Chapter 15

Forest Influences on Climate
and Water Resources at the Landscape
to Regional Scale
Ge Sun and Yongqiang Liu

Abstract Although it is well known that climate controls the distribution,
productivity and functioning of vegetation on earth, our knowledge about the role
of forests in regulating regional climate and water resources is lacking. The studies
on climate-forests feedbacks have received increasing attention from the climate
change and ecohydrology research communities. The goal of this study is to
provide an in-depth examination of forest-climate-water interactions by synthesizing recent scientific literature on the influences of forests on climate and water
resources from watershed to regional scale. The synthesis paper provides a review
of the state of art of our understanding of the mechanisms of interactions of forests
and climate and water resources at the landscape and regional scale. The paper
presents two case studies that examine the influences of forests on microclimate,
watershed hydrology, and regional climate and water resources at a small watershed to region scale using literature from the Coweeta Hydrological Laboratory in
the southeast U.S. and a simulation study on the North China Shelter Belt Project.
Future research gaps were identified in terms of integrated Earth System modeling
to guide forest management for global change mitigation and adaptation.
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15.1 Introduction
Being different from weather, climate refers to mean atmospheric conditions (i.e.,
temperature, humidity, wind, precipitation, etc.) over multiple years. The land
surface, as represented by vegetation, soil, inland water bodies, is the atmospheric
lower boundary where heat, water, momentum, and trace gas exchanges occur.
Together with ocean and ice/snow, the atmosphere, and land surface complete the
entire climate system. It is well known that climate controls the distribution
(Chang 2002, p. 115), productivity and functioning of vegetation on earth (Chapin
III et al. 2012) but our knowledge about the role of vegetation, forests in particular,
in regulating climate is lacking (Field et al. 2007; Waring and Waring 2007, see
p. 302). Forests influence climate through exchanges of energy, water, carbon
dioxide, and other chemical species with the atmosphere (Bonan 2008; Cook et al.
2012), thus the studies on climate-forests feedbacks have received increasing
attention from the climate change and ecohydrology research communities
(Jackson et al. 2001, 2009; Vose et al. 2011; Lee et al. 2011).
Forests cover about 4.17 9 109 ha or 31.8 % of the Earth’s land surface (Chang
2002). Natural forests in a large area are generally found in regions where annual
precipitation exceeds 400 mm and net radiation exceeds 20 kcal (or 27 W/m2)
below which grasslands or shrublands may dominate the landscape (Sun et al.
2011a). In forested areas, precipitation often exceeds evapotranspiration rate, and
thus forests are sources of surface water resources and sinks of nutrients and
carbon. For example, it is estimated that over 60 % of water supply comes from
forest lands in the United States (Brown et al. 2008). Forest soils are regarded as
‘sponge’, and soil erosion is rare in forests, and thus forests provide the best water
quality among all land uses. Forests can affect micro-climate by altering solar
radiation and precipitation redistribution through large forest canopies (Lee 1981).
However, our understanding of the influences of forests on climate is limited
although much progress in this research topic has been made in the past few
decades with advances in climate modeling (e.g., Charney et al. 1977; Shukla and
Mintz 1982; Sud et al. 1988; Lean and Warrilow 1989; Shukla et al. 1990; Nobre
et al. 1991; Dickinson and Kennedy 1992). These modeling studies show that
deforestation could influence air temperature (increase or decrease) through
altering land surface albedo and energy partitioning in which plants play an active
role. Detailed summary on the impacts of land use change on climate are found by
Pielke and Avissar (1990) and Pielke et al. (2007, 2011).
In history, humans have long recognized the roles of trees in providing shading,
shelters, fibres, and ideal micro-climate, and other amenities. Forest environment is
frequently viewed as ‘pleasant, peaceful, sublime, and salutary’ (Lee 1981). The
earliest most influential publications that specifically address forest-climate relationships can be traced back to Forests and Moisture: or Effect of Forests on
Humidity of Climate by John Brown published in 1877, The Earth as Modified by
Human Action by G. Marsh, 1864 publish in 1874, Forests and Water in the Light of
Scientific Investigation (Zon 1927), and Forest Influences (Kittredge 1948). These
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early publications were mostly propelled by disaster preventions from forest
clearing by the American colonists in the nineteenth century. The U.S. Forest Service, formerly Forestry Division of the US Department of Agriculture, started to
examine forest influences in the late 1800s amid public concerns of large scale
deforestation that was believed to link to large floods, landslides and soil erosion
Fernow, 1893. In a transmittal letter dated Nov 1, 1892 from the Division Chief B.E.
