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Changes in Climate due to Land Cover Change
Abstract

Land cover change is becoming an environmental problem of global proportions and has important links with other environmental issues such as loss of species diversity, provision of food and water for a growing human population, air and water quality, the carbon cycle and climate change. Land cover change can have an influence on the climate system both through biogeochemical and biogeophysical processes. The focus in this review lies on land cover change implications for local and regional climate through biogeophysical processes. 
Recently, new simulations have shown that anthropogenic land cover change should be considered a first-order climate forcing, just as the atmospheric forcing caused by rising greenhouse gas concentrations (Feddema et al, 2005).  In some areas (e.g. Amazon) land cover change can constitute an impact on the climate comparable in sign and size to anthropogenic greenhouse warming, while in other areas both forcings can be counteracting each other. Overall, the net effect of land cover change on the global climate is difficult to assess, both because regionally different responses can cancel each other out and the course of land cover change in the future is highly uncertain.
Different techniques have been used to study the effects of land cover change on local and regional climate. Model simulations are often used to predict the effects of land cover change and to explain observed trends in regional climate systems. Time series analysis of empirical data has been used to look for predicted changes in climate. In this review, four major land cover changes are considered. Effects of (1) tropical and (2) boreal deforestation on climate have mainly been studied with coupled land-atmosphere schemes. Desertification, prominent in the Sahel (3) has been studied using an array of techniques and urbanization or urban heat islands (UHI) (4) has been documented by time series analysis.
Introduction

It has been estimated that already 33-50% of all land surfaces have been altered by human activities and these land use/land cover changes form a dilemma intimately entwined with the problem of a growing human population. On one hand, land use and land cover change is necessary to provide humans with critical natural resources and ecosystem services; on the other hand land use change is degrading the ecosystems and services that we depend upon and undermining the sustainability of these services. 
Freshwater resources are being threatened by a multitude of factors. Water quality is being impacted by eutrophication due to the overuse of fertilizers, by salinization due to irrigation practices, and further degradation ensues due to sediment and pesticide loads introduced by agricultural practices. Water quantities can also be altered. Surface runoff and river discharge generally increase when the native vegetation is cleared, but the consumption of water by agricultural activities can also lead to declining water tables, reduced river flow and even drying up of rivers. 
Large-scale agricultural practices are also impacting biodiversity. It is widely believed that species extinction rates are rapidly increasing. Species do not only suffer from a direct loss of habitat due to land cover change, but even the patch like replacement of native vegetation, known as habitat fragmentation, can have severe impacts on species. Fragmentation can lead to dispersal barriers, loss of key biotic interactions (e.g. plant pollination) and reduction in genetic variability. When habitat fragmentation becomes severe, the patch sizes can decrease below the minimum area required for a viable population. Not all species suffer from fragmentation and some species might even benefit from the increased edge effect; e.g. habitat modification is believed to enhance the transmission of some infectious diseases. 


Land-cover impacts on climate falls into two categories: biogeochemical and biogeophysical processes. Changes in land cover that bring about a change in the rate of biogeochemical cycles can affect the atmospheric composition, such as CO2 levels and its atmospheric forcing. The total yearly uptake of 
carbon by terrestrial ecosystems is 2.9 Pg/yr, but land use and land cover change acts as a source of 2.2 Pg carbon per year (Houghton, 2003).  Biogeochemical processes due to land cover change can also impact other air quality factors, e.g. tropospheric ozone is particularly sensitive to changes in vegetation cover and biogenic emissions.

 Biogeophysical processes directly affect the energy balance of the Earth’s surface, through changes in albedo, surface hydrology, vegetation transpiration and vegetation structure. Here I examine the aspect of the effect of land use change on local and regional climates through biogeophysical processes. Since land use changes are diverse, I will limit the overview to four major land cover changes, their main occurrence on Earth and their effect on the climate system.

DEFORESTATION AND FOREST DEGRADATION
Deforestation is the process whereby forest is converted to another land cover or when the tree canopy falls below a minimum percentage threshold (10% for the FAO definition). Forest degradation is a weaker form and is defined as a process leading to temporary or permanent deterioration in the density or structure of vegetation cover or its species composition and thus to a lower productive capacity of the forest (Lepers et al, 2005).  

