the interface for browsing the available GCM

experiments. Another option from the home page is to select the 'WDCC -

Browse Experiments' link under the 'Quick Links' heading. This link

provides direct access to the desired interface.
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• The WDCC interface contains three windows labelled 'Select Keyword(s)',

'Projects', and 'Experiments'. In the top left window, 'Select Keyword(s)', is

a varied list of options for which data are available including modelling

centres, models and scenarios. In the list, scroll to the desired model and

select it.

• With a model selected, in the top right window, 'Projects', will be a list of

the projects for which data from the selected model are included. For

example, if either of the CCSM3, MIROC3.2, and UKMO-HadGEMi

models is selected an option in the top right window will be the IPCC

Fourth Assessment Report ( FAR) as that report includes data from these

models. For this research the data used in the IPCC Fourth Assessment

Report was selected.

• With a project selected, in the bottom window, 'Experiments', will be a list of

the experiments or scenarios for which there are data available under that

project. Depending on the scenario there may be multiple runs available.

o A run contains the results of a processed scenario for a specified

model. Where there are multiple runs a scenario has been

processed multiple times under slightly different conditions but

which would yield slightly different results. Ideally, the data for

multiple runs would be collected and averaged but for most

scenarios the WDCC only provides one run. For this research only

one run for each scenario was collected.

Select a desired scenario and run and click on the icon 'Show Related

Entries' at the bottom of the interface.
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• The following webpage will provide a list of the available variables for the
selected scenario. Scroll the list to select the desired scenario.

o To be consistent with the observed meteorological data, for this

research only precipitation flux (pr) and near surface daily mean

temperature (tas - 2m) are needed.

With the scenarios selected, scroll to the page of the page and click on the

icon 'Add selected datasets to process list'.

• From the process list, click on the floppy disk icon to download the desired
data. Otherwise, details of the dataset can be found by clicking on the

name of the dataset.

• On the first webpage for the download process the download type must be

selected. If there is no specific time scale required, select 'Complete

Dataset'. If there is a specific time scale required, enter the desired years in

the appropriate locations. With the time scale selected, click on the icon

'Next' at the bottom of the page.

• On this webpage the processing options for the download must be

determined, specifically the region and file format. If less than a global

dataset is desired the geographical region must be specified. In the

appropriate locations enter the coordinates for the region of interest.

o To ensure that the entire region of interest is included in your

selection it may be desirable to select a region slightly larger. For

Saskatchewan and Bangladesh these download coordinates can be

seen in Table 8.4.
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With the region specified the file format must be selected. Options may

include NetCDF, GRID or ASCII.

o For the purposes of this research in which the data needs to be

accessed and manipulated, it was found that the ASCII data format

was the most accessible, user-friendly data format.

With a file format selected click on the icon 'Prepare Download' at the

bottom of the page.

• On the following webpage click on the icon 'Start Download'. The

download process may take several minutes or longer depending on the

connection speed and the area specified. Each data request initiates a

retrieval mechanism that transfers the data from tape to disk; this transfer

process also impacts the waiting time.

When using the WDCC website to download the data from the available models,

the above process needs to be repeated for each model, scenario, region, variable
and time scale of interest.

8.2.3. Formatting Data

The data downloaded from the CCCma and WDCC websites was in the same

format, ASCII. When viewed in a spreadsheet program such as Microsoft Excel or

a Notepad or Wordpad, the data format appeared as below.
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Table 8.5 - GCM Data, ASCII Format Example

GRID 199001 PCP 13 3 0 2

1.98862e+00 1.56717e+00 9.96331 e-01 1.39864e+00 2.05503e+00 1.15117e+00
2.99937e+00 4.62327e+00 2.661 30e+00

GRID 199002 PCP 13 3 0 2

3.74537e+00 2.85273e+00 1.90697e+00 3.78599e+00 4.46744e+00 3.33403e+00
3.39565e+00 9.6991 5e+00 6.72039e+00

GRID 199003 PCP 13 3 0 2

4.78988e-01 7.55478e-01 9.68703e-01 7.04572e-01 8.13284e-01 2.49777e+00
2.30391 e+00 4.52705e+00 3.84020e+00