Fernow to USDA Secretary regarding the state of art findings on forest-climatewater relations, Fernow wrote: ‘…a review of meteorological observations which
have been made mostly in foreign countries, for the purpose of determining whether
and to what extent forests influence climate, together with a discussion of manner in
which forests affect water conditions of the earth and other matter illustrating the
question of forest influences in general’. Subsequently, beginning from the 1930s,
the USFS began to establish permanent forest experimental stations across the
nation with initial goals to quantify influences of forest deforestation on watershed
hydrology using a ‘paired watershed’ approach. Many of these stations have become
the core Long Term Ecological Research (LTER) sites, such Coweeta, H.J. Andrew,
and Hubbard Brooks, designated for long term process-based ecosystem research
(Adams et al. 2008). In recognizing the close coupling among carbon, water, and
energy cycles, since the early 1990s, a series of networks (i.e., FLUXNET) have
been established globally to quantify flux exchanges between land surfaces and the
atmosphere (Baldocchi et al. 2001). The accumulated data in the past two decades
have greatly advanced our understanding global carbon and water balances under a
changing climate (Law et al. 2002; Jung et al. 2010; Sun et al. 2011a, b). These longterm worldwide studies provided much of our understanding the relationships
between forest covers, micrometeorology, and headwater watershed hydrology.
Historically, there is full of misconception and debate on the true influences of
forests on local and regional climate and water resources around the world (Chang
2002; Andreasian 2004; Sun et al. 2006). Traditional wisdoms suggest that forests
bring rains, and thus forests provide abundant water and removing forests result in
droughts, loss of springs, and desertification. This perception even resulted in law
suits toward the forest industry in the North Pacific of the United States where how
to manage old growth Douglass fir forests has been controversial in terms of the
hydrologic and ecological consequences of deforestation and forest management.
To some extent, the debates are still going among scientists due to our limited
understanding of the complex interactions of physical and biological process
within the atmosphere-land interface and the earth systems as a whole. A good
example is by Ellison et al. (2012) who argue that forest influence on climate and
water resources must be evaluated at large context and the ‘negative’ effects of
water use by trees on water yield are local and should not be exaggerated to
minimize the overall ‘positive’ influences of forests on regional distribution of
precipitation and air temperature.
During the past few decades, forests have been confirmed about their large
capacity of carbon sequestration (Ryan et al. 2010; Pan et al. 2011), thus their role
in slowing down the current trend of global warming (Bonan 2008). Now, we
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begin to know that forests influence redistribution of global solar energy and
energy budget on earth, thus play a key role in the global hydrologic cycle (Jung
et al. 2010). It has become possible to trace the movements of water vapor and
atmospheric gases to develop a clearer idea of the role played by forests in
moderating or regulating rainfall in different part of the world. For example, in
temperate regions and tropical regions such as Southeast Asia, the main source of
water vapor in the atmosphere is from evaporation at the surface of the oceans. In
the Amazon Basin, however, nearly 50 % of water vapor in the atmosphere in the
region of Manaus and Belém appears to be ‘recycled’ from the forest. Oyebande
(1988), Eltahir and Bras (1993), and Dickinson et al. (1993) provide good summaries of the effects of forests on rainfall and water yield in the tropics. GarciaCarreras and Parker (2011) recently reports deforestation may intensify rainfall in
cut area and decrease rainfall of the surrounding areas and threats remaining rain
forests in western Africa.
In general, majority of our knowledge on forest-climate-water relations is
derived from small watershed studies, thus the influences of forests on local and
global climate and water supply are still open for debate (Bonan 2008; Ellison
et al. 2012; van der Ent et al. 2012). Our current knowledge about forests’ role in
moderating climate and water resources at a large watershed (Wei et al. 2008; Lin
and Wei 2008; Wei and Zhang 2010) or regional scale is limited, and a broad
understanding of forest-water-climate interactions is needed for determining forest
management strategies in climate change mitigation and adaptation.
The overall goal of this study is to provide an in depth understanding of forestclimate-water interactions at regional to global scale by synthesizing recent
scientific literature on the influences of forests on climate and water resources.
Specific objectives are to: (1) present state of art of our understanding of the
mechanisms of interactions of forests and climate and water resources at the
landscape and regional scale, (2) present two case studies that examine the influence of forests on climate and water resources, and (3) identify research gaps that
help guide future studies that can help forest management for global change mitigation and adaptation.

