Urban Tree Inventory Project: Science Background

Carbon, Carbon Dioxide and the Role of Trees

Carbon Sequestration
Prior to the industrial revolution, scientists believe the earth’s production and consumption of carbon were in balance. Studies show a correlation between the rise of industry and the rise of carbon-containing atmospheric gases, specifically carbon dioxide (CO2). Over the last century we have been releasing greenhouse gases to the atmosphere faster than natural processes can remove them. It is now generally agreed that global CO2 concentrations have reached previously undocumented levels, although the jury is still out regarding what, if anything, should be done. Urban trees provide a natural method by which we can mitigate the increase of atmospheric carbon attributed to global growth. Because trees store carbon in their structure and sequester (remove from the atmosphere) additional carbon in the process of growth, they act as a sink for the tremendous amount of CO2 produced by our industrialized societies.
Before industrialization, there was a natural balance between sources and sinks of carbon; but recent anthropogenic sources of carbon have come to greatly outweigh the planet’s ability to store carbon. The U.S. is responsible for contributing more GHGs to the atmosphere than any other country. In 1999 total U.S. carbon dioxide emissions amounted to 6.2 billion tons (5.6 billion metric tons). On average, each person in the U.S. emits 15 thousand pounds annually. The primary reasons for such high levels of emissions are the burning of fossil fuels and byproducts, and automobile exhaust. In fact, in 1999, 98% of carbon emissions resulted from the combustion of fossil fuels as reported by the Energy Information Administration. It is also important to realize that over half the electricity generated in the U.S. comes from coal-fired plants. Coal is affordable and keeps energy prices reasonable, yet combustion of coal releases a tremendous amount of CO2 into the atmosphere, about twice as much as other fuels such as natural gas.

Carbon is the major component of all cellular life forms; trees utilize carbon as a building material with which to form trunks, roots, stems, branches, and leaves. Trees remove (sequester) carbon from the atmosphere through photosynthesis, extracting carbon dioxide from the air, separating the carbon atom from the oxygen atoms, and returning oxygen to the atmosphere. In doing so, trees store a tremendous amount of carbon in their structures, and annual growth increases the carbon stored within the structure. Generally, trees are comprised of 45% carbon, 50% water, and 5% minerals, but vary with species.

Urban Trees Can Help Prevent More Carbon Emissions Than They Sequester

Not only does increasing urban tree canopy cover directly help to reduce carbon emissions, but providing shade indirectly reduces the need for air conditioning and power generation. Since power generation is a major source of carbon emissions, these urban trees are actually responsible for preventing more carbon from being released into the atmosphere than they remove through sequestration, on the order of several times. This is referred to as the avoided carbon savings, and is recognized as yet another benefit of community trees. Many entities reporting the reduction of GHG emissions through the Energy Information Administration’s Voluntary Reporting of Greenhouse Gases Program show the amount of carbon emissions avoided by urban forestry projects to be much greater than the carbon sequestered by the same project  The same phenomenon exists in Boston, where residential urban trees have been estimated by this study to avoid annual carbon emissions at a rate of more than four times that of the overall annual carbon sequestered by Boston’s entire urban forest. It has also been estimated nationwide that annual CO2 reduction through shade tree programs could offset up to 2% of annual emissions. In order to realize the shading and cooling benefits of trees, care and thought must be put into the proper species selection and placement, because the trees must be tall enough and close enough to buildings to actually provide shade.

Below are some quick facts and additional information regarding the value of urban trees
1. Trees also reduce the greenhouse effect by shading our homes and office buildings. This reduces air conditioning needs up to 30%, thereby reducing the amount of fossil fuels burned to produce electricity. This combination of CO2 removal from the atmosphere, carbon storage in wood, and the cooling effect makes trees a very efficient tool in fighting the greenhouse effect.  

2. One tree that shades your home in the city will also save fossil fuel, cutting CO2 buildup as much as 15 forest trees. 