The data, as above, are in ASCII format, containing for each time step a header

followed by data values where:

• Heading lis the type of the data (GRID),

• Heading 2 is the time step (YYYYMM for monthly data),

• Heading 3 is the variable label,

• Heading 4 is the level,

• Heading 5 is the X-dimension of the data array (number of longitudes for

lon/lat data),

• Heading 6 is the Y-dimension of the data array (number of latitudes for

lon/lat data),

• Heading 7 is 0 for data at lon/lat grid, 1 for data at northern polar

stereographic grid and 2 for data at southern polar stereographic grid, and

• Heading 8 is the packing density of the original binary data, (CCCma,
2008).
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The centre of each grid square selected in the region of interest is a data point

that represents the average conditions within the grid square. In the example
above there are 9 data points for each time step meaning there were 9 grid

squares in the region of interest. For Saskatchewan and Bangladesh the number

of data points ranged from 25 to 90 depending on the region and model. As

Bangladesh is smaller fewer data points covered the desired area and the models

with higher resolution produced more data points. To make the calculations of
PET, downscaling and AI simpler, the data had to be re-formatted. A brief outline

ofthat formatting process is as follows:

1. When the data were imported into a spreadsheet program (Microsoft

Excel was used for this research) the data points for each time step

appeared in the same cell. The data points were separated into different

cells and the data for each time step were arranged into one row.

2. For greater convenience, the data for each month was separated into

individual worksheets. This was done to reduce the amount of data per

worksheet and make it easier to analyze the data of individual months.

3. The downloaded GCM data of precipitation flux and near surface daily

mean temperature were in the units of kg/m2/s and 0K, respectively. These
units were converted into the more common formats of mm/month for

precipitation and 0C for mean monthly temperature.

With the above three processes complete, each of the downloaded datasets is

contained in a separate spreadsheet file with 12 worksheets, one for each month.
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This means there is a spreadsheet file for every model, scenario, variable and

region. Within the worksheets of each file are rows for every year of data and a

column for every grid point the models produced within the specified

coordinates.

4. For each model the data for each scenario, both precipitation and

temperature, were combined into one file still with one worksheet for

every month.

5. As the GCM data needed to be added to a GIS program, each column of

data had to be associated with the appropriate coordinates. Based on the

ASCII format description of the CCCma (a description of how the

downloaded data points in the ASCII format are arranged according to the

selected grid region) and the grid coordinates of each model provided by
the WDCC, the data for each model were labeled with the appropriate

coordinates.

6. With the coordinates of both the meteorological stations and the GCM

data known, it was determined which grid points, for every model, is

closest to the meteorological stations. This had to be known for the

downscaling process.
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8·3· Soil Characteristics

8.3.1. Soil Group Descriptions

The descriptions of the soil groups listed below are taken from:

FAO. (1991). World soil resources: An explanatory note on the FAO World soil

resources map at 1:25,000,000 scale. Rome: Food and Agriculture Organization

of the United Nations.

FAO. (1974). FAO-UNESCO soil map of the world, vol. 1. Legend. Paris:

UNESCO.

A number soil groups are no longer in use by the above sources: Lithosols,

Rendzinas, Xerosols, and Yermosols. They have been subsumed into other soil

groups, as noted in the descriptions below.

Acrisols

Acrisols are soils developed on old land surfaces with a hilly or undulating topography in seasonally dry and
humid tropical and monsoon climates. These soils often suffer from aluminum toxicity and strong

phosphorus fixation. In contrast to Ferralsols, they are very easily eroded, which imposes severe limitations
on their potential for agriculture. Acrisols globally cover some 1000 million ha, and are the most extensive
soils in the humid as well as in the seasonally dry tropics. Acrisols have poor chemical and physical

properties, and, therefore, preservation of the surface soil is imperative.

Alisols

Acidic, infertile soils of humid (sub) tropical and warm temperate areas. In Alisols the intense weathering

process of parent materials, resulting in the dominant formation of kaolinitic clay, is at a stage where
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smectitic or illitic clays are being degraded. The acidity and aluminum toxicity ofAlisols pose specific

chemical problems. Their physical characteristics, too, are unfavourable. Low structural stability of the
surface horizon results in slaking and a reduced permeability and internal drainage. In general these soils

are more prone to erosion than Acrisols, and much more so than Ferralsols.