15.2 Principles of Forest Influences on Climate
and Water Resources
Forests influence climate and water resources through their physical and biological
functions that affect the energy, water, and biogeochemical balances (Zhao and
Pitman, 2010). Key mechanisms and processes within a forest landscape are
illustrated to demonstrate the close interactions between atmosphere and land
surfaces and the tight forest-climate-water relationship (Fig. 15.1).
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Fig. 15.1 A conceptual model describing the interactions of forests, climate, and streamflow at
multiple scales (modified from Liu et al. 2008, 2010)

15.2.1 Unique Physical Characteristics
Forests are distinctly different from other land surfaces in physical properties both
above ground and below ground in terms of the ability of light absorption and
reflectance (Albedo), leaf and root biomass, surface roughness, and soil characteristics. These properties have profound influences on the energy and water
balances from the ecosystem to global scale.

15.2.2 Albedo
Surface Albedo or light reflectance, is an important parameter that affects energy
balance of ecosystems, and can be as important as greenhouse gases in affecting
climate change (Betts 2000). Because forests have higher leaf area and biomass
than grass or other short crops, forests generally have lower surface albedo.
A lower albedo value means more solar energy available (higher net radiation) for
sensible heat and latent heat, i.e., evapotranspiration. A comparison of albedo and
net radiation measured for a mid-rotation (15-year-old) and young loblolly pine
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Fig. 15.2 A comparison of monthly mean net radiation (Rn) and albedo for a mid-rotation
loblolly pine plantation (LP) and a clear-cut (young plantation) (CC) sites on the lower coastal
plain in North Carolina, USA (see more data in Sun et al. 2010)

forest shows that albedo and net ration fluctuate seasonal and change over time due
to the climate variation and plant development resulting a decrease in albedo and
an increase in net radiation (Fig. 15.2) (Sun et al. 2010).

15.2.3 Surface Roughness
Due to uneven canopies, lands covered by tress or other vegetation have larger
surface roughness than bare ground, leading to stronger turbulence and therefore
smaller aerodynamic resistance for air and water vapor mixing. The measured
roughness by Liu et al. (2007), for example, was 0.0058 and 0.0259 m for bare and
maize soil, respectively, with the corresponding aerodynamic resistance ranges of
30–130 and 10–90 s m-1 during the day time. Lower aerodynamic resistance for
vegetated soil suggests that water loss from lands would be higher if other
meteorological conditions are the same. Higher surface roughness also means
lower wind speed. Recent observed global trend of decreasing wind speed is
believed to do with increase in surface roughness due to increase in plant biomass
and reforestation in some cases (Liu et al. 2008; Vautard et al. 2010; McVicar
et al. 2012).
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15.2.4 Leaf Area Index and Rooting Depth
Forests have larger leaf area, deeper roots, and biomass and therefore forests can
generally intercept more precipitation and transfer more water from soils to the
atmosphere through evaporation and transpiration when compared to bare land or
vegetated surfaces with short crops. Indeed, Leaf Area Index (LAI) (total leaf area
per unit of ground surface area) is a very important land surface characteristic that
controls seasonal evapotranspiration dynamics (Fig. 15.3) (Sun et al. 2011a).
Indeed, leaf area index dynamics reflect not only the amount and heath of biota but
also the environmental conditions such as light, water, nutrient associated with the
biota. Larger LAI means higher canopy conductance and higher capacity to
transfer more water from the soils to the atmosphere.
Similarly, forests generally have deep and massive rooting systems, ‘the
underground forests’, that are advantageous over vegetated covers to extract water
from soil moisture reservoirs even groundwater to meet water demand. Deep roots
allow trees to adjust to droughts and stabilize water use under water stress conditions. The active functions are import machinists of climate change adaptation
and ecological feedbacks to climate change (Jones et al. 2012).

Fig. 15.3 Leaf area index (LAI) is a major control for seasonal evapotranspiration (ET). Data are
derived from 13 eddy flux and sapflow measurement sites across a large climatic and ecosystem
gradient in China, US, and Australia (Sun et al. 2011a)
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15.2.5 Soil Physical Properties
Compared to soils of croplands or of other land uses, forest soils have much higher
infiltration capacity Bruijnzeel, 2004. Forest soils are known for their high organic
matter content derived from plant litter fall above ground and dead roots below
ground that are conducive to high activities of soil organisms, high soil porosity, and
higher hydraulic conductivity. For example, saturated hydraulic conductivity of the
top soil layer in a mature loblolly pine forest on the North Carolina coastal plain can
be as high as 700 cm/h (Diggs 2004). Compaction caused by forest harvest operation
increased bulk density from 0.22 to 0.27 g/cm3, decreased saturated hydraulic
conductivity from 397 to 82 cm/h (Grace et al. 2006). Soil disturbances in intensive
agriculture and forestry such as plowing, bedded, harvesting activities can dramatically degrade soil hydraulic properties. For example, deforestation and subsequently tillage practices in Iran resulted in almost a 20 % increase in bulk density,
50 % decrease in organic matter and total nitrogen, a 10–15 % decrease in soluble
ions comparing to the undisturbed forest soil (Hajabbasi et al. 1997). The unique soil
physical properties of forests explain the high soil water retention, high soil infiltration rates, minor overland flow rate, low streamflow, and high groundwater
recharge commonly found in forests Zhou et al., 2010.