3. Approximately 800 million tons of carbon are stored in U.S. urban forests with a $22 billion equivalent in control costs.
4. Planting trees remains one of the cheapest, most effective means of drawing excess CO2 from the atmosphere. 
5. A single mature tree can absorb carbon dioxide at a rate of 48 lbs./year and release enough oxygen back into the atmosphere to support 2 human beings. 
6. Each person in the U.S. generates approximately 2.3 tons of CO2 each year. A healthy tree stores about 13 pounds of carbon annually -- or 2.6 tons per acre each year. An acre of trees absorbs enough CO2 over one year to equal the amount produced by driving a car 26,000 miles. An estimate of carbon emitted per vehicle mile is between 0.88 lb. CO2/mi. – 1.06 lb. CO2/mi. (Nowak, 1993). Thus, a car driven 26,000 miles will emit between 22,880 lbs CO2 and 27,647 lbs. CO2. Thus, one acre of tree cover in Brooklyn can compensate for automobile fuel use equivalent to driving a car between 7,200 and 8,700 miles. 

7. If every American family planted just one tree, the amount of CO2 in the atmosphere would be reduced by one billion lbs annually. This is almost 5% of the amount that human activity pumps into the atmosphere each year. 
8. The U.S. Forest Service estimates that all the forests in the United States combined sequestered a net of approximately 309 million tons of carbon per year from 1952 to 1992, offsetting approximately 25% of U.S. human-caused emissions of carbon during that period. 
9. Over a 50-year lifetime, a tree generates $31,250 worth of oxygen, provides $62,000 worth of air pollution control, recycles $37,500 worth of water, and controls $31,250 worth of soil erosion. 
Air Quality: Benefits of Urban Trees
Air pollution comes primarily from burning fossil fuels, both for power generation and in vehicles. Low air quality has been implicated as causing numerous health problems and contributing to rising health care costs. Urban trees can directly and indirectly affect local and regional air quality by altering the urban atmospheric environment. The four main ways that urban trees affect air quality are:
Temperature reduction and other microclimatic effects

Removal of air pollutants

Emission of volatile organic compounds and tree maintenance emissions

Energy effects on buildings

Some of the major air pollutants and their primary sources are: 

1. Sulfur Dioxide (SO2)- Coal burning for electricity/home heating is responsible for about 60 percent of the sulfur dioxide in the air.  Refining and combustion of petroleum products produce 21% of the SO2.
2. Ozone (O3) -  is a naturally occurring oxidant, existing in the upper atmosphere. O3 may be brought to earth by turbulence during severe storms, and small amounts are formed by lighting. Most O3 - and another oxidant, peroxyacetylnitrate (PAN) - come from the emissions of automobiles and industries, which mix in the air and undergo photochemical reactions in sunlight. High concentrations of O3 and PAN often build up where there are many automobiles. 

3. Nitrogen oxides - Automotive exhaust is probably the largest producer of NOx. Oxides of nitrogen are also formed by combustion at high temperatures in the presence of two natural components of the air; nitrogen and oxygen.

4. Particulates are small (<10 microns) particles emitted in smoke from burning fuel, particular diesel, that enters our lungs and cause respiratory problems.
Air Quality and Health

Epidemiological research over the last two decades has determined that there is a direct relationship between poor air quality and a decline in overall human health.  The EPA estimates that mobile (car, truck, bus) sources of air toxics account for as much as half of all cancers attributed to outdoor sources of air toxics (based on predictive models). Impacts on the health care system involve increased resource utilization and associated expenditures that are related to treating air quality induced illnesses.