Andosols

Andosols are soils developed in volcanic ash, tuff, pumice and other volcanic éjecta of various compositions.

The rapid weathering of the porous parent material results in an accumulation of amorphous complexes
such as allophane and imogolite. These soils are further characterized by their high porosity, high
permeability and high aggregate stability. They have generally a large moisture storage capacity and are rich

in nutrients if not extremely leached. The total extent ofAndosols is estimated at about no million ha,
concentrated in the circum-Pacific region corresponding with areas where volcanoes and earthquakes are
common.

Anthrosols

Soils modified by deep plowing, continuous irrigation, intensive fertilization, or intentional flooding, e.g. wet
rice cultivation.

Arenosols

Soils developed in sands. The most abundant sandy parent materials are wind-blown sands on the margins
of deserts, or former deserts, in tropical and sub-tropical as well as arid regions. Arenosols are very

permeable soils and their storage of available water is generally low within the normal rooting depths of
crops. Their surface horizon is often pale and poor in organic matter. Their inherent fertility status is low but
they are easy to till and tend to form a dry surface quickly, which protects soil moisture against evaporation.

For these reasons they are often preferred over more heavy soils for agriculture in semi-arid regions.

Calcisols

Soils with a calcium carbonate accumulation. The most prominent feature of Calcisols is the translocation of
calcium carbonate from the surface horizons to an accumulation layer at some depth. Calcisols are estimated

at approximately 800 million ha, mainly concentrated in arid and Mediterranean climates, where they are
the most extensive soils. Most Calcisols have a medium to fine texture and a good water holding capacity.

They are generally well drained. They are also potentially fertile soils, as they are rich in mineral nutrients,

but the high calcium contents are not favourable for many crops, and the high Ca content may also result in
iron and zinc deficiency.
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Cambisols

Soils conditioned by their limited age. Cambisols are moderately developed soils characterized by slight or
moderate weathering of the parent material and by absence of appreciable quantities of accumulated clay,

organic matter, and aluminum or iron compounds. Cambisols are the second most extensive soils in the
World, with an estimated 1575 million ha. Cambisols are particularly extensive in the boreal polar climate,

partly because the parent material is still young and partly because soil formation is slowed by the low
temperatures. Although their soil properties may vary widely, they generally have good structural stability,

high porosity, good water holding capacity and good internal drainage. Most Cambisols have a moderate to
high natural fertility and an active soil fauna.

Chernozems

Soils of the cold areas of the steppe. Very dark, deep, humus- and nutrient-rich soils with surface horizons

that may extend to a depth of 2 m because of the intense activity of earthworms and small burrowing
animals. Chernozems may contain 4 to 16% organic matter. Downward percolation in spring leaches
nutrients from the topsoil downwards and lime accumulates in the subsoil. Chernozems cover about 230

million ha worldwide, mainly in the middle latitude steppes of Eurasia and North America. The chemical and
physical properties of Chernozems; are very favourable: high levels of nutrients and organic matter, neutral

pH values, high porosity and a high moisture storage capacity. However, drought stress and short growing
periods limit their production potential.

Ferralsols

Strongly weathered soils of the humid tropics. Ferralsols are often developed on transported materials of old
age (Pleistocene or older) in a humid or very humid tropical climate and covered by a tropical rain forest or
semi-deciduous forest. These soils are characterized by the dominance of kaolinite clays and a residual
accumulation of iron and aluminium oxides and hydroxides, a stable soil structure, a low silt/clay ratio and a

very low content of weatherable minerals. They are deep to very deep and generally show yellowish or

reddish colours. The physical characteristics of these soils are quite favourable; because of their great depth,
high permeability and stable micro-structure they are less prone to erosion. The total area of Ferralsols is
about 745 million ha, mainly concentrated in the humid tropics (a quarter of all soils in this climate).