15.2.6 Interactions Between Forests, Climate,
and Streamflow
As illustrated in Fig. 15.1 and the following energy balance equation, forests affect
the redistribution of solar radiation into sensible and latent heat fluxes through
passive (i.e., light reflection) and active physiological processes (photosynthesis,
transpiration etc.). Latent heat is the energy source for evapotranspiration, a key
component of the hydrologic cycle. The changes in sensible heat flux and
evapotranspiration, which is accompanied with latent heat change, will modify air
temperature and humidity. The change in air temperature, together with the
changes in turbulence and wind, will modify atmospheric circulation. Precipitation
will be affected due to the changes in circulation, temperature, and humidity.
Rn ¼ ð1  aÞ  S þ L; and Rn ¼ LE þ H þ G
where Rn is net radiation, a is albedo, S is incoming shortwave radiation, L is net
long wave radiation. LE and H are latent and sensible heat flux, respectively.
According the principle of water balance below, water yield or streamflow (Q)
is largely controlled by ET, or LE, at a long term scale (e.g., a few years) when the
change in soil water storage is negligible. However, at short temporal scale (e.g.,
1 day, 1 month), soil water storage can be significant water source for Q and ET.
In this case, both soil water storage and ET are important.
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Q ¼ P  ET  S
In general, when compared to un-vegetated or less vegetated land surfaces, ET
rates of trees or forests are higher, and thus streamflow is lower in forest dominated watersheds Whitehead and Robinson (1993). Worldwide ‘paired watershed’
experiments have confirmed this general conclusion: that is deforestation will
decrease ET and increase streamflow, but afforestation or reforestation will
increase ET and decrease streamflow (Zhang et al. 2001; Andreassian 2004;
Brown et al. 2005; Jackson et al. 2005). However, these experiments do not track
the lateral water vapor exchange in the atmosphere above the topographical
watershed boundaries. It is also worthy of noting that there is a large variability for
the general forest-water relationships. For example, clearing a fully forested
upland watershed may increase flow by as high as 700 mm/year in the rainforest
region, but the same forest management activity may not have much effect on a
wetland-dominated forested watershed (Sun et al. 2001). This large variability is
presumably due to the variability of the type, extent and magnitude of forest
disturbances (Sun et al. 2001; Sun et al. 2008), climatic regime including precipitation form (snow vs. rain) and distribution (Jones et al. 2012), watershed
aspects and altitude (Ford et al. 2011), geology, soil depth (Scott et al. 2005), and
forest types (conifer vs. deciduous) treated (Swank and Douglass 1974).

15.3 Case Study 1: Effects of Forest Management
on Water Yield at a Small Watershed Scale—
The Coweeta Experiments
The Coweeta Hydrological Laboratory is located near the town of Otto in western
North Carolina in the southeastern U.S. (Fig. 15.4). Coweeta presents one of the
oldest forest hydrology research sites in the world. This outdoor Lab is managed
by the US Department of Agriculture Forest Service Southern Research Station
and serves as one of the core Long Term Ecological Research (LTER) sites.
Numerous ‘paired watershed’ studies have been conducted over the past 78 years
at Coweeta for examining the hydrologic and ecological impacts of natural and
human disturbances and design best watershed management practices. In the fall
of 2009, Coweeta celebrated its 75th anniversary of establishment in 1934. Theoretical and applied research continues at Coweeta to this day. The typical
experimental design followed at Coweeta is based upon the paired watershed
concept in which a control watershed and a treatment watershed represent the
experimental domain. The watershed pair is selected because the watersheds are
known to have similar hydrological characteristics. The undisrupted continuous
watershed research contributes much of our understanding of forest-climate-water
relationship in the humid southern Appalachian Mountains and is an important
source of our global knowledge in forest hydrology. The results from these
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Fig. 15.4 Location of the Coweeta Hydrologic Lab that is intensively instrumented for paired
watershed studies. Insert photos are to show typical watershed manipulation experiments. In this
case, a tree species conversion experiment used Watershed 18 as the control (deciduous forests)
and Watershed 17 as treatment (converted native deciduous to evergreen white pine forests)

experiments have been previously reported (Swank and Vose 1994; Swank et al.
1988, 2001). Below is a synopsis of key findings in terms of forest influences on
water and micrometeorology at a small watersheds scale.
The climate of Coweeta is characterized as subtropical, marine climate with
moderate temperatures (13 C) and high abundant precipitation (1,800 mm/year at
low elevation but greater than 3,000 mm at high elevation). The parent rocks are
gneiss and schistorigins and weathered residual soil mantles are deep, up to 2 m at
foothills and 1 m on hillslopes. The region was heavily logged before 1923 and
hardwood trees (Oak-Hickory) dominate the second growth forests.