The Relationship Between Temperature and Air Quality

Vehicles are responsible for emitting pollutants even when they are not driven. A vehicle is full of volatile substances such as fuel, oil, and coolant that evaporate on warm summer days while parked. The evaporation rate is temperature dependent, therefore a vehicle parked in an unshaded spot in a hot parking lot during the summertime is also creating more air pollution than a vehicle parked in a shaded spot or parking lot. According to US Forest Service researcher Dr. Gregory McPherson, evaporation from parked cars counts for over 15% of reactive organic gas emissions from vehicles.  Higher urban temperatures also accelerate the production of smog, of which ozone is a major component. Ozone is not emitted directly as a pollutant but is formed in the atmosphere through a complex set of chemical reactions involving hydrocarbons, oxides of nitrogen, and sunlight. Problematic ground level ozone should not be confused with atmospheric ozone (consider it “good up high, bad nearby”). While ozone in the upper atmosphere occurs naturally and acts as an ultraviolet filter, ground level ozone is considered a noxious pollutant. The rate at which the reactions proceed is related to both temperature and intensity of the sunlight. Because of this, problematic ground level ozone occurs most frequently on hot summer afternoons. These conditions result in increased illness, lost work and health care costs.
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Trees: Part of the Air Pollution Solution
Trees provide a large leaf surface onto which particles are deposited and gases removed. Pollution is removed by nearly all parts of a tree; the soil, roots, and vegetative portions (leaves, stems and bark) of urban forest ecosystems all function as sinks for atmospheric pollution.
Trees “breathe”, or respirate, and exchange gases similar to the way humans do, yet the methods and results are quite different. Trees intake gases through stomates, or holes, on their leaves; these gases include those necessary for the tree’s functioning as well as other gaseous air pollutants. Once inside the leaf, gases diffuse into the spaces between the cells of the leaf to be absorbed by water films or chemically altered by plant tissues. Trees also reduce air pollution by intercepting airborne particles and retaining them on the leaf surface, called dry deposition. Some can be absorbed by the leaf surface itself, although most remain on the plant surface. Leaf surfaces are most efficient at removing pollutants that are watersoluble including sulfur dioxide, nitrogen dioxide and ozone. Pollutant removal rates are highest when vegetative surfaces are wet or damp; these conditions can increase removal rates ten-fold because the entire trees surface (leaves, twigs, trunk, and branches) is available for pollutant uptake.

Trees are also responsible for reducing summertime high temperatures, and therefore slowing the rates at which many air pollutants are formed and volatized. Reduction of air temperatures in summertime help to

reduce pollution in three ways:


1. By reducing chemical reaction rates in the atmosphere that result in ozone formation. Lower temperatures reduce ozone-precursor emission rates, thus influencing ozone formation.

2. By decreasing temperature-dependent emissions of hydrocarbons from both natural and manmade sources.

3. By decreasing emissions of pollutants from electric power plants due to reduced air conditioning demands.
Urban Trees and Storm Water Runoff
Large volumes of stormwater runoff are unique to urban areas. Undeveloped, natural lands absorb most falling rainwater to a much greater extent than urban areas covered by pavement and buildings. Rainfall running over city streets and parking lots washes many pollutants deposited by automobiles and other sources off of these impervious services and into nearby waterways, affecting both the quality and quantity of the water. Increases in the amount and the force of water in these waterways can lead to stream bank erosion, as well as flora and fauna displacement.

Tree canopies intercept falling rainwater, reducing its erosive potential before hitting the ground. Trees are typically planted in permeable areas, and surrounded by other vegetation such as grass and shrubs. The soil and root systems of these “green areas” work together to absorb stormwater, preventing it from becoming runoff. This not only reduces the overall quantity of runoff, but also increases water quality because trees and surrounding vegetation are capable of taking in and breaking down several pollutants.

Urbanization Affects Water Quality

Even a small percentage of impervious surfaces can be extremely harmful. Extensive research conducted worldwide provides evidence that stream degradation occurs with as little as 10% impervious cover. These surfaces collect pollutants deposited from the atmosphere, leaked from vehicles or derived from other sources. During storms, accumulated pollutants are quickly washed off and rapidly delivered to aquatic systems as stormwater runoff. In a large-scale storm event (2 inches of rainfall), all deposited pollutants are diluted by massive amounts of rainwater, but in a more typical small-scale storm event (0.5 inch), highly concentrated and polluted stormwater would, without interference, flow directly into waterways. These small storms are responsible for most pollutant washout, also known as the “first flush” effect. Urban stormwater runoff is the second most common source of water pollution for lakes and estuaries, and the third most common source for rivers nationwide.
Stormwater Mitigation