Fluvisols

Soils of alluvial lowlands. Soils developed in recent fluviatile, lacustrine or marine deposits, particularly in

periodically flooded places, occur in all climates and are widely distributed. Their characteristics vary from
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coarse to fine textured, from acid to alkaline, from rich to poor in nutrients. However, most Fluvisols are

fertile and are on flat, easily worked, land. Fluvisols are often wet in all or part of the profile due to the

presence of groundwater or flood water from rainfall, rivers or tides. The total area of Fluvisols is estimated
at 355 million ha in river plains (Amazon basin, Ganges plain), in deltaic areas (Nile, Ganges-Brahmaputra,
Red River, Mekong, Changiiang and Huangho) and in coastal lowlands with recent marine deposits.

Gleysols
Soils influenced by groundwater. The formation of Gleysols is conditioned by waterlogging at shallow depth

for some or all of the year. The total area of Gleysols is about 720 million ha, of which 300 million ha occurs
in polar climates in northern USSR and Alaska. These soils have a permanently frozen layer at shallow depth
and have no agricultural potential, but are important for wild life. The majority of the remaining Gleysols
occur in the lowland tropics and subtropics.

Greyzems

Soils of the coldest area of the steppe. In a narrow belt north of the zone dominated by Chernozems, the
climate favourable for a steppe-like vegetation type no longer exists and deciduous forests have invaded

former grasslands. The characteristic nutrient- and humus-rich surface horizon of the steppe soils persists
however. Greyzems extend over about 34 million ha, and have the smallest extent of all major soil groups.

Major occurrences are limited to the USSR and Canada. Most Greyzems are well drained, have a good
moisture storage capacity and a good chemical fertility. They may suffer from surface crusting and may be
seasonally very dry or very wet.

Gypsisols
Soils with gypsum accumulation. In arid regions, Gypsisols form through dissolution from calcium sulphate
contained in weathering materials (evaporites, gypsum deposits) followed by downward transport with

percolating soil moisture, and precipitation of gypsum in the subsoil. The total extent of Gypsisols is
estimated at about 90 million ha, mainly concentrated in the driest part of the arid climatic zone.

The chemical fertility of these soils is low. Their physical characteristics are often unfavourable (low

available water, slaking of loamy topsoils, solution and collapse of irrigation canals).

Histosols

Histosols are formed of incompletely decomposed plant remains. They are characterized by a thick soil

horizon that is rich in organic material. They formed mainly as a result of very low temperatures or very wet
conditions, or both, throughout the year. Under such conditions the mineralization of vegetation debris takes
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place very slowly. Most Histosols are loosely packed in their natural state, and virgin peats retain
considerable quantities of water.

Kastanozems

Soils of the drier and warmer areas of the steppe. In the dry and warmer areas of the steppe region the

natural vegetation is dominated by early ripening grasses with an organic matter content generally in the
range of 2 to 4%. Downward percolation in spring leaches nutrients from the topsoil downwards and lime
(and sometimes gypsum) accumulates in the subsoil. The total extent of Kastanozems is estimated at about

465 million ha, mainly concentrated in areas bordering deserts. Kastanozems are chemically very rich soils.
They are also susceptible to erosion, and some suffer from high sodicity.

Leptosols
Soils of eroding landscapes Eroding uplands are marked by the occurrence of the unstable rocky slopes and

outcrops of bedrock which are particularly common in high mountain areas, middle mountains and Arctic
Shield areas. Leptosols are characterized by their shallow depth (less than 30 cm of soil over hard rock or

ironpan) or by their very high gravel content. The limited soil volume makes them subject to drought, but
also to waterlogging and run-off. They constitute the most extensive soils in the World with an estimated
total area of about 1655 million ha, mostly concentrated in mountainous areas (545 million ha), desert areas

(420 million ha) and in boreal and polar climates (345 million ha).

Lithosols

Thin, rocky or stony soils.

Lixisols

Most Lixisols have probably developed in similar climates to those described for Acrisols. However the
prevailing present climate is drier and the combined influence of the dry season and the changing vegetation

results in a higher nutrient content and a higher Ph in these soils compared with Acrisols (and Ferralsols).
Lixisols cover about 440 million ha, notably in east-central Brazil, the Indian subcontinent and in west and
southeast Africa. These soils are particularly prone to erosion due to their low structural stability. Slaking

and caking of the surface soil are a serious problem.