15.3.1 Micrometeorology
It is well known forests affect micro-meteorology such as humidity and radiation
redistribution (Swift 1972). Clearing riparian forests increases radiation reaching
the forest floor thus elevate stream water temperature (Swift and Messer 1971;
Swift 1973, 1982). Conifer forests (i.e., white pine plantations) have lower albedo
than deciduous hardwood forests (Swift et al. 1975), thus more energy is available
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for evapotranspiration, partially explaining the 20 % lower water yield observed
for one watershed that was converted from native southern hardwoods to pine
forests. Actual forest ET at Coweeta is generally higher than potential ET (PET) as
estimated with references to water or grass surfaces (Rao et al. 2011).

15.3.2 Seasonal and Annual Water Yield
At Coweeta, various watershed manipulations experiments have been conducted to
demonstrate and quantify the effects of forest management practices on water
quantity and water quality. Although these studies were conducted in watershed
less than 200 ha, they provide the basis for understanding the forest-water relations
at a landscape scale and beyond, such as a regional scale (i.e., southern Appalachian Mountains).

15.3.2.1 Mountain Farming
Mountain farming experiments (Watershed 3) were conducted in 1940s to demonstrate the impacts of common farming practices in the steep southern Appalachian Mountain regions on water resources. Watershed monitoring data show that
mountain farming that involved tree felling, brush burning, cattle grazing, plowing
and cultivation for corns, severely reduced surface soil infiltration capacity, thus
increased overland flow, peak flow rate (over 8 times higher compared to before
treatment), and sediment loading rate (increase 2–80 times). Crop yield without
fertilizer use was low due to intense storm and wildlife damages in the studied
watershed (USFS 1948).

15.3.2.2 Mountain Grazing
About 20 % of the land area in the Coweeta area was intensively grazed with
fenced cattle for local economic support. Woodlands grazing experiments
(Watershed 7) show that soil compactions are significant. Within the first year, soil
macro-porosity of top 10 cm soil decreased 10 % (USFS 1948). The loss of
understory (palatable seedlings) lowed wind to blow litter out of the forests and
reduced organic matter, thus eliminating the hydrological functions of forests
(Munns 1947).

15.3.2.3 Clear Cutting Forests
To demonstrate that the significant effects of forest clear-cutting only (i.e., no trees
removed from the sites) on evapotranspiration and water yield, Coweeta conducted
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a long-term repeated cutting experiment starting from 1939 (Watershed 13 on
north facing slope; Watershed 17 on north facing slope). The first year following
treatment in Watershed 13, water yield increased by 36 cm (60 %) (Meginnis
1959) (Fig. 15.5). In 1964, the 24-year-old stand on Watershed 13 was re-cut. The
first year water yield increase for the second cutting was 38 cm, a 40 % increase in
water yield. On watershed 17, water yield was 41 cm (65 %) higher than the effect
of the south facing watershed. The differential hydrologic response to the same
forest cutting activity was explained by the energy availability in the two watersheds. For the south facing watersheds, the changes in received solar energy for
evapotranspiration were small before and after tree removal. In contrast, for the
north facing watershed, the solar energy was only effective for evapotranspiration
prior to removing the fore canopies when taller trees at the bottom of the slope
transferred energy received to the soil reservoirs (Black, 1996, p. 126).
Both Watershed 13 and Watershed 17 were low elevation watersheds (outlets at
725 and 760 msl) where temperature was significantly higher and precipitation
was significantly lower than the high elevation watersheds. Watershed 37, a steep,
high elevation (watershed outlet at 1,033 msl) watershed was clear-cut in 1963
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Fig. 15.5 Effects of clear-cutting on annual water yield (Watershed 13). All woody vegetation
cut in 1939 and allowed to regrow until 1962 when the watershed was again clear-cut; no
products removed in either treatment (Data from Coweeta Hydrologic Lab, USDA forest service)
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(Swift and Swank 1981; Swank and Helvey 1970). This produced a water yield
increase of 26 cm the first year after the treatment. Clearly, climate regimes had
influences on the hydrologic effects of forest treatments.

15.3.2.4 Tree Species Conversion
Coweeta is one the few sites that have examined the hydrologic responses to tree
species change at the watershed scale (Swank and Douglass 1974; Komatsu et al.
2007). Paired watershed experiment studies (Watershed 17 and Watershed 18)
concluded that converting native deciduous forests to white pine plantations has
reduced flow by 20 % in the 17th year after treatment (i.e., planting white pine) in
1956 (Swank and Douglass 1974) and ET increased by 40 % in the mid-2000s
(Ford et al. 2007) (Fig. 15.6). The major reason was that conifers had a higher leaf
areas index (up to 7.1) than the control watershed (Peak LAI for the deciduous
forest less than 6.5), thus higher interception water loss and transpire water year
round (Swank and Douglass 1974). Seasonally, the largest streamflow differences
between the evergreen forest watershed and the deciduous forest watershed were
found in the dormant winter season.