Trees and other vegetation not only provide a method of reducing stormwater runoff volume, but also are responsible for removing pollutants from the water itself through bioretention and filtration. Trees are capable of treating stormwater at the source, and provides a feasible method of reducing the impact of stormwater upon urban watersheds.
Water Quantity

Interception of falling rain by tree foliage prevents precipitation from directly hitting the ground, therefore reducing its erosive potential. A typical afternoon thundershower brings less than 0.5 inches of rain (considered a small storm event), much of which never reaches the ground but instead gets evaporated back into the atmosphere. In a larger storm event, rainfall eventually cover the surfaces of the tree (foliage, twigs, branches, trunk) and slowly drips to the ground, with most of force of impact removed. The areas beneath trees are usually porous, therefore allowing much of the water that does fall from the tree to be absorbed by the soil and root system; the result is that much of the stormwater is retained on site in an area with high canopy cover.
Trees and Water Quality

In order to protect the riparian habitat, it is necessary to not only slow and reduce the entry of stormwater runoff into the streams so as not to physically disrupt or displace the aquatic flora and fauna, but to provide some sort of filtration to remove significant amounts of pollution from the water itself. Suspended particles, resulting from soil erosion and increased carrying capacity of quickly moving water, also degrade water quality.

Trees in urban areas can protect water quality by substantially reducing the amount of runoff from the more frequent, but less extreme storm events that are responsible for most annual pollutant runoff. Infiltrating and treating stormwater runoff on site can reduce runoff and pollutant loads by 20% - 60%. Trees’ extensive fibrous root systems also hold soil in place, reducing further impacts on water quality due to erosion.
Urban Trees and Energy Use
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Typical urban surfaces, comprised mostly of concrete and asphalt, get much hotter throughout the day than do vegetated surfaces. These manmade surfaces are very efficient at storing incoming solar energy, converting it to thermal energy, and releasing it again at night, creating areas of warm air over the city known as heat islands. This effect can compound over several hot days; as the city does not cool off each night, each subsequent day gets hotter. The ambient air temperature difference between an urban heat island and a vegetated area can be as much as 2-10 degrees F, a phenomenon that meteorologists noted and named over 100 years ago. The temperature measured directly above man-made surfaces can be as much as 25 degrees F hotter than the air temperature beneath a forested area. 

Trees directly affect indoor ambient temperatures by providing shade. When direct sun strikes building surfaces such as roofs and walls, these surfaces absorb solar energy and can transfer heat to the inside of the building, raising indoor air temperatures. Preventing sunlight from shining in southern and western facing windows also helps to directly reduce the indoor temperature, and can control the heat inside a home better than indoor window coverings such as blinds. 
Direct shading of air conditioning units also increases their efficiency by up to 10%.  Direct shading of pavement is also important in reducing outdoor ambient air temperatures. Through direct shading, trees prevent the initial heating and storage of solar energy. The benefits of shading parking lots and other impervious surfaces are many, aside from aesthetics. Trees provide a cooler place under which to park a car in hot summer months, reducing the air temperatures of the interior of the vehicle, and the need to run air conditioning. It has also been proven that high ambient temperatures in parking lots cause the evaporation of volatile substances from vehicles, contributing to the air pollution problem.

Trees cool indirectly through evapotranspiration, the process of drawing moisture from the ground through roots and releasing it to the atmosphere as the tree transpires, or breathes. The released water draws heat as it evaporates, cooling the air in the process. The climate must be relatively dry for this to occur, as evaporation rates decline as humidity rises.
So where should I plant trees?

Trees reduce building energy use by lowering temperatures and shading buildings during the summer, and blocking winds in winter. However, they also can increase energy use by shading buildings in winter, and may increase or decrease energy use by blocking summer breezes. Thus, proper tree placement near buildings is critical to achieve maximum building energy conservation benefits.