Luvisols

These soils are characterized by clay migration from the surface soil to an accumulation horizon at some
depth. They are common in flat or gently sloping land in cool temperate regions and in warm mediterranean

zones with a distinct dry and wet season. Luvisols extend over an estimated 650 million ha, concentrated in
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the west-central USSR, the USA and central Europe. They are, in general, fertile soils because of their mixed

mineralogy, relatively high nutrient content and the presence of weatherable minerals. They are well drained

(unless a dense clay accumulation layer develops over time), porous and well aerated and have a moderate to
high moisture storage capacity.

Nitisols

Nitisols are distinguished by the migration of clay to a great depth, while at the same time a strong angular

blocky structure is formed that shows shiny pressure surfaces. These soils contain more than 35% clay but
are commonly influenced by intensive biological activity, resulting in an homogenization of the upper metre

of the soil. The high clay content of Nitisols results in somewhat better chemical properties than other
tropical soils, while their physical properties are much better, given their depth, stable structure, high water
holding capacity and permeability.

Phaeozems

Soils of the wetter and warmer steppe (prairie) regions. Phaeozems occur in more humid environments than

the other steppe soils. Consequently biomass production is higher but also the weathering and leaching is

more pronounced in these soils. Phaeozems are estimated at about 155 million ha, mainly in the North
American prairie region, the pampas ofArgentina and Uruguay and the subtropical steppe of eastern Asia.
Phaeozems are porous, well-aerated soils with stable structures, relatively rich in nutrients and make
excellent farm land.

Planosols

Planosols are soils with one or more upper horizons with relatively low clay content, abruptly overlying a

deeper horizon with considerably more clay. Planosols worldwide cover about 130 million ha, with important
concentrations in Brazil (Rio Grande do Sul), northern Argentina, South Africa and eastern Australia and

Tasmania. Chemical properties of Planosols are variable, but they generally have a moderate to low fertility
level. The main constraints of these soils are the low structural stability of the surface horizon, the

compactness of the subsoil, and the seasonal waterlogging alternating with drought stress. They are difficult
to manage or improve.

Plinthosols

Soils of the tropics and subtropics influenced by a fluctuating water table. Plinthosols are similar to other
tropical soils, but are distinguished from them by the dominant presence of an iron-rich mixture of clay and
silica (Plinthite) that irreversibly hardens into ironstone concretions and pans (laterite, petroferric layer) on
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exposure. Globally, Plinthosols are estimated at about 60 million ha, mainly in Brazil, West Africa and other
low-lying areas of the humid tropics. If the plinthite layer hardens, due to deep drainage or erosion, the

available rooting depth and the available water holding capacity of the soils diminishes. In addition, there

are frequently problems; arising from seasonal waterlogging and dry spells.

Podzols

Podzols are characterized by a horizon in which iron (and aluminum) or organic matter, or both, has

accumulated, normally underlying a bleached layer. Podzols occur generally in boreal and cold climates on

level or hilly land under heather and coniferous forest. In the humid tropics they develop exclusively in
coarse textured materials and are under open forest or savanna. The acid and water movement through the
subsoil may be impaired, leading to seasonal waterlogging alternating with drought stress. In total, Podzols
are estimated at about 490 million hectares worldwide, mainly concentrated in Scandinavia, the northwest

of the USSR and in Canada south of Baffin Bay.

Podzoluvisols

Podzoluvisols (PD-unit) are characterized by a distinct bleached, iron- and clay-depleted horizon overlying

and penetrating (tonguing into) a brownish horizon of clay accumulation. They develop on flat to undulating
plains under boreal, taiga, coniferous or mixed forest. Most of the Podzoluvisols are acid, have a low nutrient

level and their structure is easily destroyed. Rooting and uptake of water may be hampered by the dense clay
accumulation layer or by the permanently frozen layer in permafrost areas. Podzoluvisols cover about 320
million ha, mainly concentrated in a broad belt extending from Poland and western Russia to central Canada

extending westward from Baffin Bay .