Fig. 15.6 Paired watershed experiments (Watershed 18 is a control, no management imposed)
show that the watershed dominated by white pine plantations have higher evapotranspiration (ET)
and lower water yield (Q) than the adjacent watershed dominated by native deciduous second
growth forests in the Coweeta Hydrologic Laboratory in North Carolina, USA. All woody
vegetation was cut in Watershed 17 in 1940 and regrowth cut annually thereafter in most years
until 1955; no products removed. White pine trees planted in 1956 and released from hardwood
competition as required with cutting or chemicals
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15.4 Case Study 2: Potential Climate Influences of Large
Scale Reforestation at Regional Scale—The Green
Great Wall Project in Northern China
The Green Great Wall (GGW) forest shelterbelt project in northern China was
initiated in 1978 and still continues this day. The mass reforestation project aimed
at curbing the southward expansion of the desert, improving climate conditions,
and protecting the natural environments in the arid region. The forest shelterbelt is
about 7,000 km long zonally and 400–1,700 km wide (Fig. 15.7). It stands along
the southern edge of the sandy lands, closely paralleling to the Great Wall, thereby
gaining the name of the Green Great Wall (GGW) (SFA 2006). The project target
was to cover 60 % of the project areas by 2000, 85 % by 2020, and 100 % by
2050. When the GGW project is completed, forest coverage in the region will
increase from 5 % to 15 %. Until now, 25.07 million hectares of forests have been
planted. However, few studies have comprehensively evaluated the regional
environmental and ecological influences of this large effort (Liu et al. 2008a, b).
The regional effects of GGW on climate and water were examined using a
modeling approach (Liu et al. 2008a, b). Two simulations were conducted using
the National Center for Atmospheric Research (NCAR) regional climate model
(Version 3) (RegCM3) (Giorgi et al. 1993a, b) for the period from January 1987 to
February 1988. One control simulation used present IGBP land cover data and the

Fig. 15.7 Location of Green Great Wall project and simulation domains. The three green boxes
in the middle represent the afforested areas in northwest (NW), north (N) and northeast (NE) of
China. The pink boxes are the surrounding areas in southeast (SE) China, Mongolia (MO) and
Korea (KO)
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other experimental simulation used hypothetical land covers assuming all croplands, grass lands, and sandy lands are replaced by evergreen needle pine forests—
the major forest type for reforestation in the region. The model operates at a 4 min
time step and 50 km spatial resolution for 10 years.
Simulation results show that afforestation leads to overall increases in precipitation, soil moisture and air relative humidity, and decreases in wind speed and air
temperature in the afforested areas. In addition, the results also show significant
influences outside the afforested areas, suggesting a role of afforestation in
changing the climate conditions in surrounding regions.
Simulated precipitation changes as a result of GGW were lumped into six major
areas as outlined (Fig. 15.8). Precipitation increases from spring to summer, then
decreases in fall, and decreases further in winter. In each season, precipitation
change is generally the highest in SE, lowest in NW and MO, and in-between in N,
NE, and KO. Precipitation disturbance is positive in all afforestation areas with the

Fig. 15.8 Regional averages of precipitation (mm/day). a–c are control simulation, disturbance
(the difference between experiment and control simulations), and ratio of the difference to
simulation (%). Four seasons are shown from left to right, each with the afforested areas in
Northwest (NW), North (N), and Northeast (NE) China, and the surrounding areas in Southeast
China (SE), Mongolia (NO), and Korea (KO)
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largest relative change in NW in all seasons except winter, and the lowest relative
change in NE. Precipitation disturbance is also consistently positive in SE. The
disturbance in KO is positive with a large value in winter but very small in other
seasons. The disturbance is small in all seasons in MO.
The spatial patterns of precipitation changes in spring and summer are characterized by overall positive in the afforestation areas and in south of the afforestation areas over the southern North China region, which is surrounded by a
negative disturbance, mainly east of the afforestation areas along the China border.
The disturbance turns positive again with the most significant increase over the
oceanic region south to the Korea peninsula. The spatial pattern in the fall is closer
to that in the spring. In winter, a positive disturbance is dominant and occurs
mostly southeast of the afforestation areas.
In comparison with the precipitation disturbance, evapotranspiration disturbance is larger in NW and N, but smaller in NE, SE and MO in spring. The same
magnitude is found in NW and N, but it turns negative in NE. The disturbance is
slightly positive in autumn and small in winter in the three afforested areas.
Disturbance in air relative humidity is positive in all areas and all seasons except
summer in NE. Air temperature is increased in winter for all areas, but varies
among areas in other seasons. It is reduced by nearly 0.5 C in NW, and slightly
reduced in the other afforested areas with the exception of a large positive disturbance that occurs during summer in NE.
Effects of reforestation differ from precipitation and evapotranspiration in the
afforested areas in that it is negative in all seasons except autumn in N. Disturbance outside of the afforestation areas can be either positive or negative, but
mostly the former for the disturbance with large magnitude. These results indicate
that runoff is mostly decreased in and outside the afforested areas. Disturbance in
soil moisture of the surface layer varies across the regions. It is positive during all
seasons for NW and SE, and positive in spring but negative during the three other
seasons for N and NE. The depth of the rooting layers increases after afforestation.
As a result, soil moisture increases in the afforested areas.