Lepers et al (2005) synthesized data on rapid land cover change in the last two decades using remote sensing data, census data and expert opinions. Figure 1 is the resulting map of “forest cover changes”. The red hotspot regions on the map identify areas where the annual rate of deforestation is higher than 3% and shows a high concentration of deforestation hotspots in tropical regions, primarily the Amazon basin and Southeast Asia.  Boreal forest degradation in Eurasia, due to logging and increased fire frequency in Siberia is another hotspot. Since tropical deforestation and boreal forest degradation have fundamentally different impacts on the climate system, they are discussed separately.
[image: image1.emf]
Figure 1: Main areas of forest-cover change over 20 years (1980-2000) (Lepers et al, 2005)
Effect of tropical deforestation on climate – case study: Amazonia
Numerous studies have used atmospheric general circulation models (AGCM’s) coupled to land surface models to examine the possible effects of Amazonian deforestation on global and regional climates and results were summarized by Costa and Foley (2000). A comprehensive flowchart (Figure 2) is given by Snyder et al (2004). All AGCM simulations show a significant increase in temperature (+ 0.6 to +3.8° C) and a significant decrease in evapotranspiration over the basin after deforestation.  The main reasons for the drop in evapotranspiration are reduced roughness length which implies reduced turbulent exchange and an increased albedo which lowers the net radiation and energy for evapotranspiration. A decrease in net radiation due to an increased albedo generally acts to cool the surface, but the effect of the reduced evapotranspiration is much larger and the overall surface temperature increases. 

The reduction in leaf area and altered rooting depth due to deforestation may also play an important role in the reduction of evapotranspiration. The decrease in transpiration is normally larger than the decrease in total evapotranspiration, which indicates that evaporation from the surface partially compensates for the drop in transpiration. 
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Figure 2: Conceptual flowchart representing the impact of tropical forest vegetation removal on the climate (Snyder at al, 2004).
The lower evapotranspiration rate leads to a dryer planetary boundary layer and atmosphere. Most (but not all) of the deforestation simulations show a significant decrease in precipitation because of the reduced cycling of water. Runoff is one of the most uncertain results of an AGCM, as it is the difference between precipitation and evapotranspiration, and wide ranging results have been reported with different AGCM’s (-0.9 - +3.8 mm/day).
Snyder et al (2004) studied the effect of the vegetation and land cover of different biomes on climate through their role in modulating biogeophysical processes. They also used a coupled atmosphere-biosphere model, CCM3-IBIS, but completely removed the vegetation of a particular biome replacing it by bare soil and comparing the outcome to the control situation. While completely removing the vegetation of a particular biome may be unrealistic, it does represent a theoretical maximum signal of that particular vegetation’s influence on the climate system. 

When the tropical forest vegetation was removed from their simulation, they found similar results for Amazonia as those summarized by Costa and Foley (2000). For other tropical forest regions, namely Africa and Southeast Asia, they found smaller temperature increases with the removal of the vegetation. A similar result was found by Feddema et al (2005) who concurrently assessed the impact of emission scenarios and land cover change scenarios on future climate. The lack of response in Southeast Asia was explained by the Asian monsoon system, where increased precipitation overrides the effect of decreased latent heat fluxes and higher surface temperatures. 
It can be concluded that most AGCM’s agree on the impacts of tropical deforestation on regional climate, but that the impacts strongly depend on the tropical region under consideration.
Effect of boreal deforestation on climate
Lepers et al (2005) showed that aside from tropical deforestation, the boreal forest was also a hotspot for forest cover change. Furthermore, Snyder et al (2004) found in his “biome removal study” that the boreal forest had the largest global temperature signal.
 Modeling studies in the tropics, as previously stated, have shown that land-cover change affect the climate system primarily through water balance changes, but changes in boreal vegetation influences the climate largely through changes in the surface radiation balance. 
Thomas and Rowntree (1992) and Bonan et al (1992) were the first to simulate the climate effect of a changing albedo due to a change in land cover in the boreal region. The large increase in albedo by removing the vegetation to uncover the high albedo snow cover resulted in a strong reduction in net radiation, surface temperatures and precipitation. The removal of forest also affects both the magnitude and the timing of spring snow-melt. Figure 3 illustrates the important biophysical processes occurring after complete removal of the boreal forest vegetation (Snyder et al, 2004).
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Figure 3: Conceptual flowchart representing the impact of boreal forest vegetation removal on the climate (Snyder et al, 2004).