Regosols (and Leptosols)
Regosols have a morphology determined by the type of parent material and the climate in which they occur.
In very cold climates, surface horizons contain poorly decomposed organic matter and the subsoil remains
permanently frozen (northern Canada and the coast of Greenland). In hot and dry climates, surface horizons

of Regosols are thin and low in organic matter. The total area of Regosols is estimated at about 580 million
ha.

Rankers

Very shallow soils (less than 2 cm).

Rendzinas

Soils with good structure overlying highly calcareous material (>40% calcium carbonate). Found mainly in
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North Africa and only in small areas. This soil group has been dropped from the more recent FAO soil group
classification.

Solonchaks

Saline soils, solonchaks are formed when evaporation greatly exceeds precipitation for at least part of the

year and where salts are present in moderate to high amounts in the parent material of the soil. This

combination of environmental conditions occurs in inland river basins, former lake bottoms and depressed

areas which collect seepage water from surrounding uplands, under a warm to hot climate with a distinct dry

season (arid climatic zone and the driest part of the Mediterranean and seasonally dry subtropics).

Solonchaks have a high salt content which limits plant growth to salt tolerant plants, because either it is

toxic, limits growth because nutrients are proportionally less available, or it creates physiological drought as

a consequence of the high osmotic pressure of the soil solution.

Solonetz

Solonetz are formed in environments with a pronounced dry season and where sodium is present in excess

over calcium, due to saline groundwater or sodium-containing minerals in the parent materials. Clay in the

topsoil is also decomposed in the high pH conditions resulting from the presence OfNa2CO3 and of
periodically low salt concentration combined with high exchangeable sodium. Solonetz occur in

environments and regions similar to those of Solonchaks (SC-unit), but are also important in colder climates

with a pronounced dry season, such as in Canada and the USSR. The total area is estimated at about 135
million ha.

Vertisols

Soils developed in expanding clays. Vertisols develop in sediments or weathered rocks that are fine textured
and form smectite clay, which swells when wet. These soils are often found in level or gently undulating
topography in climates that have distinct dry and wet seasons. Vertisols are characterized by their high clay

content. Although they have a relatively high water holding capacity, they quickly suffer from drought

periods. These are chemically rich soils, having a large reserve of nutrients and generally moderate amounts
of organic matter, even below the topsoil. The total area ofVertisols is about 340 million ha.

Xerosols and Yermosols

Weakly developed soils of arid climates but not characterized by high salinity. These soils hold very little
value for agriculture, forestry or grazing uses. These two soil groups have been dropped from more recent

FAO soil group classifications.
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8 .3 ·2 . Soil Drainage Class Criteria

The classifications of soil drainage were based on the following criteria:

i. Histolsols (O) are considered to be very poorly drained (ioo%).

2. All Gleysols and the Fluvisols with clayey topsoil textures are considered to be

partly very poorly and partly poorly drained (50% each).

3. All Planosols, and the gleyic soil units of other FAO soil groups, such as Zg, Sg,

Hg, Mg, Lg, Dg, Pg, and Ag are considered to be partly poorly drained and partly

imperfectly drained (50% each).

4. All Vertisols are considered for 2/3 of their area to be imperfectly drained, the

remainder is considered poorly drained (66% and 34% respectively).

5. Plinthic Ferralsols (Fp), Plinthic Acrisols (Ap), and Gleyic Cambisols (Bg) are

considered partly imperfectly drained and partly moderately well drained (50%

each).

6. All Arenosols (Q), non-gleyic Podzols (P) and Regosols (R) with a coarse topsoil

texture and occurring on gentle slopes (<8%) are considered to be partly

excessively, and partly somewhat excessively drained (50% each). If the same

soils occur on steeper slopes (>8%) then they are considered to be excessively
drained (100%).

7. Lithosols (I), Rankers (U) and Rendzinas (E) with sandy topsoil and when

occurring on gentle slopes are considered moderately well drained (100%). When
the same soils have loamy or clayey topsoil and occur on gentle slopes they are

considered imperfectly drained (100%). When these soils occur on steeper slopes

they are considered to be partly well drained and partly somewhat excessively
drained (50% each).