15.5 Knowledge Gaps and Future Research Needs
Fossil fuel burning and land use change (e.g., deforestation) are two of the top factors
that have directly contributed the ongoing climate change (IPCC 2007). Climate
change is the most serious environmental problem that humans will face for a long
time. Mitigating and adapting to climate change requires a comprehensive integrated approach that must consider the interactions and tradeoffs of the options.
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15.5.1 Understanding Feedbacks Within the Forest-ClimateHuman Systems
Our knowledge about how forests will respond to climate change is limited and we
know little about the consequences of management options designed to combat
climate change. For example, schemes to increase carbon sequestrations in manmade forests through REDD+ (reducing greenhouse gas emissions from deforestation and forest degradation) could negatively impacts biodiversity (Parrotta 2012)
and water resources (Jackson et al. 2005) and the environment (Cao 2008) if not
properly implemented. We need to better understand the feedbacks between climate
change and human response and actions using a system approach (Avila et al. 2012).
Current climate change models are not reliable for local predictions and the Earth
system models that incorporate land surface processes and atmospheric processes
and human influences are still in their infancy (Bonan 2008; Angelini et al. 2011).
Forests can affect regional climate processes and variability at long time scales
(Notaro and Liu, 2006; 2008). Similar to oceans, the land has the capacity to retain
anomalous signals over a much longer period than the atmosphere. Land surface
processes could contribute to long-term atmospheric variability by passing their
relatively slow anomalous signals to the atmosphere (e.g., Yeh et al. 1984; Dickinson and Handerson-Sellers 1988; Delworth and Manabe 1988; Vinnikov et al.
1996; Liu and Avissar 1999; Koster and Suarez 1995).
Forest-climate interactions contribute to local and regional climate variability at
interannual and decadal scales (Zeng et al. 2000). Landscapes in Amazon, the
Sahel, western Africa tropical rainfall forests, northwest China have changed
dramatically since the 1970s as a result of deforestation and over-cultivation
(Sampson 2004). These changes have been linked to some regional climate
disasters such as the prolonged drought in northern Africa during the 1970s
(Charney 1975; Xue and Shukla 1993) and flooding and dust storms in China. The
declined vegetation converge in the southern United States in the 19th century and
early 20th century due to agriculture and industrial activities might be a contributor to the drying climate and severe dust bowls during the 1930s. Future global
climate change suggests ted that a large portion of the temperate deciduous forests
in the Southeast would be replaced with temperate deciduous savanna in response
to the projected climate change (Neilson et al. 1998, 2005). Notaro et al. (2007)
indicated that, for the projected future climate change due to the greenhouse effect,
tree coverage is expected to increase in many regions, including southeastern U.S.
Studying land–atmosphere interaction has emerged as one of the most active
research areas in atmospheric and hydrological sciences in the past decades, partly
due to the increasing attention to human activity related to regional environmental
changes (Bonna 2008).
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15.5.2 Improving Earth System Modeling Capacity: Bridging
Landscape Processes and Regional Climate
and Hydrology
Climate is the ultimate driving force for landscape-scale hydrologic processes
which are naturally linked to local climate. Traditional watershed or landscape
hydrological studies largely assume climate as a stationary external force, and
hydrologic processes have no influences on local climate. For example, we know
that reforestation will increase ET at the watershed scale, but we rarely tract how
far and where the water vapor will travel across the physical watershed boundaries.
Scaling empirical observations at the landscape scale to regional scale is still a
difficult task and remains to be an active research area in landscape ecology and
regional and global hydrology.
Simulating the true interactions and feedbacks between land surface processes
such as forest vegetation functions and climate systems requires the tight coupling of
regional climate models and landscape vegetation dynamics, and global circulation
climate models or regional climate models (Phipps et al. 2011). Existing integrated
dynamic vegetation models (DGVMs) have the capacity to simulate natural forest
vegetation dynamics and the influences of external disturbances such as climate
variability (e.g., drought and flood) and physical and chemical climate effects (e.g.,
greenhouse gases), species invasion, wildfire, insect outbreak on ecological processes (i.e., water and carbon cycles). DGVMs simulate daily or monthly carbon,
water and nitrogen cycles driven by the changes in atmospheric chemistry including