The effect of land cover change in the boreal forest exhibits a strong seasonality. Albedo changes are strongest in winter and spring when removal of vegetation exposes the more reflective snow surface. Climatic factors become important in February when incoming solar radiation becomes a factor, and temperature decreases are most pronounced the spring and summer. Lower precipitation is most noticeable in the summer when the vegetation is active. Besides the lower net radiation due to higher albedo, a higher low level cloud fraction further reduces incoming shortwave radiation. The climate response can be amplified by a SST -  sea ice - albedo feedback.
DESERTIFICATION – Case Study: Sahel
Desertification has been defined by the United Nations Convention to Combat Desertification as land degradation in arid, semi-arid and dry subhumid areas resulting from various factors, including climatic variations and human activities.  Land degradation is defined as the decrease or destruction of the biological productivity of the land. 
Lepers et al (2005) found that the Asian continent includes most of the areas of degraded dryland (Figure 4) and did not recognize the Sahel as a desertification hotspot at present.  However, since the historical importance of the desertification process in the Sahel, both in science and in public awareness, I opt to use the Sahel as an example here.

[image: image4.emf]
Figure 4: Main areas of degraded land over 20 years (1980-2000) (Lepers et al, 2005)

By its definition, desertification is not strictly a human-induced land cover change, but the process is generally blamed on an overuse of arid land, which degrades it to the extent that it is either entirely uncultivable or nearly so. This overuse can come from a variety of human practices: overgrazing, when too many animals are allowed to graze a piece of land; overcultivation, whereby farmers deplete the nutrients in the soil too quickly or deforestation, in which too few trees remain after use as firewood or clearing for agricultural fields. 
However, climatic variations such as extended droughts in certain arid lands have either initiated or exacerbated desertification. This two-way interaction between vegetation cover and climate was recognized early by Charney (1975). 

Charney (1975) suggested that a desert feeds upon itself in the following manner: sandy, non-vegetated soil has much higher albedo than soil covered by vegetation. Therefore a desert reflects more solar radiation to space than its vegetated surrounding under the same meteorological conditions. Moreover, desert surfaces are hotter than vegetated surfaces, and the air above is less cloudy. Hence a desert emits more longwave radiation to space. The net result is that a desert is a radiative sink of heat relative to its surroundings. In order to maintain thermal equilibrium, the air must descend and compress adiabatically. Consequently, the relative humidity of the air decreases and the likelihood of precipitation becomes very small.

The positive feedback mechanism proposed by Charney between vegetation cover and albedo may help to explain the Sahel drought (Charney, 1975), but other factors can also help explain the rainfall variability. Sea surface temperature (SST) anomalies, often related to ENSO or NAO, also contribute to rainfall variability in the Sahel. Lamb (1986) observed that droughts in West Africa correlate with warm SST in the tropical south Atlantic. Examining oceanographic and meteorological data from the period 1901-1985, Folland et al (1991) found that persistent wet and dry periods in the Sahel were related to contrasting patterns of SST anomalies on a global scale. 