Planting trees in such locations reduces carbon emissions. Trees in such energy-conserving locations lead to an annual net benefit of carbon reduction with a cumulative impact that increases through time. These secondary effects are likely more important than the primary effects of direct carbon sequestration because most carbon stored by trees eventually will be released to the atmosphere through decomposition after the tree dies, though a fraction of the carbon can be retained in the soil. Secondary tree effects that avoid carbon emissions are of permanent benefit to reducing global climate change.

Other Benefits of Urban Trees

Urban Forests Can Extend the Life of Paved Surfaces
· The asphalt paving on streets contain stone aggregate in an oil binder. Without tree shade, the oil heats up and volatizes, leaving the aggregate unprotected. Vehicles then loosen the aggregate and much like sandpaper, the loose aggregate grinds down the pavement. 

· Streets should be overlaid or slurry sealed every 7-10 years over a 30-40 year period, after which reconstruction is required. A slurry seal costs approximately $0.27/sq.ft. or $50,000/linear mile. Because the oil does not dry out as fast on a shaded street as it does on a street with no shade trees, this street maintenance can be deferred. The slurry seal can be deferred from every 10 years to every 20-25 years for older streets with extensive tree canopy cover. 

Urban Forests Can Increase Traffic Safety
· Trees can also enhance traffic calming measures, such as narrower streets, extended curbs, roundabouts, etc. Tall trees give the perception of making a street feel narrower, slowing people down. Closely spaced trees give the perception of speed (they go by very quickly) slowing people down. 

· A treeless street enhances the perception of a street being wide and free of hazard, thereby increasing speeds. Increased speed leads to more accidents. 

· Trees can serve as a buffer between moving vehicles and pedestrians. 

· Street trees also forewarn drivers of upcoming curves. If the driver sees tree trunks curving ahead before seeing the road curve, they will slow down and be more cautious when approaching curves. 
Urban Forests Can Improve Economic Sustainability

The scope and condition of a community's trees and, collectively, its urban forest, is usually the first impression  community projects to its visitors. A community's urban forest is an extension of its pride and community spirit. Studies have shown that: 
1. Trees enhance community economic stability by attracting businesses and tourists. 
2. People linger and shop longer along tree-lined streets. 
3. Apartments and offices in wooded areas rent more quickly and have higher occupancy rates. 

Businesses leasing office spaces in developments with trees find their workers are more productive and absenteeism is reduced. 

Urban Forests Can Increase Real Estate Values

· Property values increase 5-15% when compared to properties without trees (depends on species, maturity, quantity and location) 

· A 1976 study that evaluated the effects of several different variables on homes in Manchester, Connecticut, found that street trees added about $2686 or 6% to the sale price of a home. A more recent study indicated that trees added $9,500, or more than 18 percent, to the average sale price of a residence in a suburb of Rochester, New York.
· Well-maintained trees also increase the “curb appeal” of properties. Research comparing sales prices of residential properties with different tree resources suggests that people are willing to pay 3 to 7 percent more for properties with tree resources versus few or no trees.
Urban Forests Can Increase Sociological Benefits
Two University of Illinois researchers (Kuo and Sullivan) studied how well residents of the Chicago Robert Taylor Housing Project (the largest public housing development in the world) were doing in their daily lives based upon the amount of contact they had with trees, and came to the following conclusions:
· Trees have the potential to reduce social service budgets, decrease police calls for domestic violence, strengthen urban communities, and decrease the incidence of child abuse according to the study.

· Residents who live near trees have significantly better relations with and stronger ties to their neighbors. 
· Researchers found fewer reports of physical violence in homes that had trees outside the buildings. Of the residents interviewed, 14% of residents living in barren conditions have threatened to use a knife or gun against their children versus 3% for the residents living in green conditions. 

· Studies have shown that hospital patients with a view of trees out their windows recover much faster and with fewer complications than similar patients without such views. 
· A U.S. Department of Energy study reports that trees reduce noise pollution by acting as a buffer and absorbing 50% of urban noise