ozone, nitrogen deposition, CO2 concentration, climate, land-use and land-cover
types and disturbances. DGVMs usually include four core components of biophysics, plant physiology, soil biogeochemistry, and dynamic vegetation and landuse. Examples of DGVMs include HYBRIDS (Friend et al. 1997), MC1 (Bachelet
et al. 2001), the Lund-Potsdam-Jena (LPJ) (Sitch et al. 2003), CLM (Levis et al.
2004), IBIS (Foley et al. 2005), and the DELM (Tian et al. 2009).
Efforts have been made to couple DGVMs into Global Circulation Models
(GCMs) and Regional Climate Model (RCMs). For example, CLM is fully coupled with the National Center for Atmosphere Research’s Community Earth
System Model (CESM) and WRF (Jin et al. 2010), respectively. The coupled
models are able to simulate the impacts on and feedbacks to climate from dynamic
changes in forests. They will be especially useful for understanding the roles of
afforestation in mitigating the impacts of climate change discussed above. For
further assessing the mitigation roles and making management plans, comprehensive modeling systems such as the integrated Regional Earth System Model
(iRESM) (http://www.pnl.gov/atmospheric/iresm/) are needed. iRESM is a modeling framework developed in the Pacific Northwest National Laboratory (PNNL)
to address regional human-environmental system interactions in response to climate change and the uncertainties therein. The framework consists of a suite of
integrated models representing regional climate change, regional climate policy,
and the regional economy.
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15.5.3 Understanding the Roles of Afforestation
in Mitigating Negative Effects of Climate Change
Forest ecosystems are large carbon sinks (Pan et al. 2011) and thus could play an
important role in mitigating climate change. Sustainable forest management
strategy that aims at maintaining or increasing forest carbon stocks will not only
produce sustained yield of timber or energy but also will generate the largest
sustained mitigation benefit. For example, a large afforestation effort that plans to
plant about 18 million acres of new trees to replace pasture and farming lands by
2020 are being implemented in the southeastern US, as well as in Great Lake states
and the Corn Belt states (Watson 2009) in the U.S. The project would be even
larger than the one carried out by the Civilian Conservation Corps during the Great
Depression, which planted 3 billion trees from 1933 to 1942.
Forests also can modulate climate by controlling energy and water transfers. If
warmer conditions increase vegetation coverage, for example, evapotranspiration
and solar radiation absorbed on the surface will increase. The change in evapotranspiration, which often plays a more important role, will lead to cooling. The
feedback from evapotranspiration would partially offset any greenhouse warming.
Through such feedback mechanisms, ecosystems influence their local environment
and combined with their ability to sequester atmospheric CO2, can act to mitigate
climate change impacts.
Small watershed studies worldwide clearly show that forests are ‘biological
water pumps’, (Makarieva et al. 2009) and they consume large amount of water to
realize other ecosystem services (e.g., carbon sequestration and moderating climate). This has been confirmed worldwide (Scott and Lesch 1997; Robinson et al.
2003; Ice and Stednick 2004). Thus, when other conditions are equal, compared to
other land uses, such as grasslands and urban lands, forested watersheds have
lower total water yield (Bosh and Hewlett 1982; Zhang et al. 2008a, b; Wang et al.
2009; 2011) and peakflow rates/floodings (Eisenbies et al. 2007; Alila et al. 2009),
and thus reforestation can help mitigating the negative impacts of extreme storm
events (Ford et al. 2011; Vose et al. 2011) in addition to achieving carbon
sequestration benefits. Forests protect water quality (e.g., preventing soil erosion
and sediment loading in streams) under a changing climate that increases rainfall
intensity in some regions. However, these basic understanding of forest-water
relationships are based on watershed studies and data at large basin and regional
scales are still lacking. While the important role of forests in mitigating global
change through modifying the carbon cycle has been widely recognized, their
importance to mitigate extreme climate and hydrology (floods and droughts)
through the land-atmosphere interaction has yet to be fully explored and quantified
(van der Ent et al. 2010; Vose et al. 2012). This is exemplified by the recent debate
on forests influences on regional water supply (Ellison et al. 2012; van der Ent
et al. 2012) and forests’ role in flood controls (Calder et al. 2007; Bradshaw et al.
2007; Laurence 2007; Van Dijk et al. 2009). Coupled climate-vegetation-hydrology models should be useful tools for understanding the role of the vegetation in
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regional and global climate and water cycles and design management strategies
and options to adapt to a new environment.
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