241



8. All other soils with an argic horizon such as Luvicols (L), Acrisols (A),

Podzoluvisols (D), Nitosols (N) and luvic soil units in other FAO soil groups such

as Xl, Yl, Kl, Cl and Hl when having a sandy topsoil texture and occurring on flat

(<8% slope) terrain are considered to be partly well drained and partly

moderately well drained (50% each). When these soils have a finer topsoil texture

and occur on slopes of less than 8% they are considered dominantly moderately

well drained and partly well drained (75% and 25% respectively). When these

soils occur on steeper slopes they are considered to be dominantly well drained,

partly moderately well drained and partly somewhat excessively drained (25%,

50% and 25% respectively).

9. All other soils with sandy topsoil textures occurring on flat terrain are considered

to be dominantly well drained, partly excessively and partly somewhat excessively

drained (50%, 25% and 25% respectively). When these soils are finer and occur

on flat or gently sloping terrain they are considered partly well and partly

moderately well drained (50% each). When these soils have a sandy topsoil

texture and occur on steeper slopes (>8%) they are considered to be partly

moderately well and partly well drained (50% each). When these soils are loamy

or clayey and occur on steeper slopes (>8%) they are considered to be dominantly

well drained, partly somewhat excessively drained and partly moderately well

drained (50%, 25% and 25% respectively).

10. Soils discussed under 8 and 9 above and having a Petrocalcic, Petrogypsic

Petroferric, or Duripan are less deep than the typical soil units. Therefore half of

their area is considered to have similar drainage as those considered under rule 7

(Lithisols etc.).
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8.4- NDVI Maps

Legend
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Figure 8.2 - Saskatchewan NDVI, Winter
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Legend

NDVI - Spring
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8·5· Aridity Index Maps
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8.6. Index Maps
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8.7· Indicator Projections

As recommended in Section 6, for assessing future trends in desertification,

ideally more than one indicator with projected data should be incorporated into
the research. This would provide a more thorough assessment of the areas at risk

of desertification that are changing over time. Unfortunately, for indicators other

than climate and population, widely available projected data that has been

produced through exhaustive research is limited spatially and temporally. Ideally,

many other indicators will individually become the focus of research to establish

projections over large regions. However, for many indicators projections may

only be feasible for local-scale assessments.

Unfortunately, for this research time and resource constraints prevented the use

of more than GCM projected data. As a supplement to the trends of

desertification produced based on climate projections alone, simple projections

of other indicators, and the resulting integrated index and final maps, have been

produced for comparison. These projections are largely small increases or
decreases from current conditions and are reasoned from observed trends and

expected impacts of climate change. A summary table describing the projected

changes is provided in Table 8.7. The projections were applied as multiplication

factors for the entire region of Saskatchewan and Bangladesh. The projections

were applied to the indicators, as seen in Section 4.5.2, and the integration

process, as described in Section 4.5.4, was followed to produce the index and

final maps. As the projections were applied as multiplication factors only data
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which already existed in the original maps could be manipulated, that is, only the

intensity of the data is changed, not the coverage. For example, if cropland in

Saskatchewan is expected to grow by 5% by the year 2050, application of a

multiplication factor to the current dataset will only increase the intensity of

current cropland coverage by 5%, it will not expand the area of coverage of

cropland into regions currently not described in any respect as cropland. This is a

limiting factor of this projection process, and reason why more intensive research
is needed for each common indicator to produce more reasonable projections.

Examples of several projected indicators for Saskatchewan and Bangladesh have

been provided below. From these, along with the remaining indicators for which

projections were not made, the integrated index and final maps were produced.

Examples of projected index maps and the final maps are also provided below,

for the period of 2041-2070.
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Figure 8.25 - Saskatchewan Livestock Density Projection
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Figure 8.26 - Saskatchewan Forested Land Projection
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Figure 8.27 - Saskatchewan Population Density Projection
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Figure 8.28 - Bangladesh Irrigation Projection
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Figure 8.30 - Bangladesh Population Density Projection
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Figure 8.31 - Saskatchewan Water Index Projection
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Figure 8.33 - Bangladesh Water Index Projection
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Figure 8-34 - Bangladesh Land Use Index Projection
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Figure 8.35 - Saskatchewan Areas at Risk of Desertification Projection
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Figure 8.36 - Bangladesh Areas at Risk of Désertification Projection
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