A combination of factors—including vegetation cover and SST—best explains the reduction in rainfall in the Sahel. A coupled surface-atmosphere model indicates that—whether anthropogenic factors or changes in SST initiated the Sahel drought of 1968-1973—permanent loss of Sahel savanna vegetation would permit drought conditions to persist (Wang and Eltahir, 2000). Zeng et al (1999) compared actual rainfall data from the period 1950-1998 with the output of a coupled atmosphere-land-vegetation model incorporating SST, soil moisture, and vegetative cover. Their results indicate that actual rainfall anomalies are only weakly correlated to SST by itself. Only when the model includes variations in vegetative cover and soil moisture does it come close to matching actual rainfall data. 
URBAN EXPANSION and URBAN HEAT ISLAND (UHI)
The most pervasive of land cover changes due to a growing population is probably urbanization, where in many cases all vegetation is completely removed to make place for a jungle of concrete buildings. Lepers et al (2005) stated that the most populated areas of the world are India, China and Java. The largest cities are located on the East Coast of the United States, Western Europe, India and East Asia. The cities that are growing at the fastest pace are located throughout the tropical belt (Figure 5). 
Urban heat islands result from factors that differentiate the urban from the non-urbanized landscape, and include releases from heating-ventilation-air conditioning systems, energy emissions from industrial processes and motorized vehicles, the amount of available moisture for evapotranspiration and the differential heat properties of urban building materials versus natural surfaces. The urban heat islands (UHI) have implications for the transport of air pollutants, heating and cooling costs and the confounding of long-term temperature records. 
 The urban-rural surface air temperature contrast varies diurnally and one measure of the urban heat island effect is the decrease in the diurnal temperature range (DTR).
[image: image5.emf]
Figure 5: Population density in 1995 and most populated and changing cities over 750000 inhabitants between 1980 and 2000 (Lepers et al, 2005)
The effect of urbanization on local temperature has traditionally been estimated by comparing urban ground based measurements to ground based measurements in surrounding rural areas. Estimates of the urban heat island effect based on this methodology range between 0.06-0.15°C per century is the US.   
Kalnay and Cai (2003) used an innovative approach; they compared trends in ground based measurements with trends in surface temperature datasets derived from the NCEP-NCAR (National Center for Environmental Prediction - National Center for Atmospheric Research)  50 year re-analysis (R-1). This last dataset estimates surface temperatures based on extensive observations from rawinsonde, pibal, aircraft and satellite measurements. Surface temperatures are estimated from atmospheric values, which incorporate atmospheric temperatures and other observations that are affected by greenhouse gases and aerosols. Therefore, the obtained dataset is believed to be independent of changes in land surface and as thus are the differences between the observed data and the R-1 data believed to represent the impacts of urbanization and other land-use changes on climate.
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Figure 6: Monthly temperature anomalies for observational and R-2 data for Shenzhen, a city with the fastest population growth in China, from January 1979 to December 1998; maximum (a), minimum (b) and diurnal temperature range (c). A 3-month smoothing is applied. The correlation coefficient between the two datasets (without smoothing) is shown (Zhou et al, 2004).
The main conclusion of Kalnay and Cai (2003) was that 0.35°C mean surface warming per century in the eastern part of the US and half of the observed decrease in diurnal temperature range was due to land-use changes (both urbanization and agriculture). 
Zhou et al (2004) adopted a similar approach for the study of urbanization effects on climate in China, a country which has known rapid growth in urban populations and industrialization since the late 1970’s. They used the NCEP-DOE (National Center for Environmental Predictions – Department of Energy) Atmospheric Model Intercomparison project (AMIP)II  Reanalysis (R-2), a similar but more advanced dataset than R-1.  

They compared the interpolated R-2 dataset with 671 time series of ground based measurements. For both datasets, the monthly minimum temperature, maximum temperature and DTR was calculated. After removal of the 20-year mean annual cycle, the monthly anomalies were calculated and plotted (Figure 6). The daily minimum rises faster over time than the daily maximum, and as a result the DTR decreases. The differences between the observed dataset and R-2 dataset are postulated to be the effect of land cover change (urbanization and other land cover changes). The overall result was an increase of 0.05°C mean surface temperature increase per decade (0.5°C per century) due to urbanization and other land cover changes in China. The estimates of the urbanization effect on temperature using this new approach (Kalnay and Cai,2003; Zhou et al, 2004) are much larger than the previous traditional estimates.
 Conclusion

A large portion of the land surface has already been modified by human activities and the increased human population growth will continue to put more stress on our natural resources. Land cover change has links to many other globally important environmental issues. 
The effect of land cover change on the climate system happens either through biogeochemical or biogeophysical processes. Lately, there is an increased awareness that the effect of land cover change on the climate system, besides the contribution to the greenhouse gases, can have important regional climate consequences. The net global effect is difficult to assess; different land cover changes have different impacts on climate and even the effect of similar land cover changes, such as tropical deforestation, are dependent on the regional setting. Predictions of future climates are now hampered not only by the uncertainty of future greenhouse gas scenarios, as well as by the high uncertainty in future land cover changes.
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